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Abstract

We measured surface (O-7.5 cm) soil bulk densities at nine sampling times for two
and four long-term crop rotations at Swift Current and lndian Head rcspectivcly,
to dctcrminc the effect of crop management and time. In a non-swelling medium
textured soil at Swift Current, surface bulk density varied about 0.2 Mg rns3 over
the growing season. The variation could not bc readily related to any causes.
Compared with continuous wheat and the cropped phase of the fallow-wheat
rotation, the fallow phase of fallow-wheat had an consistently higher bulk density.
This was attributed to the compacting effects of tillage traffic and of rains failing
on the moist surface soil. Surface bulk density measured at any single sampling
may not be representative of the cropping system, multiple samplings would yield a
more representative bulk density. For a heavy clay soil at Indian Head, surface
bulk density changes were dominated by soil shrinking and swelling in response
drying and wetting. Although the bulk density appeared lower for the cropping
systems with more soil organic carbon when the soil was driest, this effect was
consistent with differences in aggregation that would change the location of soil
shrinkage voids. In particular, the better aggregated soils having more organic C
probably had much of the shrinkage occur as individual soil aggrcgatcs. Many of
the inter-aggregate shrinkage voids would bc included in the bulk density
measured with a small diameter soil core. However, for the more poorly
aggregated soil with less organic carbon, the soil probably shrank more as large
structural unit between vertical shrinkage cracks. The cracks were not included in
the small diameter soil core, so the apparent bulk density of the soils with less
organic C was higher. However, theoretically, the actual bulk density measured
over a large area would be the same for all the systems on the heavy clay.
Generally, when using small cores to compare bulk densities across cropping
management systems on a clay soil with a large shrink-swell bchaviour, the most
useful bulk densities will bc obtained when the soil is as wet (i.c. as swollen) as
practical. Considering only the two samplings when the soil was wettest, there
was no effect of crop rnanagcmcnt on the surface bulk density at Indian Head.

Introduction

Soil bulk density is important in its own right for the effect of soil packing
on root growth and soil-water relations. As important, bulk density is essential to
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convert soil chemical properties (e.g. nutrients) and constituents (c.g. organic
carbon) that arc routinely determined gravimetrically to a volume basis including
mass in a layer of soil of specified thickness.

The effect of the long-term crop management system, exclusive of tillage,
on bulk density is not well known. Further, Benoit and Lindstrom (1987) caution
that bulk densisties vary widely with sampling time so that representative values can
not be inferred from measurements at one time.

The objective of the paper was to determine the effect of long-term crop
management system add sampling time during one growing season on surface bulk
density for a clay soil with a high degree of shrink-swell in response to moisture
content and a silt loam soil with little swelling behaviour.

Materials and Methods

In 1996, from early May to mid-October, WC took soil samples 9 times
from the O-7.5 cm depth for two rotations (3 treatments) in the long-term (29-yr)
rotation experiment at the Agriculture and Agri-Food Canada Research Centre at
Swift Current, and from four rotations (6 treatments) in a similar 39-yr rotation
study at the Agriculture and Agri-Food Canada Research Farm at Indian Head
(Table 1). The soil a Swift Current is an Orthic Brown Chernozem (Swinton silt
loam) with 300 g kg-’ and 200 g kg-’ clay in the O-7.5 cm depth. The clay fraction
is 45% smectite with the remainder being illite and kaolinitc (Warder 1950). The
soil at Indian Head is a Rego [thin] Black Chcrnozem (Indian Head haevay clay).
With 163 g kg-’ sand and 632 g kg“ clay. The clay fraction of fine-textured
glacio-lacustrine deposits is approximately 50% smectite, 30% illitc, 20% other
clay minerals (Mermut ct al. 1984).

The samples were taken using as 4.75-cm diameter by 30-cm long, sleeve-
type, quick-mount soil corer, with a 15-cm long inside aluminum liner (Tcssier and
Stcppuhn 1990). We pushed the corer into the soil manually to a depth of about
15 cm. The liner with soil was removed from the corer and capped at both ends
with plastic caps and transported upright to the laboratory for analysis. The soil
was slowly pushed out of the liner with a hydraulically-powered piston and the
top 7.5 cm cut off with a sharp blade and weighed. Gravimetric soil water content
was determined on a subsample. We sampled two of the replicates at both Indian
Head and Swift Current, taking 6 subsamples equally spaced along the length of
the plot at each sampling. Organic carbon was determined from a coomposite
subsample by dry combustion.

Results and Discussion

Organic Carbon

The F-W rotation had a lower soil carbon concentration in the O-7.5 cm
depth than the Cont. W at Swift Current (P<0.05) (Table 2). The unfertilized
wheat-only rotations at Indian Head [Cont. W (unfert.) and F-W (unfert.)] had a
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 lower soil organic concentration than either the Cont. W (fert.) or F-W-W-H-H-H.

Bulk Density - Swift Current

The bulk density of the (F)-W was consistently and significantly (P<0.05)
greater than F-(W) or Cont. W (Figure 1). These effects were probably related to
the compacting effect of tillage combined with that of rainfall on the moist surface
soil (Cassel 1982). Soil water contents of the cropped plots decreased from an
early May maximum to an early September minimum and then increased due to
post-harvest rains; soil water content the (F)-W had a similar temporal pattern
although remained higher in the summer (data not shown). There were no
consistent or significant effects of moisture content on bulk density as expected
since the soil contains a relatively small proportion of clay with a high shrink-swell
potential.

Within each system, bulk density ranged about 0.2 Mg rnw3 from the
observed minimum to maximum value. Similar temporal variation has been
observed in other studies although the exact causes of each change between
measurements has not been certain (Voorhees et al. 1978; Carter 1988). Clearly,
representative values of temporally variable properties such as bulk density should
not be inferred from single sampling time but, rather, from repeated measurements
(Benoit and Lindstrom 1987; Roseberg and McCoy 1988;). When the bulk density
changes are random and not predictable, as appeared to the case for Swift Current,
an arithmetic mean bulk density from all the sampling times would be more
representative than that from one particular sampling time (Nielsen and Alemi
1989). However, converting to a volumetric basis using a representative bulk
density may introduce an error for a gravimetrically determined soil attribute that
was measured at one sampling. This problem is related to erroneously applying
attribute concentrations to different effective soil layers from those actually
sampled. To avoid this problem, Ellert and Bettany (1995) propose expressing
attribute content on an equivalent mass basis so that bulk density changes across
time or management systems do not overly influence results.

Considering both phases together, the F-W rotation had significantly higher
surface bulk density than Cont. W.

Bulk Density - Indian Head

For all cropping systems, bulk density increased until the end of Scptcmbcr
and then decreases (Figure 2). Since this soil has a high proportion of swelling
clays, these changes reflected the increasing bulk density as the soil shrank upon
drying and then the decreasing bulk density as the soil swelled upon being rcwctted
by autumn precipitation.

Clearly, the shrinking and swelling as soil water content changed was the
dominant factor affecting bulk density. However, there was an apparent effect of
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Table 1. Sampled rotalions al Swift Currcnl and lndian Head

Rotation Description

(F)-W

F-(W)

Cont. W.

(F)-W-W-H-H-H

F-(W)-W-H-H-H

(F)-W (unfirt.)

F-(W) (unfcrt.)

Cont. W (unfert.)

Cont. W (fert.)

---- Swift Current ----

fallow phase of fallow-spring wheat rotation fertilized with
recommended N and P according to fall soil tests

wheat phase of fallow-spring whcal rotation fertilized with
recommended N and P according to fall soil tests

continuous spring wheat rotation fertilized with recommended N and
P according to fall soil tests

-- Indian Head --

fallow phase of fallow-spring wheat-spring wheat-alfalfa bromc hay-
hay-hay unfertilized

wheat on fallow phase of fallow-spring wheat-spring wheat-alfalfa
brome hay-hay-hay unfertilized

fallow phase of unfertilized fallow-spring wheat rotation

wheat phase of unfertilized fallow-spring wheat rotation

unfertilized continuous spring wheat rotation

continuous spring wheat rolation fertilized with recommended N and
P according to fall soil teats

Table 2. Mean bulk density and soil organic carbon for the O-7.5 cm as affected by long-term
rotations for Swift Current and Indian Head.

Rotation Bulk Density (Mg m”) Organic C (g kg-‘)

--- Swill Current --

(F)-W 1.26 19.65

F-(W) 1.16 21.48

Cont. W 1 .09 24.94

(F)-W-W-H-H-H 1.07

F-(W)-W-H-H-H 1.03

(F)-W (unficrt.) 1.07

F-(W) (unfert.) 1.09

Cont. W (unfert.) 1 .09

Cont. W (fcrt.) 1.04

- - Indian Headd - -

27.65

29.80

19.87

19.57

21.21

29.14
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crop rotation for the mid-August and early September sampling dates when soil
water contents were lowest. For those samplings, the measured cropped phases
of the two rotations with higher organic C [Cont. W (fert.) and F-(W)-W-H-H-H]
had lower bulk densities (Figure 2).

Fox (1964) developed the following theoretical equation to describe the
relationship between bulk density to gravimetric water content for one-dimensional
(1 -D) soil shrinkage (i.c. vertically):

1
p=

1 %i”-+w+-
P, PIni”

(1)

where p is the soil bulk density, pmin is the minimum bulk density (i.e. maximum
swelling). pfi  is the mineral particle density (assumed to bc 2.65 Mg mJ), w is the
gravimctric soil water content (kg kg-‘), and E,~ is the entrapped air at Pmin:

E.mi”=l - p,i, - w pmin
P,

Fox (1964) also developed the following equation to describe three-dimensional
(3-D) shrinkage:

p=
Prni”

I

p 1
I

min + W P&n+ ‘min
5-

PS

(3)

To apply these equations, WC used the bulk density 0.96 Mg mm3) corresponding
(3to the highest observed water content (0.422 m3 rn-  ) as the estimate of pm*

From equation (2), the corresponding emin  was 0.233 m3 rnm3.
The p-w relationship associated with the two cropping systems with the

lower soil organic carbon (Cont. W (unfert.) and F-W (unfert.)) appeared to
approximately follow the theoretical 1 -D shrinkage curve than the 3-D shrinkage
curve (Figure 3). However, the p-w relationships for the two systems with higher
soil organic carbon (Cont. W (fert.) and F-W-W-H-H-H) did not follow either
theoretical shrinkage curve but the p-w pairs appeared to be roughly bounded by
the two curves. The large deviations of observed values around the theoretical
lines is not surprising for two main reasons. First, WC did not sample when the soil
was wet to avoid compacting the soil and to avoid tracking of excessive amounts
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Figure 1. Surface (Q-7.5 cm) soil bulk density at Swift Current during 1996
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Figure 2. Surface (O-7.5 cm) soil bulk density and soil water content for Indian Head during 1996
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from one plot to another. Consequently, highest observed water content may not
have represented that corresponding to the bulk density when the soil is fully
swollen (i.e. p,i,)  so that the theoretical shrinkage curves arc not necessarily based
on the appropriate pmin and E,in  . Second, bulk density changes due to shrinking
and swelling is hysteretic (Bcmdt and Coughlan 1976). The soils could have
experienced many partial wetting and drying cycles during the observation period.
Thus, the theoretical curve derived for a single Pmin and ~min would not be
expected to represent all observed p-w pairs.

The I-D shrinkage curve would be measured with a soil core where the
essential soil structural unit undergoing shrinkage is larger than the core and the
sampling is between vertical cracks (we purposely avoided visible cracks when
sampling). If the essential soil structural unit undergoing swelling is much smaller
than the core, then the core will include a rcprcscntativc number of shrinkage voids
between the soil structural units. In that case, the bulk density with the core would
follow the 3-D shrinkage curve. Field measurements of the bulk density of
swelling clay soils generally show that the soils exhibit a mixture of both I-D and
3-D shrinkage (Berndt and Coughlan 1976; Chan 1981) while ground and
remouldcd clay soils closely follow a theoretical 1 -D or 3-D shrinkage depending a
method of confinement under controlled laboratory conditions (Berndt and
Coughlan 1976; Yule and Ritchic 1980).

Reeve et al. ( 1980) reported that organic carbon increases the shrinking
and s swelling of ground and remouldcd clay soils whereas Davidson and Page
( 1956) concluded that increasing amounts of organic carbon decreased it.
Considering these inconsistent findings and the relatively small differences in
organic carbon among cropping systems, we do not believe in our study that the
organic carbon fundamentally altered the degree of swelling of shrinking of the
clay fraction resulting from changes in water content. However, small amounts of
organic matter added to soil will improve both macro- (Hillel 1982; Dinel et al.
199 1; Quirk and Murray 199 1) and micro-aggregation (Bartoli et al. 1988; Fortun
et al. 1990). Campbell et al. (1993) measured wet aggregate stability of these
cropping systems in 199 1 and determined that the F-W-W-H-H-H and Cont. W
(fcrt.) had similar aggregate stabilities that were significant greater than both F-W
(unfert.) and Cont. W (fcrt.). WC postulate that the bulk density of the better
aggregated soils of the F-W-W-H-H-H and Cont. W (fcrt.) allowed more 3-D
shrinkage of aggregates within the sampled soil volume. Therefore, these soils
exhibited some of the 3-D shrinkage bchaviour of small aggregates in addition to
the 1-D shrinkage of the larger soil structural units between large vertical cracks.
In contrast, the more poorly aggregated soils of the F-W (unfcrt.) and Cont. W
(fert.) systems essentially exhibited the vertical (I-D) shrinkage behaviour of the
soil structural units that were far larger than the soil core. Due to additional inter-
aggregate pore space in the better aggregated soils with more soil organic C, the
mean bulk density observed in small cores became lower for the F-W-W-H-H-H
and Cont. W (fert) than the F-W (unfert.) and Cont. W (fert.) as the soil dried..

If our hypothesis is correct, then, there should bc more and/or larger
vertical soil cracks with the F-W (unfcrt.) and Cont. W (unfert.) systems than the
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Figure 3. Surface (O-7.5 cm) soil bulk density vs soil water content for the four rotations at Indian Head during 1996.



F-W-W-H-H-H and Cont. W (fert) (Bemdt and Coughlan 1978). If the sample
core was large enough to include a representative volume of vertical cracks, the
bulk density at a given water content for the surface layer of the entire plot should
bc the same regardless of the cropping system. Thus, the apparent diffcrcnccs in
bulk density we measured would be an artifact of our sampling method. However,
Quirk and Murray (1991) noted that if the soil aggregation was sufficiently strong,
it could overcome the pressure exerted by the swelling clay soil. The latter would
be most important at the immediate soil surface where, because of the reduced
aggregate packing due to lack of overburden pressure, there may still be significant
inter-aggregate pore space when the soil is fully swollen. In that case, providing
the aggregates are much smaller than the sample, measured bulk density he cores
would always be lower for the better aggregated clay soil even if the soil sampling
area were increased to include a representative volume of vertical soil cracks.
Unfortunately, we do not have sufficient data to determine if there has been such a
permanent increase in inter-aggregate pore space.

The results suggest that soil scientists must consider carefully the potential
impact of the management system on soil aggregation and thereby on shrink-swell
behaviour of clay soils relative to the size of the sample for bulk density
determination. Unless some correction is made for the volume of vertical cracks,
the bulk density measured by small soil cores may not accurately represent that of
the surface soil. If the bulk densities from a small core does not correctly
represent that of the surface soil over a large area, expressing the amount of a soil
attribute on an equivalent mass basis (Ellert and Bettany 1995) will also be
incorrect. From the view of having the most valid bulk densities from small cores
for comparing across management systems, the bulk density should be measured
when the soil is fully swollen. Unfortunately when the soil is sufficiently wet to be
fully swollen, there arc large potential problems with trafficability, compaction
during sampling, and sample handling problems. As a compromise, sampling
should be done when the soils arc as wet as possible but dry enough that the above
problems are manageable.. In our case, bulk densities measured when the soil was
wettest ( 10 May and 22 October) did not show any effect of crop rotations.

Conclusions

In a non-swelling medium-textured soil at Swift Current, surface bulk
density varied about 0.2 Mg rns3 over the growing season. The variation could not
be readily related to any causes. Compared with continuous wheat and the
cropped phase of the fallow-wheat rotation, the fallow phase of fallow-wheat had
an consistently higher bulk density. This was attributed to the compacting effects
of tillagc traffic and of rains falling on the moist surface soil. Surface bulk density
measured at any single sampling may not bc representative of the cropping system,
multiple samplings would yield a more representative bulk density. At Swift
Current, the F-W rotation had a higher mean surface bulk density than a Cont. W
rotation.

For a heavy clay soil at Indian Head, surface bulk density changes were
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dominated by soil shrinking and swelling in response drying and wetting. Although
the bulk density appeared lower for the cropping systems with more soil organic
carbon when the soil was driest, this effect was consistent with differences in
aggregation that would change the location of soil shrinkage voids. In particular,
the better aggregated soils having more organic C probably had much of the
shrinkage occur as individual soil aggregates. Many of the inter-aggregate
shrinkage voids would be included in the bulk density measured with a small
diameter soil core. However, for the more poorly aggregated soil with less
organic carbon, the soil probably shrank more as large structural unit between
vertical shrinkage cracks. The cracks were not included in the small diameter  soil
core, so the apparent bulk density of the soils with less organic C was higher.
However,  theoretically, the actual bulk density measured over a large area would
be the same for all the systems on the heavy clay. Generally, when  using small
cores to compare  bulk densities across cropping management  systems on a clay
soil with a large shrink-swell  bchaviour, the most useful bulk densities will be
obtained  when the soil is as wet (i.e. as swollen) as practical. Considering only
the two wettest samplings, there was no effect of rotation on surface bulk density
at Indian Head.
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