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Abstract

NCSOIL simulates C and N transformations in 4 soil organic pools: Pool I labile, Pool 1
resistant, Pool II, and Pool 111, with half-lives of 2, 17, 115 days and about 150 years, respectively.
Pool I labile and Pool I resistant represent the microbial biomass. Pool I and Pool II represent the
potentially mineralizable N, or the biologically active soil organic matter. The sum of Pools I,
Pool 11, and Pool I — the soil organic matter — corresponds to the total organic matter minus
residues. Each residue is described by 2 pools. NCSOIL is a stand-alone model. It is also a
module of NCSWAP, a larger model which encompasses the soil-water—air—plant system.

A number of systems and treatments, including the Rothamsted nitrate treatment and the
Calhoun tracer C data were simulated. The initial level of Pool II and the decay rate constant of
Pool III were calibrated on the basis of measured total soil organic matter and above-ground
production. Simulated data were sensitive to above-ground production as it controlled residues
input to soil. Model performance, based on total soil organic matter only, is discussed elsewhere
in this issue.
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Most decay rate constants for Pool 1II ranged from 1.0E — 5 to 3.0E — 5 d~'. Rate constants
outside this range were associated with peculiarities of the soil or agronomic practices. Levels of
biologically active organic matter (Pool I plus Pool I1) in the top soil layers ranged from 4 to 108
mug N g~ ', They were consistent with those reported for the potentially mineralizable nitrogen and
reflected the agronomic practice and soil fertility level better than did the total soil organic matter.
The simulated biologically active organic matter presented a | year periodic cycle.

In the future, a major challenge in modelling studies will be to free simulations from the
calibration process and to devise experimental methods which will provide initial values relevant
to the dynamic requirements of the model. © 1997 Elsevier Science B.V.

Keywords: model; NCSOIL; NCSWAP; soil organic matter; biologically active organic matter;
potentially mineralizable N; soil microbial biomass; long-term field experiment

1. Introduction

Results presented in this paper were obtained in May 1995 during a workshop
held at IACR—Rothamsted, Harpenden, UK, to evaluate soil organic models
using existing long-term data sets. Performance of the models and comparison
of the simulated results are presented elsewhere in this issue (Smith et al., 1997).
This paper reports and discusses the simulated data obtained with the models
NCSOIL and NCSWAP.

2. Material and methods
2.1. Models

NCSOIL simulates C and N (total and tracers) transformations in soils. The
soil organic matter is divided into 4 pools: Pool I labile, Pool I resistant, Pool 11
and Pool IlI, with half-lives of 2, 17, 115 days and about 150 years, respec-
tively. Pool I (labile plus resistant) represents the microbial biomass (Nelson et
al., 1979). Pool I and Pool 1I correspond to the potentially mineralizable N (N
of Stanford and Smith, 1972; Molina et al., 1980; Molina et al.. 1983); it is also
referred to as the biologically active soil organic matter. The sum of Pools I,
Pool 1II, and Pool Il — the soil organic matter — corresponds to the total
organic matter in soil minus residues. Each residue is described by 2 pools. Each
pool decays according to first-order rate kinetics with respect to C concentration.
C decay rates are: water, temperature, clay content, and N dependence. NCSOIL
is described extensively in the book which was published in connection with the
NATO workshop on SOM model evaluation (Nicolardot et al., 1994; McGill,
1996: Molina, 1996).

NCSOIL is a stand-alone model for homogeneous soil conditions. It is also
the module of a larger model (NCSWAP) which computes C and N transforma-
tions in the soil-water—air—plant system (Clay et al., 1985a,Clay et al., 1985b;
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Clay et al., 1989; Jabro et al., 1993, Jabro et al., 1995; Lengnick and Fox,
1993a, Lengnick and Fox, 1993b; Dou and Fox, 1995; Houot et al., 1996).
NCSWAP uses the crop as a biological integrator of climatological, manage-
ment and soil variables. A reference crop is documented for optimum (no N or
water stress) growth at a given site and year. For non-optimum conditions on the
same site, growth of the reference crop is modified to account for the actual
temperature and the availability of water and nitrogen in layers of the soil
profile. NCSWAP requires 5 input files: one for the initial soil conditions; and
yearly files for the driving variables (crops, temperature, precipitation, and
management). Crop growth is computed daily; C and N transformations in soil
are computed 5 times per day when there is water infiltration, and daily
otherwise.

2.2. The data sets

A number of systems were simulated. They included: the Rothamsted Gee-
scroft Wilderness (Poulton, 1996a), the Calhoun Experimental Forest (Richter
and Markevitz, 1996), the Tamworth, black soil (Crocker and Holford, 1996),
the Waite Trial (Grace, 1996), the Rothamsted Park Grass from 1959 to 1993
(Poulton, 1996b), the Bad Lauchstidt plots from 1956 to 1990 (Kérschens and
Miiller, 1996) and the Praha—Ruzyne plots from 1966 to 1993 (Klir, 1996).

2.3. Procedure

The first simulation was performed with Pool I and Pool II equal to 1% and
10% of the soil organic N, respectively. The initial level of pool III is discussed
with each case as to the distinction being made between total and soil organic
matter (e.g. were fine roots removed from the soil samples before ‘total’ C
analysis). The decay rate constants for optimum edaphic conditions are set to
0.332, 0.04, 0.006, and 1.0E — 5 day" with respect to the C concentrations of
Pool 1 labile, Pool I resistant, Pool II, and Pool III, respectively. A first
simulation is performed to calibrate the decay rate constant of Pool II. The
optimum decay rate constants of Pool I and Pool II are not modified. The
relative magnitude of the rate constants is such that Pool I and Pool II find their
equilibrium levels within 1 and 4 years, respectively. Eventually, the initial level
of Pool II is calibrated to adjust for the first 4 years of simulation. Pool I need
not be calibrated for the long-term simulations considered in this study.

3. Results of simulation
3.1. Rothamsted Park Grass

Simulation was performed with NCSWAP from the year 1959 to 1993 when
the system was assumed to be in a steady state. Total production was recorded
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from 1960 on. The other years (1876—1959) were not considered because
differences in measured data may not have represented significant trends in total
soil organic matter content. Spatial variability has been suggested as the cause of
the apparent decline in total soil organic matter in the organic manure treatment
plot (Smith et al., 1997). The initial level of soil organic matter in the top 23 cm
was set to the average value measured from 1932 to 1991: 30700 ug C g’
(C/N = 12.05) for treatment 1 (manure), 31800 (C /N = 12.29) for treatment 2
(nil), and 29000 (C/N = 11.27) for treatment 4 (nitrate). Steady state for the
soil organic matter was achieved with a decay rate constant for Pool III equal to
3.0E — 5 for treatment 1, 1.5E — 5 for treatment 4; and 4.0E — 6 day ™' for
treatment 2. Measured and simulated soil organic C are shown in Fig. 1.
Simulated levels of biologically active organic matter (Pool I plus Pool II) plus
residues are shown in Fig. 2.

3.2. Bad Lauchstddt

Simulation was performed from 1956 to 1990 with NCSWAP. The initial
level of soil organic matter in the top 30 cm was set to the average value
measured from 1956 to 1990: 22830 (C/N = 11.7), and 16555 (C/N = 12.2)
pwg C g~ for treatments 1 (farm yard manure plus inorganic fertilizer), and 6
(nil), respectively. Steady state for the soil organic matter was achieved with a
decay rate constant for Pool IIl equal to 2.0E —5 and 7.0E — 6 day~' for
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Fig. 1. Rothamsted Park Grass, top 23 cm. = simulated total organic C; Measured
organic C: treatment (TRT) |, ¢ = manure; TRT 2, inverted ¥ = nil; TRT 4, X = nitrate.
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Fig. 2. Rothamsted Park Grass. Simulated biologically active organic N in top 23 c¢m. Treatments
(TRT) 1, manure; TRT 2, nil; TRT 4, nitrate.

treatments 1 and 6, respectively. Measured and simulated soil organic C and N
are shown in Figs. 3 and 4. Simulated levels of biologically active organic
matter plus residues are shown in Fig. 5.

3.3. Calhoun Experimental Forest

Simulation was performed from the year 1962 to 1991 for the A horizon
(0-7.5 cm) with NCSOIL. NCSWAP, which does not simulate woodland
production, was not used. The initial level of residues was set at 2000 kg C
ha~', corresponding to the measured C content of fine roots (2 or 3 Mg C
ha~"), which were assumed to have a high N content (C/N = 13). A single and
yearly residue addition was assumed, a simplification of the regular fine root
input which must have occurred. The initial level of soil organic matter was set
at 3390 kg C ha~' (5390-2000; whereby 5390 kg C ha™' corresponded to
0.473% total C in 7.5 c¢cm of soil with a density of d = 1.52). The turnover of
fine roots was rapid, and set at that of Pool I (microbial cells). It was assumed
that the organic horizons (L, F, and H) mulched the soil, and that decay rates
were controlled by temperature, but not by water content.

The data provided some information about the "“C content of the organic
matter in the soil profile. For the purpose of tracer C simulation, the following
'*C delta values ('“8) for the year 1962 in the A horizon were used: total organic
matter in A horizon, 24.03; and residues (fine roots), 500. The latter value was
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Fig. 3. Bad Lauchstidt, treatment ! (manure), top 30 cm. ———— = simulated total organic C

and N; measured organic: 4 =C, B =N.
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Fig. 4. Bad Lauchstidt, treatment 6 (nil), top 30 cm. ————— = simulated total organic C and N:

measured organic: ¢ =C, 88 =N.
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Fig. 5. Bad Lauchstadt, top 30 cm. Simulated biologically active organic N. Treatments (TRT) 1,
manure; TRT 6, nil.

obtained from the publication of Schiff et al. (1990), which also provided the
information about the yearly changes of residue- deltd from 1962 on due to the
‘bomb effect’. The model simulated the dynamic of *C in parallel to that of *C
by computing at each time step the changes in ' C/ '*C for each SOM pool,
caused by a yearly residue input of varying "*C content. Delta values for the soil
organic matter and residue, '8 =((X/X ) — 1) X 1000, were converted to
tracer ratios (X ='*C/'?C) by assigning an arbitrary value (X, = 0.001) for
the standard sample. Thus tracer ratios for the total organic matler and residues
were X, = 0.0010240, and X, = 0.0015000, respectively. A corresponding
tracer ratio of X = 0.0007443 was computed for the soil organic matter, with
the assumption that the ratio of total organic matter to residue '>C content in the
A horizon was 5390 /2000 at the time of samphng in 1962. Simulated tracer
ratios (X ='*C/'2C) were converted back to ) compatible to the measured
values by using the same X, reference value (0.001). The decay rate constant
for Pool IIl was calibrated to 1.0E — 4 day~'. Total and soil organic C are
shown in Fig. 6. Delta values are shown in Fig. 7.

3.4. Rothamsted Geescroft Wilderness
Simulation was performed from the year 1885 to 1995 with NCSOIL for the

top 22.9 cm of soil. The initial level of soil organic matter was set at 28400
(C/N =9.0). Yearly, above- plus below-ground residue addition from 1885 to
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Fig. 6. Calhoun, A horizon. ————— = simulated total organic C; 4 = simulated soil organic C;

A = measured organic C data points.
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Fig. 7. Calhoun, A horizon. ———— = simulated total organic &'*C; a =simulated soil
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Fig. 8. Rothamsted Geescroft Wilderness. Total organic C in equivalent depth. =
simulated; € = measured.

1957 were taken to be equivalent to twice the above-ground matter production
of the Rothamsted Park Grass site, treatment 2 (nil) (i.e. 2 X 2700 kg dry mass
ha™', or 2160 kg C ha™'). In 1957 residue additions were increased to reflect
the change from prairie to forest ecosystem. The sudden change in residue input
is artificial. It was assumed to facilitate the simulation because no data were
available to document the shift from grassland to woodland. Thurston (1958)
observed that the site had reverted to an oak-dominated woodland by 1957.
Residue decomposition was simulated by 2 pools with C /N = 30: labile (27%;
0.10 day ~'); and resistant (73%; 0.0032 day ~'). The decay rate constant of Pool
III was set at 1.0E — 5 day ~'. It was obtained by calibration against the data for
the period 1885-1957. Yearly residue input under forest (above- plus below-
ground) was calibrated to 2.8 times the amount quoted for litter C input
(2.8 X 1570 = 4396 kg C ha™'), or about twice the amount added under prairie.
The effect of soil temperature and water content on the decay rates was obtained
from a 5 year average (1959-1963) of the reduction factor computed with
NCSWAP for the Rothamsted Park Grass site (treatment 2). Simulated and
measured total organic C from 1885 to 1995 is shown in Fig. 8.

3.5. Tamworth black soil

Simulation was performed from 1966 to 1978 with NCSWAP. Subsequent
years were not considered as the model cannot simulate multi-cropping within
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365 days. The data shows that four years of rotation 1 (lucerne) resulted in a soil
organic matter content higher than that observed with rotation 5 (fallow). The
difference in soil organic C averaged 844 pg C g~ ' in the top 15 ¢cm from 1969
to 1978 when the crop sequence became the same for the two rotations (wheat).

The initial soil organic matter level was set at 1.12% C, C/N = 10. The
increased organic matter content in the soil of rotation 1 over rotation 5 was
caused by the roots of lucerne, since the above-ground production was not
incorporated but burned. An assumed yearly production of fine roots in the top
15 c¢cm equal to 70% of the average above-ground C production (7290 kg dry
mass X 0.7 X 0.4 = 2041 pg C g~ year™ ') did not produce the 844 g soil C
¢~ ! required. An initial 8000 wg C g~ ' (C/N = 65) was assumed to have been
present in the soil (top 15 c¢m) as residual plant material from the years prior to
1966. Under those conditions, the decay rate constant of Pool III was calibrated
to 6.0E — 6 day ~'. Simulated soil organic C levels are shown in Fig. 9. The
decomposition of residues left from previous crops in 1966 (8000 pg C g7') in
the fallow treatment was characterized by a large amount of CO, evolution
caused by insufficient N for C microbial assimilation (assumed residue C /N =
65). However, in the presence of N-rich lucerne residues (C /N = 13), a more
efficient C assimilation was achieved. This scheme is predicated on the accuracy
of the 1965 soil C content (1.12%): the higher the actual level of soil C content
in 1965, the lower the level of residue in 1965 required (no information was
given about the cropping practices before 1966).
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Fig. 9. Tamworth, Black Soil, top 15 cm. Soil Organic C. ———— = simulated; measured,

treatment 1, 4 = lucerne; treatment 5, X = fallow.
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3.6. Praha—Ruzyne

Simulation was performed from the year 1966 to 1993 with NCSWAP. The
initial level of soil organic matter in the top 20 cm was set at 11700 pg C g~
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Fig. 10. Praha—Ruzyne, top 20 cm. Organic C: B = measured,
treatment 1, nil; (B) treatment 4, manure.

= simulated. (A)
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(C/N = 10.0) for treatments 1 (nil), and 4 (farmyard manure plus inorganic N).
A steady state was achieved with a decay rate constant for Pool III equal to
2.0E — 5 for both treatments. Measured and simulated total and soil organic C in
the top 15 cm are shown in Fig. 10.

3.7. Waite Trial (blind study case)

Simulation was performed from 1925 to 1991 with NCSWAP. The data show
two distinct phases. Measured yields, in spite of large seasonal variations, were
higher for some 20 years after the breaking of the virgin grassland than in
subsequent years. Also the decrease in total organic matter is the same in the
0-10 and 10-20 cm depths from 1963 to 1991; yet, from 1924 to 1963 (first
documented total organic matter content after 1924) the rate of decrease is
higher in the 0—10 than in the 10—-20 cm depth. This observation is based on a
computed 0.93% total organic C content in the 10-20 cm depth in 1924 (a value
of 0.82% is also quoted for the 15-26 cm depth). These two dynamic phases of
the soil-crop system were assumed to result from the presence of a large pool of
naturally composted residues in the 0—10 cm layer of the virgin grassland. This
pool provided enough N to sustain yields for about 20 years, and its decomposi-
tion explained the different simulated dynamics of total soil organic matter
between the 0—10 and 10-20 cm layers. Corresponding measured data were not
available. Calibration gave an initial level of 13500 wg C g~' (C/N arbitrarily
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Fig. 11. Waite, treatment 2, wheat—oats rotation. Total and soil organic C; measured, B = 0-10

cm, X =10-20 cm; = simulated.
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Fig. 12. Waite. Total and soil organic C. Treatment 2, wheat—oats rotation, measured, B = 0—10
cm, O = 10-20 cm. Treatment 5, wheat—oats—grass pasture rotation, measured data not provided
(blind test). Treatment 5, ———— = simulated.

set to 12) for this composted residue with a decay rate constant of 0.0015 day .

The initial soil organic matter in the top 10 cm was set at 14000 pg C g~
(27500 ng C g~ total soil organic matter minus 13500 pwg C g™ ' residues).
Yearly crop residue inputs were set to 6.5% of simulated wheat above-ground
production for treatment 2 (wheat—fallow rotation). For treatment 5 (wheat—
oat—pasture—fallow) crop residue inputs were not simulated from crop produc-
tion but were treated as organic matter additions obtained from the data set. Data
for the rye grass—grazing oat input were assumed to have been collected from
the cages used to exclude grazing. They were not corrected for C loss by animal
digestion; but no provision was made for increased yield by water, nitrogen, and
micro-elements additions from animals in the non-excluded pasture.

The decay rate constant for Pool III was calibrated to 3.0E —5 day .
Simulation was performed with long-term average climatic data. Total and soil
organic C are shown in Figs. 11 and 12, for treatments 2 and 5.

4. Discussion

The initial level of Pool Il and the decay rate constant of Pool III were
obtained by calibration against measured soil organic matter and above-ground
production. We reported on simulated total soil organic matter only because the



104 JAE. Molina et al. / Geoderma 81 (1997) 91-107

workshop concentrated on this vartable. However, model performance was
sensitive to above-ground production, as it controlled residues input to soil. In
general, simulated above-ground productions gave a good representation of
measured data. When the fraction of residues in the total soil organic matter was
not defined in the data sets, the initial level of residues was determined by
successive simulations until the best level to fit the kinetics of measured soil
organic matter and above-ground yields was obtained.

A summary of the initial values for the biologically active organic matter, and
the decay rate constant for Pool IIl is given in Table I. Most decay rate
constants for Pool Il ranged form 1.0E—5 to 3.0E —5 d~'. Similar values
have been used for stabilized pools of other models (Molina et al., 1994), and

Table 1
Levels of the biologically active organic matter (Pool I plus Pool II) and decay rates of Pool 111 for
the various sites and treatments

Location Treatment Pool TII* Mean and Remarks

Decay  Half- ™@nee of .
constant life simulated bio-

(day™") (yn) log.ically .
active organic
matter decay
constant half-

life in top
soil (cm)®
(pgNg™h
Rothamsted Park Grass | manure 30E—5 64 85, (108-63). 20 cm
2 nil 40E—6 479 9,(11-7),20 cm
4 nitrate 1.5E—5 126 52,(59-45), 20 cm
Bad Lauchstadt I manure 20E—-5 96 43,(50-35),30 cm
6 nil 7JO0E—6 274 5,(7-4),30 cm
Calhoun Forest 1.OE—4 19 67.6% sand,
15.4% clay
Rothamsted Geescroft 1.0E—-5 190
Tamworth, Black Soil | and 5 6.0E—6 320 50% clay,
self mul-
ching high
yields in 1966
Praha—Ruzyne I nil 20E—5 96 31,(33-22), 20 cm
4 manure 20E—5 96 61,(82-44), 20 cm
Waite Trial 2 wheat-fallow 3.0E—5 64 9,(11-7). 30 cm

5 wheat-oat-  3.0E—5 64 18,(24-12), 30 cm
grass—tallow

“Calibration was performed on the decay rate. The synthesis rate was maintained at 20% of C
decayed from Pool 11
"Computed for the systems in quasi steady state (from 1969 to 1991 for the Waite Trial).
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have been measured for various soil fractions (Hsie, 1992; Buyanosky et al.,
1994; Hassink, 1995). Rate constants outside this range were associated with
peculiarities of the soil or agronomic practices: no fertilizer added for many
years (nil treatment for the Rothamsted and Bad Lauchstid sites); high clay
(Tamworth) or sand (Calhoun) content. In the future, the size and half-life of
Pool III will have to be adjusted to account for the stable soil organic matter
(half-life in the order of 1000 years) when its size can be reliably measured. The
model NCSOIL was built around the concept of potentially mineralizable
nitrogen (N, value): the decay rate constant for Pool II was set to the mineraliza-
tion constant of Stanford and Smith (1972). Accordingly, levels of biologically
active matter (Pool I plus Pool II) in the top soil layer ranged from 4 to 108 g
N g~'. They were consistent with those reported for the potentially mineraliz-
able nitrogen, and reflected the agronomic practice and soil fertility level better
than did the total soil organic matter (e.g. compare the nil, nitrate, and manure
treatments for the Rothamsted Park Grass site, Figs. 1 and 2). The simulated
biologically active organic matter presented a | year periodic cycle correspond-
ing to net mineralization during spring and early summer followed by net
immobilization when non-leguminous root and crop residues were decomposed.
The higher the level of biological activity, the more pronounced was the
amplitude of the cycle (Figs. 2 and 5).

In this study, simulation of the data required the initial value of Pool I plus
Pool II; this was achieved by calibration against data documenting the long-term
behaviour of the agro-ecosystem. In the future, a major challenge in modelling
studies will be to free simulations from the calibration process and to devise
experimental methods which will provide initial values relevant to the dynamic
requirements of the model. For this purpose, sites with long-term experiments
which have reached a steady state are ideally suited: initial values for the
organic matter pools associated to any particular model can be obtained by
calibration while soil samples are available at any time to establish a one to one
correspondence between model parameters and experimental determinations.
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