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Kinetic Analysis of Net Nitrogen Mineralization in Seil’

N. G. JUMA, E. A. PAUL, AND B. MARY?

ABSTRACT

Studies were conducted to determine the most suitable mathe-
matical equation and the most appropriate method for calculating
the values of the parameters of the equation describing the net N
mineralization in soil. The cumulative net N mineralized in two
treatments of a N labeled soil and five unlabeled Saskatchewan
soils showed curvilinear trends that could be fitted to either hyper-
bolic or first order equations. The kinetic parameters of the hyper-
bolic equation, *N}' (potentially mineralizable N) and 7, (time re-
quired for 1/2 N{! to mineralize) determined by nonlinear least squares
(NLLS) yielded the best fit to the data for the labeled soil and had
the lowest RMS error. Linear regression (1/N vs 1/7) yielded
I5N{! and 7, values which were markedly different than those ob-
tained with the N vs. N/z and #/N vs. ¢ transformations or those
obtained with the NLLS method when all the data were considered.
The double reciprocal plot gave undue weight to the initial data
points. The *N§ estimated by NLLS method accounted for 62 and
72% of the total organic *N remaining in the two treatments of
Weirdale loam soil. The N{! for Saskatchewan soils ranged from 51
to 429 ug N g! soil, while the 7, ranged from 7.3 to 45.8 weeks.
The '*N§ values obtained with the first order equation using NLLS
method accounted for 39 to 44% of the total organic '*N remaining
in soil. The N§ values for Saskatchewan soils ranged from 35 to 255
ug N g! soil while the values of net mineralization rate constant,
k, ranged from 0.036 to 0.164 weeks™'. Both equations accurately
predicted the amount of net N mineralized over 14 weeks incubation.
However, the estimates of potentially mineralizable N and miner-
alizable N half-life were dependent upon the model used.

Additional Index Words: *N,, nitrogen mineralization potential,
N, soil N supplying capacity, organic N.
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HE AMOUNT of NO3—N accumulated over ex-
tended aerobic incubation periods represents net
N mineralization. This has been found to be a most
useful measurement for determining the effect of en-
vironmental and soil variables such as temperature
(Campbell et al., 1981) and texture, moisture and or-
ganic matter (Herlihy, 1979) controlling the cumula-
tive N mineralized. A number of mathematical rela-
tionships can be used to describe the data obtained
when NO3 —N accumulation is analyzed as a function
of time of incubation. Generally curvilinear relation-
ships between the amount of N mineralized and the
time of incubation have been found to occur (Stanford
and Smith, 1972; Mary and Remy, 1979; Molina et
al., 1980). These are commonly described by either
hyperbolic or first-order equations. The hyperbolic
equation as applied to N mineralization is:

N =N§.t/(bNf + 9 [1]
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where N is the cumulative N mineralized (ug N g™!
soil), N& is defined as the potentially mineralizable N
pool, ¢ is time (weeks), and b is a constant [weeks -
(ug N g™ ! soil)~']. Many workers have used a linear
transformation of the above equation to obtain a first
approximation of the size of Ny in soils (Stanford and
Smith, 1972; Oyanedel and Rodriguez, 1977; Sinha et
al., 1977; Herlihy, 1979; Campbell et al., 1981).
The first order equation describing net N mineral-
ization is:
N = Nf[1 — exp (—kp)] [2]

where N is the cumulative net N mineralized up to
time ¢, k is the invariant rate constant (weeks™!) and
N is defined as the potentially mineralizable N pool
att = 0. The values of N§ and k obtained by nonlinear
least squares (NLLS) regression (Mary and Remy,
1979; Smith et al., 1980) are more precise and less
ambiguous than those obtained using the double re-
ciprocal plot of the hyperbolic equation to obtain an
initial value of N,, followed by iterative plotting of N,
on a first order basis (Stanford and Smith, 1972).

The use of *N to label an active pool of N makes
it possible to better delineate the concept of N, and
to compare the different approaches used to describe
the net N mineralization of soils. The objectives of
this investigation were to describe net N mineraliza-
tion using the hyperbolic and first-order equations and
to compare the different approaches to describe the
net N mineralization in soils that had both labeled
and unlabeled active N pools.

MATERIALS AND METHODS
Soils

The soils used in this study represent the 0- to 15-cm layer
of well drained Dark Gray, Black and Dark Brown Cher-
nozemic soils of Saskatchewan. They had neutral pH and
included a fourfold range of organic N levels (Table 1).

The Weirdale loam soil samples designated as NH,OH
and NH,OH + ATC were enriched in '*N during a field
experiment conducted to determine the fate of fertilizer !N
in the presence and absence of a nitrification inhibitor [4-
amino-1,2,4-triazole (ATC)] (Juma and Paul, 1983). The In-
dian Head clay soils were obtained from two long-term ro-
tations: Rotation C was a 3-yr fallow, wheat (Triticum aes-

Table 1—Description of soils used in incubation experiments to
measure potentially mineralizable N and
rate of N mineralization.

Association Organic
and texture Designation N Subgroup
%

Weirdale loam NH,OH 0.43 Boralfic Cryoborolls
Weirdale loam NH,OH + ATC 0.50 Boralfic Cryoborolls
Indian Head clay Rotation R 0.22 Udic Haploborolls
1ndian Head clay Rotation C 0.20 Udic Haploborolls
Bradwell fine sandy

loam Wheat (a) 0.26 Typic Cryoborolls
Bradwell fine sandy

loam Wheat (b} 0.15 Typic Cryoborolls
Bradwell fine sandy

loam Alfalfa 0.13 Typic Cryoborolls
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tivum L.), wheat rotation. Rotation R had a complex 9 year
sequence— fallow, wheat, oats (4vena sativa L.) underseeded
to legume-alfalfa (Medicago sativa 1) mixture, hay, hay,
hay, plus 27 Mg of barnyard manure and partial fallow, wheat
and oats (Towill, 1980). The rotations were started in 1912
and the soils were sampled in 1978.

The Bradwell fine sandy loam [designated as wheat (a)]
was obtained from Goodale Farm after harvesting a wheat
crop. The other Bradwell fine sandy loam soils were sampled
after harvesting a wheat crop that had been grown on lev-
elled land at Outlook, Saskatchewan. One of the fields was
in a wheat fallow rotation [designated as wheat (b)] while
}he other was broken from 5 years of alfalfa in the previous
all.

Experimental Techniques

A leaching-incubation experiment (Stanford and Smith,
1972) was set up in triplicate with the Weirdale loam, Indian
Head clay, and Bradwell fine sandy loam from Goodale to
measure the net N mineralized during a 12- to 18-week in-
cubation. The soils were leached at 1-, 2-, or 3-week inter-
vals, maintained at 34 kPa soil pore moisture tension and
incubated at 28 + 1°C. Two 50-mL aliquots from the leach-
ates were analyzed for mineral N. The Bradwell fine sandy
loam soils from Outlook were incubated in 15-L plastic pails
at 28 + 1°C and were subsampled every 2 or 3 weeks. They
were not leached as the other soils. Mineral N was measured
by steam distilling the 2M KCl extracts (1:5 soil/solution)
and titrating with standard sulfuric acid (Bremner, 1965).
The data reported are averages of six-analyses. The coefli-
cient of variation over all sampling times ranged between 4
and 10%. The atom % '*N abundance of mineral N leached
from the enriched soil was measured on a Micromass 602E
mass spectrometer.

Calculations

The constant b in the hyperbolic equation [1] can be writ-
ten as:

b = T/N§ [3]

where T, is the time required for 1/2 N} to mineralize (weeks)
yielding

N=NHE.iUT. + 1. [4]

The derivative-free nonlinear least squares (NLLS) regres-
sion program described by Ralston (1983) was used to de-
termine the parameter estimates of the hyperbolic [Eq. 4]
and first order {Eq. 2] equations using the net N minerali-
zation data."

Parameter estimations for three linear transformations of
the hyperbolic equation were compared with those obtained
with the NLLS method. Goodness of fit for the transformed
data was assessed by the R? statistic. In addition, the N,
and 7, obtained with linear transformation were used to
generate the net N mineralization curve from which the root
mean square (RMS) error was calculated. It was only pos-
sible to calculate the standard error of parameter estimates
for N vs. N/t transformation because the slope and the in-
tercept correspond to 7, and N§, respectively. In the other
transformations either the slope or the intercept was made
up of two terms: N§ and T,. Linear regression yielded the
standard error of the combined term making it difficult to
estimate the variance due to each parameter. The standard
error of parameter estimates were calculated directly in the
NLLS method.

RESULTS AND DISCUSSION

Measurement of the fate of fertilizer '*N in different
treatments of Weirdale loam under field conditions
had shown that the nitrificaiton inhibitor (ATC) re-
duced fertilizer >N losses and increased the amount
of 1*N remaining in soil at the end of the season (Juma
and Paul, 1983). The NH,OH-treated Weirdale loam
contained 147 ng N g~! soil while the NH,OH +
ATC-treated loam contained 352 ng '*N g~! soil. Cu-
mulative net '’N mineralized in the two treatments of
Weirdale loam and the cumulative net N mineralized
in all soils used in this investigation showed curvilin-
ear trends (Table 2).

Table 2—Cumulative net N mineralized in several Saskatchewan soils.

Cumulative net N mineralized

Soil designation
Weirdale loam Indian Head clay Bradwell fine sandy loam
Time NH,OH NH,OH + ATC Rot. R Rot.C Wheat (a) Wheat (b) Alfalfa
weeks g g soil
1 8.8( 3.5)1 13.1(11.4)F 13.9 8.4 11.2 - -
15.8( 6.3) 19.7(17.7) 19.6 14.0 20.3 15.2 9.2
3 31.9(12.5) 29.3 (24.8) 26.4 19.6 279 - -
4 39.3 (15.0) - 35.1 26.3 33.9 - -
5 - 39.5 (32.7) 41.5 323 - 294 14.6
6 52.4(20.7) - 52.6 44.4 52.0 - -
7 - 52.7 (43.4) 60.0 51.5 - - -
8 64.8 (25.7) - - - 59.6 33.3 20.1
9 - 70.3 (55.9) 73.4 64.3 - - -
10 82.5(32.7) - - - 70.5 - -
11 - 86.0 (65.5) 85.8 76.0 - 41.3 25.0
12 95.0(37.2) - - - 81.3 - -
13 - - 96.0 86.6 - - -
14 - 100.8 (74.3) - - - 46.3 28.2
15 106.5 (40.9) - 104.2 93.1 92.0 - -
17 - 115.5 (82.6) - - - -
18 116.5 (44.1) - - - 98.0
19 - 120.0 102.7 - - -
21 - - - 102.6 - -
22 - 123.3 111.3 - - -
24 - - 107.2
25 128.4 116.3 -

t Figures in parenthesis are cumulative *N mineralized (ng g™ soil).
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The NLLS method yielded the lowest RMS error
compared to linear transformations of the hyperbolic
equation used to describe net SN mineralization. The
parameter estimates obtained by NLLS were not sig-
nificantly different when the data points for weeks 1
and 2 were excluded from the calculation (Table 3).
The parameters N and T, [Eq. 4] estimated by min-
imizing the residual sum of squares showed that the
15N of the NH,OH treatment was almost one-half of
the value obtained for NH,OH + ATC treatment
while the T, values were similar (Table 3). This is
consistent with the fact that the atom % N excess of
N being mineralized and biomass N (measured from
NH; released during 10-d incubation from fumigated
samples) were almost twofold higher (0.087 vs. 0.043)
for the NH,OH + ATC compared to NH,OH-treated
soil. The biomass is one of the major sources of N
during the net mineralization phase (Paul and Juma,
1981). The 'N¥ accounted for 53 to 70% of °N re-
maining in organic and nonexchangeable NH; forms.
If the !N in nonexchangeable fraction was subtracted,
then N¥ accounted for 62% of organic N remaining
in the NH,OH + ATC and 72% in the NH,OH treat-
ment. Smith et al. (1978), using the double reciprocal
plot, found 'N¥ accounted for 21 to 57% of total ’'N
(excluding nitrate) remaining in different treatments
of an alfisol and a vertisol. Our results also show that
the ’N¥ did not account for all the 'N remaining in
soil.

The value for 'SN§ obtained with the double recip-
rocal plot for the NH,OH treatment dropped from
530 to 95 ng g~!, with a corresponding decrease in 7,
from 152 to 20 weeks, when the data for weeks 1 and

2 were excluded from regression analysis (Table 3). In
contrast, the estimates of '’N} and T increased in the
NH,OH + ATC treatment when the data for weeks
1 and 2 were not considered in the calculation. The
R? values for the transformed variables obtained
ranged from 0.961 to 0.990 for the two treatments.
The RMS error decreased from 5.1 to 1.3 ng g™! soil
when the data for weeks 1 and 2 were excluded from
the calculation (Table 3). The other two transforma-
tions of the hyperbolic equation (N vs. N/t and ¢/N
vs. f) yielded "*’N§ and T, estimates which had a nar-
row range. The R? obtained with transformed varia-
bles were low (significant at P < 0.05) when all data
were considered and increased when the initial data
points were excluded (Table 3). The N vs. N/t and
t/N vs. t transformations had much lower values of
RMS than the double reciprocal plot (Table 3).

Work in enzyme chemistry has shown that the dou-
ble reciprocal plot yields straight line regressions but
the parameter estimates may be quite different from
the other transformations of the hyperbolic equation
(Segel, 1975). This is primarily because the double re-
ciprocal plot gives undue emphasis to the initial points.
This is the likely cause for the better fit (lower RMS)
obtained with our data when the data for weeks 1 and
2 were excluded. Stanford and Smith (1972) used the
double reciprocal plot to obtain an initial estimate of
NF but did not use the amount of N mineralized in
the first four weeks of incubation in regression anal-
ysis. Instead, they added the amount of N mineralized
in the 4 weeks to the parameter value estimated from
4- to 30-week incubation. This approach yielded rea-
sonable initial estimates of No.

Table 3—Estimates of N mineralization potential (""Nf)*) and time required for one-half l’N‘l)* to mineralize (T,) as determined
by different fitting techniques for two treatments of Weirdale loam.

. Incubation R*with

Equation period Predicted *NiI Predicted 7, transformed variables RMS

weeks ng g soil weeks ng N g~ soil
Weirdale loam—NH,OH treatment

N =N« tT, + )t 0-18 105 + 12 24 + 4 1.29
2-18 104 + 12 23 +4 - 1.34
3-18 99 = 10 22+3 - 117

1N = UNE + T,INE (/) 0-18 530 152 0.990 5.07
2-18 706 204 0.961 5.88
3-18 95 20 0.993 1.25

N = Ni' = T, (N/t) 0-18 93 + 11 21£7 0.498 2.01
2-18 89 = 10 19 %7 0.540 1.93
3-18 96 + 4 21+ 3 0.901 1.20

t/N = T,/N' + 1/N{ (¢) 0-18 142 87 0.699 1.70
2-18 129 32 0.727 1.61
3-18 101 22 0.953 1.18

Weirdale loam—NH,OH + ATC treatment

N =NE« (T, + 0t 0-17 187 = 20 21+3 2.21
2-17 192 + 20 22 +3 2.03
3-17 199 + 22 24+ 14 2.04

1/N = 1/N{ + TN (L/¢) 0-17 97 8 0.981 8.89
2-17 139 14 0.990 4.18
3-17 155 17 0.978 3.45

N = N? — T.(N/t) 0-17 123 + 13 11 +2 0.791 4.85
2-17 154 + 10 16«3 0.860 2.94
3-17 165 + 10 18+1 0.822 2.70

t/IN = T/NE + 1/NE (1) 0-17 155 16 0.907 2.77
2-17 176 20 0.932 2.16
3-17 193 22 0.922 2.06

t This equation was used in the nonlinear least squares method.
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Table 4—Estimates of the parameters of the hyperbolic equation
using the NLLS technique to describe the net N mineralization
in several Saskatchewan soils and comparison of
experimental with predicted values.

N mineralized
after 14 weeks

u Experi- Pre
Designation Ny T, RMS mental dicted

rgg! weeks g g

Weirdale loam

NH,OH 302 + 3371 276+ 4.3t 28 103 103

NH,OH + ATC 429 + 86 45.8 + 11.7 3.0 101 100
Indian Head clay
Rotation C 259 + 26 286+ 4.4 4.0 90 85
Rotation R 263 £15 224+ 22 3.2 100 97
Bradwell fine sandy loam
Wheat (a) 180+ 7 1565+ 1.1 2.1 89 85
Wheat (b) 69+ 7 73+ 1.7 1.9 46 45
Alfalfa 51+ 7 1143z 30 1.1 28 28

1 Parameter values + standard error of estimate.

The estimates of the parameters of the hyperbolic
model using NLLS technique for Saskatchewan soils
(Table 4) showed that both parameters, N, and T, are
important to predict the net N mineralization. Al-
though the N§! values for Rotation C and Rotation R
are similar, the amount of N mineralized in Rotation
R was greater and better described by a lower T.. In
contrast, the amounts of N mineralized in NH,OH
and NH,OH + ATC soils were similar, but the N,
and T, values were completely different. The Bradwell
fine sandy loam designated as wheat (b) and alfalfa
had N} values which were ~ 1/3 of N of soil des-
ignated as wheat (a). These soils had low amounts of
organic matter and low N-supplying power because
they had been leveled for irrigation purposes.

The NLLS method was used to estimate the param-
eters of the first order equation used to describe net
N mineralization in labeled and unlabeled soils. The
IBN¥ estimate of the NH,OH treatment of Weirdale
loam was 64 ng g~!; it was 118 ng N g~! for the
NH,OH + ATC treatment (Table 5). These ac-
counted for 44% of organic 'N remaining in NH,OH
treatment and 30% for NH,OH + ATC treatment.
The half life of the 'N§ for the two treatments was
similar and ranged from 9.7 to 10.5 weeks.

The Nf for seven Saskatchewan soils ranged from

Table 5—Estimates of N mineralization potential (‘5Ng ) and net
mineralization rate constant (k) for two treatments
of Weirdale loam.

Incubation

period =NE k Tuat RMS
weeks ng g~' soil weeks™! weeks ng "N g' soil
NH,OH treatment
0-18 64 = 5% 0.0671 + 0.0082% 10.3 1.2
2-18 64+ 5 0.0678 + 0.0086 10.2 1.2
3-18 62+ 4 0.0712 x 0.0078 9.7 1.1
NH,OH + ATC treatment
0-17 118 + 10% 0.0712 + 0.0096% 9.7 2.3
2-17 120 = 10 0.0690 + 0.0087 10.0 2.1
3-17 123 + 11 0.0662 + 0.0087 10.5 2.0
T Tuz = 0.693/k.

1 Parameter value + standard error of estimate.

35 to 255 ug N g~! soil while the k ranged from 0.036
to 0.164 weeks™! at 28°C (Table 6). Both equations
accurately predicted the amount of N mineralized after
14 weeks incubation. The RMS values for the two
models were similar for each soil, thus either model
appears to adequately describe the kinetics of net N
mineralization.

The use of first order equation to describe net N
mineralization assumes that the rate of N minerali-
zation is proportional to the size of the mineralizable
pool (dN/dt = —kN). A narrow range of k values
(0.054-0.058 weeks~! at 35°C and 34 kPa soil pore
moisture tension) have been reported for a wide va-
riety of soils (Stanford and Smith, 1972; Oyanedel and
Rodriguez, 1977) using the iterative calculation pro-
cedure of Stanford and Smith (1972). However, the
parameter estimates are very much dependent on the
method of fitting. It has been shown that the NLLS
method yields less ambiguous estimates of the param-
eters (Mary and Remy, 1979; Talpaz et al., 1981). The
values of k for Saskatchewan soils used in this inves-
tigation ranged from 0.036 to 0.164 weeks™! at 28°C.
Mary and Remy (1979) have reported values of 0.028
to 0.040 weeks™! at 35°C and even lower values for
longer incubations (Mary and Remy, unpublished
data). These results support neither the universality
of a rate constant k nor the suggestion that “the forms
of organic N contributing to N, are similar for most
of the soils” (Stanford and Smith, 1972).

The N, values obtained by NLLS fitting of the hy-
perbolic, exponential, or double exponential (Molina
et al., 1980) equations are mathematically defined
quantities obtained from the kinetic analysis of the
net N mineralization. The existence of N, as a ho-
mogeneous, discrete organic N pool in soil is unlikely.
‘Numerous studies on the internal cycling of N have
shown that N in soil is present in various pools or
fractions which undergo mineralization at different
rates. Tracer studies have shown that the recently im-
mobilized N is transferred through different soil frac-
tions such as the humic and fulvic acids (Broadbent,
1968; McGill et al., 1975; Sochtig and Salfeld, 1977)
and fractions obtained with acid hydrolysis (Stewart

Table 6—Estimates of the parameters of the first order equation using
the NLLS technique to describe the net N mineralization in several
Saskatchewan soils and comparison of experimental

with predicted values.
N mineralized
after 14 weeks
Experi- Pre-
Designation NF k T., RMS mental dicted
wgNg! week™! weeks ug N g so0il
soil
Weirdale loam
NH,OH 182 + 151 0.059 + 0.007 11.7 2.7 103 101
NH,OH + ATC 255 = 49 0.036 + 0.008 19.0 3.1 102 101
Indian Head clay
Rotation C 160 + 11 0.055 + 0.006 12.6 3.6 90 86
Rotation R 163 + 6 0.066 + 0.004 10.5 2.6 100 98
Bradwell fine sandy loam
Wheat (a) 123 + 2 0.087 +0.003 8.0 1.6 89 87
Wheat (b} 50 + 4 0.164 + 0.032 4.2 2.3 46 45
Alfalfa 35+ 4 0.116 + 0.027 6.0 1.3 28 28

1 Parameter value + standard error of estimate.
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et al., 1963; Ladd and Paul, 1973). N is also trans-
ferred between different particle size fractions (Chi-
chester, 1970; Ladd et al., 1977).

From a kinetic point of view, the microbial biomass
as measured by the chloroform fumigation technique
and the nonbiomass active N undergo mineralization
more rapidly (Paul and Juma, 1981) compared to the
bulk of soil organic matter, which is either chemically
recalcitrant or physically protected (Jenkinson, 1971;
Martel and Paul, 1974). A realistic model of N cycling
in soil should at least consider three to four compart-
ments. Juma and Paul (1981) have shown that bio-
mass, nonbiomass active N, and stabilized N contrib-
uted almost equally to the N mineralized during a 12-
week incubation of Weirdale loam soil. Their calcu-
lations showed that old N contributed < 1% of the
cumulative N mineralized over 12 weeks. The math-
ematically defined potentially mineralizable N (N} or
NE) crosses all these organic N pools in soil and does
not correspond only to organic N pools which cycle
rapidly. This is supported by the fact that 'SN§ or
I5SNF did not account for all the N that was present
in organic and nonexchangeable NH; forms.

CONCLUSIONS

The hyperbolic equation can be used to describe the
net N mineralization in soil, although to date it has
only been used to obtain the first approximation of
N§ for many soils. The double reciprocal plot gave
undue weight to the initial data points and yielded
N}t and T, estimates which were markedly different
from those obtained with other transformations of the
hyperbolic equation or with the NLLS method when
all the data were considered. The parameter estimates
of the hyperbolic equation, N} and T, were best es-
timated with NLLS regression method. The N values
for the Saskatchewan soils ranged from 51 to 429 ug
N g~ ! soil while the T values ranged from 7.3 to 45.8
weeks. The N§ and k estimates of the first order equa-
tion obtained by NLLS method ranged from 35 to 255
ug N g~ soil and 0.036 to 0.164 weeks ™!, respectively.

The SN and N§ accounted for 67 and 42% of the
organic N remaining in two treatments of the Weir-
dale soil, respectively. Both equations accurately pre-
dicted the amount of N mineralized during 14-week
incubation although the parameter estimates obtained
werg very different and depended upon the equation
used.
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