
EFFECTS OF CULTIVATION ON TTIE ORGANIC MATTER OF
GRASSLAND SOILS AS DETERMINED BY FRACTIONATION

AND RADIOCARBON DATING
Y. A. MARTEL'9and E. A. PAUL

Department ol Soil Science, University of Saskalclrcwan, Saskatoon, Sask. Saskatchewan
Institute of Pedology contribution no. RL35, received 30 lan. 1974, accepted 24 IuIy 1974.

M.tnrr,r, Y. A. eNo Plul, E. A. 1974. Effects of cultivation on the organic
matter of grassland soils as determined by fractionation and radiocarbon dating.
Can. J. Soil Sci. 54 419-426.

The efiects of cultivation on the net mineralization of carbon and nitrogen in a
lacustrine Brown clay (Sceptre) and two Orthic Black soils on glacial till (Oxbow)
wete assessed with the aid of fractionation and radiocarbon dating techniques.
Fractionation of the soil organic matter of comparative virgin and cultivated soils
by acid hydrolysis and peptization in dilute NaOH showed that the distribution of
carbon and nitrogen among fractions of these soils was similar. There was no
measurable alteration in the mean residence time (MRT) of the soil during the
first 15 to 20 yr of cultivation, during which time the Sceptre soil had lost 197o
of its carbon and the Oxbow, 35Vo. However, the MRT increased from 250 yr
before present (BP) to 710 years BP after 60 yr of cultivation of the Oxbow soil.
The losses for nitrogen were 70Vo lower than for carbon in the Oxbow soil due
to the recycling of nitrogen in the soil. The rate of loss of carbon from the Oxbow
soil during the cultivation period was simulated by expressing it as the sum of
two nrst order reactions using fractionation and carbon dating data as the variables.

L'effet de la culture sur la min6ralisation du carbone et de l'azote de sols provenant
de la r6gion des sols Bruns Fonc6s (Sceptre) d6pos6s sur argile lacustre et de la
r6gion des sols Orthiques Noirs (Oxbow) d6pos6s sur till glaciaire a 6t6 d6termin6
d I'aide du fractionnement de la matidre organique et de la datation au radio-
carbone. Le ph6nomdne connu des pertes rapides de carbone et d'azote au cours
des premidres ann6es de culture suivies par des pertes plus lentes a 6t6 retrouv6
sur ces sols. Le f ractionnement de la matidre organique du sol, soit par un
hydrolyse acide ou une p:ptisation dans du NaOH dilu6, d6montre une distribution
semblable du carbone et de I'azote dans 1es fractions obtenues avant et aprds
I'avdnement de la culture. Le temps moyen de s6jour ne varie pas beaucoup durant
les 15 )r 20 premidres ann6es de culture mais il passe de 250 ans ir 710 ans
aprds 60 ann6es de culture sur le sol Oxbow. Le taux de min6ralisation du
carbone peut Otre simul6 durant la p6riode de culture par la somme de deux fonc-
tions exponentielles. Le taux de min6ralisation de I'azote ne peut pas 6tre simul6
de Ia mdme manidre puisque I'azote est cycl6 dans le sol. Les r6sultats obtenus
avec le soi Oxbow d6montrent que les pertes d'azote diminuent de llVo par rapport
au carbone aprds la culture.

Soil deterioration, attributable to cultivation,
has always been a problem in agriculture
because maintenance of soil structure and
fertility is essential in any cropping system.
Comparatively few studies (Shutt 1925;

'The results are part of the senior author's
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Newton et al. 1945; Doughty et al. 1949) on
the cxtent and mechanisms of the losses of
soil organic matter in the grassland soils of
the semiarid Canadian prairies have been
made, although it is recognized that soil or-
ganic matter is a primary natural source of
available plant nutrients and an important
factor in maintaining the desirable physical
properties of soils.

Contradictory data have been found con-
cerning the effects of cultivation on the dis-
tribution of soil organic matter. Keeney and
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Bremner (1964) concluded that cultivation
did not result in marked changes in the rela-
tive proportions of hydrolyzable forms of
nitrogen. Porter et al. (1964), however,
showed that cultivation led to a larger de-
crease in the hydrolyzable nitrogen, partictr-
larly the amino acid fraction. They suggested
that the amino acid N accumulated under
native conditions. Huntjens (19'72) and
Khan (1971) have shown a preferential in-
crease in the amino acid components in soils
sown to grass or in a legume rotation.

R.adiocarbon dating has been successfully
used in characterizing soil organic matter
(Campbell et al. 1967; Scharpenseel 1971),
but there does not appear to have been any
attempt to relate the radiocarbon measure-
rnents of virgin and cultivated soils of simi-
lar parent materials. This should be a valu-
able tool in measuring soil deterioration
attributable to cultivation. Carbon dating
studies also can lead to better understanding
of the turnover of soil organic matter.

Numerous mathematical equations have
been proposed to describe the decrease of
soil organic matter upon cultivation of virgin
land (Stevenson 1965). They are generally
based on the first order reaction,

dM/dt:-rMlA (1)

in which dM / dt is the rate of decline of
organic matter (as determined by carbon or
nitrogen) ; r, the proportionality constant, is
negative and represents the rate of decom-
position of the organic matter, M is the
amount of organic matter present in the soil,
and ,4 is the amount added to the soil an-
nually. Jenkinson (1966) pointed out the
difficulties of using such an equation: (1)
the rate of decomposition likely changes
with time, (2) the organic matter has com-
ponents that decompose at different rates,
(3) the rate of addition of new material is
not necessarily constant.

Information from radiocarbon dating and
fractionation of soil organic matter can be
used to measlrre changing rates of decom-
position in the various soil fractions, and
Hill (i954) has shown that the addition of
new material in cultivated prairie soils is
relatively constant through time. Jenkinson
is presently working with soils that have
well documented agricultural histories; he is

attempting to use the carbon dating tech-
nique to determine the rates of incorpora-
tion of residual constituents in the organic
matter fractions (personal communication).

The present study was undertaken to de-
termine the effects of cultivation on the rate
of decomposition and the distribution of
carbon and nitrogen in different fractions of
the organic matter of three grassland soils.
The second purpose was to determine
whether first order kinetics could be used in
simulating the rate of decomposition of or-
ganic matter in soils.

}IATERIALS AND METHODS
Characterization of Soils
Bulk samples of Ah and Ap horizons were
taken at three sites in Saskatchewan. Two sites,
Quinton and Hafford, were classified as Orthic
Oxbow Black Chernozemic soils containing 257o
clay. Virgin and adjacent 15-yr and 60-yr cul-
tivated soils were sampled at Quinton; virgin
and corresponding 30-yr cuitivated soils were
sampled at Hafford. The soils of the third site
(Matador 

- International Biological Program
station) were classified as Sceptre Brown
Chernozemic soils containing 70Vo clay. Yirgin
and adjacent 20-yr cultivated soils were sam-
pled.

Identifiable plant materials in the soil were
removed by repeated flotations with 0.01 N
HCI followed by handpicking under 20X mag-
nification of a stereomicroscope. Soil carbonates
were removed with I N HCl. Organic carbon
was determined in duplicate by dry combustion
(St. Arnaud 1956) utilizing a trap of KI solu-
tion (50% ) to absorb the HCl. Total nitrogen
was determined in duplicate by the Kjeldahl
method (Bremner 1965a).

Fractionation of Soil Organic Matter
The soil organic mattel'was extracted and frac-
tionated according to the procedure used by
Biederbeck (1969); NaOH 0.5 N was the ex-
tractant and Na,S,O, followed by 0.1 N HCI
was used to remove Fe (Fig. 1). To shorten the
tables and the text, the term fluvic acid is often
replaced by FA, acid extract by AE, and humic
acid by HA. Soil organic matter was also frac-
tionated by successive hydrolysis using 0.5 N
and 6 N HCI (Fig. 2).

Radiocarbon Dating
Approximately 3 g of soil carbon were required
for the radiocarbon counting (Campbell et al.
1967).'the mean residence time (MRT) and
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the a"C were calculated by using the equations,

MRT - 18,500 log,o (Ao/A) (2)
and

6''C - [(l - Ao)/Aoj X 1,000 (3)

where Ao was the rate of disintegration of a
modern standard (95% of the activity of NBS
oxalic acid) and I was the activity of the un-
known sample. The MRT was quoted in years
before present (BP) i.e. before 1950, and the
'*C was expressed in per mil (0/*). The de-
tailed procedure used for radiocarbon dating
measurements was described elsewhere (Mar-
tel 1971).

RESULTS AND DISCUSSION
Characterization of Organic Matter
The NaOH extraction showed a similar dis-
tribution of carbon and nitrogen in the vir-
gin and the cultivated Sceptre soils (Table
1). In both instances, a mean of 477o of the
organic carbon and 34% of the total nitro-
gen were not dissolved by this procedure
and remained in the humin. Most of the
extractable carbon and nitrogen were found
in the acid-soluble fractions (FA + AE).
Other data (results not presented) showed
that, in both the virgin and the cultivated
soils, 85% of the nitrogen in the mobile
humic acids and75% of the nitrogen in the
nonmobile humic acids were hvdrolvzable.

Therefore, cultivation of the Sceptre soils
did not change the general distribution of
the organic materials in the fractions ex-
tracted by the NaOH.

50tL

o.sN NqoH (repeored rilt '"rution i'.oro'r",')

It
EXTRACT RESIDUE

ond dcid exrrcct 
I 
o.s N N.ox

I f l
I with HCI

Fig. 1. Fractionation of soil organic matter by
NaOH.

sotL
t,
lO.sN 

ncr (boiling fo, l5 hours)

r---- l
0.5 N hydrolyzote 0.5 N residue

lo" 
na, (boilins for l5 hours)r--l

6N hydrolyzote 6N residue

Fig. 2. Fractionation scheme of soil organic
mattel by HCI hydrolysis.

Table l Distribution ofcarbon and nitrogen in the fractions of soil orsanic matter

Carbon Nitrogen

7c of total
Virgin Cultivated

7a of total
Virgin Cultivated

C:N

Virgin Cultivated

NaOH Extraction
Sceptre

FA+AE
Mobile HA
Nonmobile HA
Humin

HCI Hydrolysis
Sceptre

0.5N hydrolyzate
6N hydrolyzate
Residue

Oxbow from Quinton
0.5N hydrolyzate
6N hydrolyzate
Residue

100(0.29) 100(0.26)
44 43
77
16 15

33 35

r00(0.29) 100(0.26)
43 1l
43 46
14 t3

r00(0.4s) 100(0.23)
51 46
25 30
)/ 1^

r00(2.6)t
-JO

l
15

r 00(2.6)
42
l8
40

r 00(s.4)
35
12

53

100(2. r)
33

8

r9
40

100(2.1)
37
22
11

100(2.2)
31

14

55

9.0
1.3
9.0
8.4

1t.4

9.0
8.8
31

26.0

12.0
7.1
4.9

28.0

8.1
6.2
9.2

to.2
9.2

8.1
/.J

3.9
26.0

9.6
6.4
4.5

22.0

tContent, in percent, of organic ctrbon or total nitrogen in the soils
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The standard deviation (1o) of the snc-
cessive hydrolysis, measured as the amount
of carbon extracted from the Sceptre soil,
was 7Vo. The successive hvdrolvsis removed
9Vo more carbon than the singte e N HCI
hydrolysis. This difierence was attributed to
the formation of a black precipitate that was
found on the walls of the flasks durine the
direct 6 N hydrolysis: no precipitate was
detected during the successive hydrolysis.
The latter was attributed to the removal of
sugars and organic substances of low mo-
lecular weight by the initial acid treatment.
These materials are said to condense with
nitrogeneous compounds during direct boil-
ing with 6 N acids to form insoluble com-
plexes (Ogner 1969). The Sceptre soil had
15Vo more hydrolyzable carbon and l0o/o
more hydrolyzable nitrogen than the Oxbow
soil (Table l). -fhis supports Sl4rensen's
(1967) laboratory findings that clays adsorb
the newly formed humus and release it upon
hydrolysis.

After 15 yr of cultivation, 65% of the
organic carbon andT4ak of the total original
nitrogen were still present in the soil (Table
2). Only 4lo/o of the original carbon and
5lVo of nitrogen were present after 60 yr
of cultivation. These organic carbon and
total nitrogen determinations, made in dup-
licate, had a coelicient of variation of less
than 3Vo. The MRT of the soil organic mat-
ter remained unchanged after 15 yr, but in-
creased from 250 to 710 years BP after 60
years cultivation. The percentage of hydro-
lyzable carbon and nitrogen did not change
with cultivation and showed no relationship
with MRT or with organic mail.er content.
The MRT of the nonhydrolyzable materials
of the Sceptre soil was 1,100 t 100 years
BP (Martel and Paul 1970).

Three slope positions (upper, middle and
lower) on the Orthic segments of virgin and
cultivated soils at another Oxbow site (Haf-
ford) were analyzed to evaluate the e{Iects
of drainage within the Orthic profile. The
carbon and nitrogen contents in both the
virgin and cultivated soils were greater in
the lower slope positions of the cateilary
sequence (Table 2). Conversely, the hydro-
lyzability of carbon and nitrogen decreased
by 15% on the virgin, and 7O7o on the

+LJ

cultivated, as sampling progressed down the
slope.

Cultivation of the land led to losses rang-
ing from 33 to 52% for carbon and 31 to
497o for nitrogen, with largest losses occur-
ring in the lower positions. Radiocarbon
measurements of the soil showed positive
b"C values. This could be attributed to high
levels of H-bomb-produced '*C, but the pos-
sibility of laboratory contamination is more
likely; consequently the b'*C values for this
soil are not further discussed.

Eighty-one percent of the organic carbon
and 9OVo of the total nitrogen of the Sceptre
virgin soil remained after 20 yr of cultiva-
tion. The percentages of hydrolyzable car-
bon and nitrogen showed no differences be-
tween the two sites. The virgin soils had an
MRT of 545 -L 7O yr BP and the cultivated
430 -L 70. Although a decreasing MRT is
noticeable, the difference is not statistically
significant.

Calculation of Carbon and Nitrogen
Losses

Losses of carbon and nitrogen for cultivated
soils at Quinton and Hafford were compared
with data for another Black Chernozemic
soil, the Indian Head Clay soil (Shutt 1925;
Newton et al. 19,15; Mclver, personal com-
munication). Similar losses of nitrogen from
the Hafford and Quinton soils and the In-
dian Head clay soil were found, even though
the nitrogen contents of the latter were
based on the total soil organic matter rather
than on the soil after flotation with 0.01 N
HCI as conducted in this study.

Hydrolysis of the soil organic matter
yiefded hydrolyzable to nonhydrolyzable ra-
tios close to 50:50 for carbon and 75:25 for
nitrogen (Table 2). The hydrolyzable frac-
tion comprised the active material of the soil
organic matter (Martel and Paul 1970). Its
MRT has previoLrsly been estimated at 25
yr (Campbell et al. 1967). On this basis, the
first order reaction (equation l) was divided
into two parts, each one representing the
active ancl the resistant fraction of the soil

dM/dt (-r,M, + A,) +
(-r"M,I A")

MARTEL AND PAUL-EFFECTS OF CULTIVATION ON ORGANIC MATTER
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and after integration

M = M,, e-'t * [(AJr,) x (1-e-',')]
I M"o e-,'' I [(A"/r") x (l-e-'])l (5)

where M was the amount of materials (car-
bon or nitrogen) in soils expressed as a per-
centage of the materials present in virgin
soils. The subscript i identified the hydro-
lyzable (i = 1) and the nonhydrolyzable (i
: 2) materials, M1" was the percentage of
the hydrolyzable and nonhydrolyzable ma-
terials in virgin soils, r, was the rate of de-
composition of the hydrolyzable and the
nonhydrolyzable materials, A, was the an-
nual additions of new organic matter to the
hydrolyzable and the nonhydrolyzable ma-
terials and , was the years of cultivation.
The time zero represented the virgin soil and,
at that time, the value of M was expressed
as lOOVo. The calculations of the declines
of carbon and nitrogen were made separate-
ly. Through the years of cultivation, 507a
of the carbon is hydrolyzable, so M," = M,"
: 50 for the carbon calculations; and,75Vo
of the nitrogen was hydrolyzable so M," - 75;
Mn : 25 for the nitrogen calculations. The
annual addition of new organic matter to
the soil was estimated at I ton/acre every
2 yr or 1,000 kglha of residue annually
(Shields and Paul 1973; McGill et al. 1974).
On this basis, the annual addition of new
residue carbon (A, I A,) was assumed to
be 0.05 g C/100 g soil. Assuming that the
C:N ratio of the new material was 30, we
calculated an annual addition of 0.017 e

N/100 e soil.

0r0203010506070
Yeors of cultivolton

Fig. 3. Observed decline of carbon and nitrogen
contents after cultivation of Oxbow and Indian
Head CIay soils.

The decline of carbon and nitrogen was
calculated (Fig. a) taking into consideration
that the MRT of the soil increased from 295
to 710 years BP after 15 yr of cultivation.
The turnover rate (r) was approximated
from r, : I/MRT, (Olson 1963). MRT's
of 10, 15, 20 and 25 yr BP were assumed
to be representative of the hydrolyzable
fractions. The MRT's of the nonhydrolyz-
able fractions were calculated by using the
MRT of the total soil and that of the hydro-
lyzable fraction (Paul et al. 1964). T}:'e r
values were then used to calculate the de-
cline of carbon and nitrogen.

Results showed that the decline of carbon
based on 20 yr BP for the MRT of the
hydrolyzable fraction gave a curve similar
to the observed data of Fig. 3. It indicated
that the sum of two first order equations
yielded a calculated decline of the carbon
content that was equivalent to the data ob-
tained in the field after different lengths of
cultivation.

The calculated decline of nitrogen (Fig.
4), based on a mean residence time of 20 yr
BP indicated that only 20% of the nitrogen
should be left after 60 yr of cultivation.
This did not compare with the observed
value of 50% (Fig. 3). One reason for the
difference of 3O7o in the calculated value of
nitrogen may be attributed to the release of
organic compounds during hydrolysis (Brem-
ner 1965b). This resulted in large values for
hydrolyzable-N and a low calculated value
of nitrogen after 60 yr of cultivation. The
difference of 3O% could not be attributed

.=

> 100

:90
J80
lto'6 60

= 50

clO

6I

,E

6io

-30

5ro

25 yr\
?9 I1:) ca.,t"'.a c

1O yi

Colculoted -N

010203040506070
Yeors of cultivotion

Fig. 4. Calculated decline of carbon and nitro-
gen using different mean residence times for
the hydrolyzable carbon and 20 yr BP for the
hydrolyzable nitrogen.
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to fixed NHr* because calculation based on
the data of Hinman (1964) showed that
fixed ammonium accounted for only 3Vo of.
the 3OVo missing nitrogen.

The difference between the observed
curves for carbon and nitrogen during 60 yr
of cultivation was attributed to the recycling
of nitrogen in soils. Carbon is decomposed
to CO, during decomposition, whereas the
nitrogen is mineralized but reused by micro-
organisms and plants. This suggests that
1A% of the amount of nitrogen left in the
soil after 60 yr of cultivation is attributable
to retention of mineral nitrogen by recycling,

CONCLUSION
The large decrease of carbon and nitrogen dur-
ing cultivation, with no measurable change in
the distribution of the hydrolyzable and non-
hydrolyzable materials, and the unchanged
mean residence time of the organic matter dur-
ing the first years of cultivation suggested that
all forms of the organic matter fractions de-
composed at a similar rate after cultivation in-
dependently of their individual stability in the
virgin soil. The data suggested that the decline
of carbon and nitrogen could be attributed to
a change in the extent of physical protection of
the soil organic matter, with recalcitrance of
the humic material playing a smaller role. Cul-
tivation also would enhance the contact of or-
ganic matter with extracellular enzymes.

The mechanisms related to the transformation
of soil organic matter under field conditions are
difficult to study. However, radiocarbon dating
together with fractionation studies and the
ability to represent carbon-loss mechanisms by
a sum of first order reactions have made pos-
sible an interpretation of the dynamics of car-
bon. The high degree of hydrolyzability of n!
trogen is not necessarily related to its turnover
rate, and the internal cycling of nitrogen further
makes it difficult to model the flow of this
nutrient element.

ACKNOWLEDGMENTS
The senior author wishes to thank the National
Research Council for the scholarship that made
this study feasible. We are indebted to the Sas-
katchewan Research Council for providing fa-
cilities for radiocarbon dating work.
BIEDERBECK, V. O. 1969. Microbial de-
gradation and chemical characterization of soil
humic nitrogen. Ph.D. Thesis, Department of
Soil Science, University of Saskatchewan, Sas-
katoon.

A1<

BREMNER, J. M. 1965a. Organic forms of
nitrogen. Pages 1238-1255 itt C. A. Black et
al., eds. Methods of soil analysis. Part 2. Agro-
nomy No. 9. Amer. Soc. Agron., Madison,
Wisc.
BREMNER, J. M. 1965b. Organic nitrogen in
soils. Pages 93-149 in W. V. Bartholomew and
F. E. Clark, eds. Soil nitrogen. Agronomy No.
10. Amer. Soc. Agron., Madison, Wisc.
CAMPBELL, C. A., PAUL, E. A., RENNIE,
D. A. and McCALLUM, K. L 1967. Applic-
ability of the carbon-dating method of analysis
to soil humus studies. Soil Sci. 104: 217-224.
DOUGHTY, J. L., STAPLES, W. J., LE.
HANE, J. J., WARDER, F. c. and BISAL, F.
1949. Soil moisture, wind, erosion, and fertility
of some Canadian Prairie soils. Tech. Bull. 71,
Can. Dept. Agric.
HILL, K. W. 1954. Wheat yields and soil fer-
tility on the Canadian prairies after a half cen-
tury of farming. Soil Sci. Soc. Amer. Proc. lE:
1 82-1 84.

HINMAN. W. C. 1964. Fixed ammonium in
some Saskatchewan soils. Can. J. Soil Sci. 44:
15r-157.
HUNTJENS, J. L. M. 1972. Availability of
microbial and soil organic nitrogen to a Psetdo-
mona.s strain and the effect of soil organic mat-
ter on the availability of casein nitrogen, Soil
Biot. Biochem. 4: 347-358.
JENKINSON, D. S. 1966. The turnover of
organic matter in soil. The use of isotopes in
soil organic matter studies. Rep. FAO/IAEA
Tech, Meet. 1963. Brunswick Viilkenrode. pp.
187-r97.
KEENEY, D. R. and BREMNER, L M. 1964.
Effects of cultivation on the nitrogen distribu-
tion in soils. Soil Sci. Soc. Amer. Proc. 28:
65 3-656.
KHAN, S. V. 1971. Nitrogen fractions in a
Gray Wooded soil as influenced by long-term
cropping systems and fertilizers. Can. J. Soil
Sci. 51: 431-437.
MARTEL, Y. A. 1971. Radiocarbon measure-
ments of the mean residence time of soil or-
ganic matter. Pages 97'103 in D. A. Rennie and
E. A. Paul, eds. Isotope methodology and tech-
niques in soil-plant nutrition and plant physiol-
ogy. Sask. Inst. Pedol., Saskatoon, Saskatche-
wan.

MARTEL, Y. A. and PAUL, E. A. 1970. An
example of a process model: The carbon turn-
over for use in ecosystem studies in grasslands.
Pages 179-189 in R. T. Coupland and G. M.
Van Dyne, eds. Grassland ecosystems: Reviews
of research. Range Sci. Dep. Sci. Ser. No. 7,
Colorado State Univ., Fort Collins, Colo.

MARTEL AND PAUL-EFFECTS OF CULTIVATION ON ORCANIC MA TER

C
an

. J
. S

oi
l. 

Sc
i. 

D
ow

nl
oa

de
d 

fr
om

 p
ub

s.
ai

c.
ca

 b
y 

C
O

L
O

R
A

D
O

 S
T

A
T

E
 U

N
IV

 L
IB

R
A

R
IE

S 
on

 1
2/

24
/1

3
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



426 CANADIAN JOURNAL, OF SOIL SCIENCE

McGILL, W. 8., PAUL, E. A. and SOREN-
SON, H. L. 19'14. The role of microbial meta-
bolites in the dynamics of soil nitrogen. Pages
86-96. in Matador Proj. Tech. Rep. No. 46,
Saskatoon, Sask.
NEWTON, J. D., WYATT, E. A. and BROWN,
A. L. 1945. Effects of cultivation and cropping
on the chemical composition of some Western
Canada prairie province soils. Part III. Sci.
Agric. 25: '718-737 

.

OGNER, G. 1969. Extraction and hydrolysis
of rarv humus. Soil Sci. 109: 289-293.
OLSON, J. S. 1963. Energy storage and the
balance of producers and decomposers in eco-
logical systems. Ecology 44: 322-331,
PAUL, E. A., CAMPBELL, C. A., RENNIE,
D. A. and McCALLUM, K. I. 1964. Investiga-
tions of the dynamics of soil humus utilizing
carbon dating techniques. Trans. 8th Int.
Congr. Soil Sci. Romania. pp. 201-208.
PORTER, L. K., STEWART, B. A. and HAAS,
H. J. 1964. Etlects of long rime cropping on
hydrolyzable organic nitrogen fractions in some
Great Plains soils. Soil Sci. Soc. Amer. Proc.
28:368-370.

ST. ARNAUD, R. J. 1956. Manual of labora-
tory methods. Dept. Soil Science, Univ. of Sas-
katchewan, Saskatoon, Sask.
SCHARPENSEEL, H. W. 1971. Radiocarbon
dating of soils - 

problems, troubles, hopes.
Pages 77-96 in D. H. Yaalon, ed. Paleopedol-
ogy origin, nature and dating of paleosols. Int.
Soc. Soil Sci. and Israel Universities Press,
Jerusalem.
SHIELDS, I. A. and PAUL, E. A. 1973. De-
composition of "C-labelled plant material under
field conditions. Can. J. Soil Sci. 53: 297-306.
SHUTT, F. T. 1925. Influence of grain growing
of the nitrogen and organic matter content of
the Western prairie soils of Canada. Dom. Can.
Dept. Agric. Bull. 44.
SORENSEN. L. H. 1967. Duration of amino
acid metabolites formed in soils during de-
composition of carbohydrates. Soil Sci. 104:
aal aAl

STEVENSON, F. J. 1965. Origin and distribu-
tion of nitrogen in soil. Pages 1-42 in Bartho-
lomew and F. C. Clark, eds. Soil nitrogen.
Agronomy No. 10. Amer. Soc. Agron., Madi-
son, Wisc.

C
an

. J
. S

oi
l. 

Sc
i. 

D
ow

nl
oa

de
d 

fr
om

 p
ub

s.
ai

c.
ca

 b
y 

C
O

L
O

R
A

D
O

 S
T

A
T

E
 U

N
IV

 L
IB

R
A

R
IE

S 
on

 1
2/

24
/1

3
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 




