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Abstract

As part of a model evaluation exercise, RothC-26.3, a model for the turnover of organic carbon
in non-waterlogged soils, was fitted to measurements of organic carbon from 18 different
experimental treatments on 6 long-term experimental sites in Germany, England, the USA, the
Czech Republic and Australia. In the fitting process, the model was first run with an annual return
of plant C that had been selected iteratively to give the carbon content of the soil at the start of
each experiment. This was done for the soil and climate of each site. If the radiocarbon content of
the soil organic matter was known, the inert organic carbon (IOM) content of the soil was also
calculated for the start of the experiment. Using these carbon and radiocarbon contents as a
starting point, the model was then run for each of the experimental treatments to be fitted, using
iteratively selected values for the annual return of plant materials to the soil. The value used for
each treatment was selected to optimise the fit between modelled and measured data over the
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whole experimental period: fitting was done by eye. Thus fitted, RothC-26.3 gave an acceptable
approximation to the measurements for 14 of the treatments, bearing in mind the experimental
errors in measuring soil organic carbon on a per hectare basis. With four of the treatments
(Highfield Bare Fallow, Park Grass plot 13d, Ruzyné farmyard manure plot and Tamworth
rotation 5), the fit was less satisfactory. © 1997 Elsevier Science B.V.

Keywords: soil organic carbon; soil organic matter; soil organic matter models; model evaluation;
RothC-26.3

1. Introduction

RothC-26.3, the current Rothamsted model for the turnover of organic carbon
in soil, has recently been described in detail (Coleman and Jenkinson, 1995,
Coleman and Jenkinson, 1996). Here we consider the application of this model
to 18 data sets from six long-term experimental sites in Germany, England, the
USA, the Czech Republic and Australia: these data sets are presented elsewhere
(Powlson et al., 1996; Smith et al., 1997).

2. Modelling

Before examining the modelling process in detail, it is worthwhile noting
what RothC-26.3 does and does not do. It is solely concerned with soil
processes: it does not contain a submodel for plant production, nor does it
attempt to compute annual returns of plant C to the soil from above-ground
yields. It should not be applied to soils that are permanently waterlogged.

If an input of organic carbon is known, for example, that ploughed in as
straw, the model can be run in forward mode, to calculate how this input will
decay in a particular soil under a particular climate. If this input is continued for
many years, the model will calculate the resulting change in soil organic carbon.
However, a large part of the annual return of organic matter to soil comes from
roots decaying throughout the year, from inputs of above ground detritus, again
received at various times throughout the year, from root exudates, from free-liv-
ing autotrophic microorganisms, etc., and this part is never known with any
accuracy. RothC-26.3, run in reverse mode, calculates what the annual input
must have been to give the measured amount of organic C in a particular soil, at
a particular time. The model also predicts the microbial biomass content of the
soil and the effect of the pulse of "C derived from the thermonuclear tests of the
early 1960s on the radiocarbon content of the soil organic C — provided
pre-bomb samples are available. Both these predictions can be tested experimen-
tally and provide an independent check on the operation of the model. In this
way, we can use RothC-26.3 to infer what happened to a soil in the past from its
present composition.
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In fitting the model to the data from the 6 long-term experiments, it was first
necessary to run RothC-26.3 with an annual input of C that had been selected
iteratively to give the C content of the soil at the start of each experiment. This
was done for the soil and climate of each site. If the radiocarbon content of the
soil organic matter was known, the inert organic carbon (IOM) content of the
soil was also calculated for the start of the experiment. If radiocarbon measure-
ments were not available, an arbitrary value of 3.0 t C ha™! was used for IOM:
some indication of the very substantial errors thus introduced can be seen by
comparing Figs. 12 and 13 where the same data were fitted, using either 3 or 10
t C ha™' for IOM.

With organic C and radiocarbon contents thus set at the beginning of an
experiment, the model was then run for each of the experimental treatments to
be fitted, using iteratively selected values for the annual return of plant C to the
soil. If a part of the input was known (e.g. that from a specified input of FYM)
the total input was a composite, made up of the (known) input from FYM and
the (iteratively calculated) input from decaying plant debris, roots, exudates, etc.
Thus only the unknown part was obtained by iteration. The value for the annual
return of organic C was selected iteratively to optimise the fit between modelled
and measured data over the whole experimental period: fitting was done by eye.

3. Results and discussion

The fits between observed and modelled data for the 18 treatments on the six
sites are shown in Figs. 1—13: details of the fitting process for each individual
site are given in the corresponding legend.

In the modelling exercise illustrated in Figs. 1-13, our sole aim was to see if
RothC-26.3 could be used, with its internal structure and internal parameters
unaltered, to give a plausible fit to the experimental data, altering only the
annual input of plant debris to the soil and assuming (where radiocarbon
measurements were unavailable) that there is always 3 t C ha™' of biologically
inert organic C in the soil layer under consideration. Other factors (soil texture,
monthly temperature, rainfall and evaporation, cropping history, etc.) are of
course altered for each site but none of the internal rules governing the flow of
carbon through the model are changed. The extent to which this aim was
achieved will now be considered, site by site.

3.1. Bad Lauchstidt

The Bad Lauchstddt data show, firstly, that the increase in soil C brought
about by FYM is roughly proportional to the amount added and, secondly, that
regular applications of NPK increase soil organic C, whether or not FYM is also
applied. A plant input of 2.6 t C ha™' yr™! for the treatments with NPK and of
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Fig. 1. Modelled (continuous lines) and measured (symbols) organic carbon contents of soils
(0-23 cm) from three treatments on the Bad Lauchstidt static fertilizer experiment. o = treatment
5 (NPK only); M =treatment 3 (NPK+20 t FYM every second year); @ = treatment |
(NPK +30 t FYM every second year). Meteorological data: actual monthly temperature, rainfall
and open-pan evaporation were used from 1956 to 1994; before 1955, a mean for the years
1956—1994. C inputs: before 1906 a plant carbon return of 2.1 t C ha™' yr™' was used, giving a
starting (equilibrium) C content of 52.9 t C ha™', taking the clay content as 21% and arbitrarily
assuming an IOM content of 3.0 t C ha™'. After 1906, treatments 1, 3 and 5 (NPK Plots) received
2.6 tCha~' yr™' as plant C returns; treatments 2, 4 and 6 (no NPK) received 2.1 t C ha™' yr™".
FYM was treated in the same way as at Rothamsted (Jenkinson et al., 1994a). Treatments | and 2
received 2.57 t FYM C ha™' in November every second year and treatments 3 and 4 received
1.71 t FYM C ha™" in November of every second year. These inputs of C from FYM were in
addition to the plant carbon returns of 2.6 t C ha™" yr™' (NPK plots) or 2.1 t (plots not receiving
NPK). The DPM /RPM ratio used throughout was 1.44, the usual value for agricultural crops. We
assumed that the ground was covered by crops for the 6 months April to September and bare for
the other months. (Note that the Bad Lauchstidt results in this paper refer to the 0-23 ¢cm topsoil
layer: to obtain the results presented by Smith et al. (1997) for the 0-30 cm layer, multiply by a
factor of 30/23. Note also that the 1956 C measurements were not made by the same method as
later measurements).

2.1t Cha™' yr~' for the treatments without NPK, gives a good approximation
to the data (Figs. 1 and 2) over the period 19061990, with the exception of the
1956 samples. The increase in soil C brought about by FYM was closely
reproduced by the model, using the actual addition of FYM C and assuming that
the quantities of plant C returned to the soil were not altered by the FYM.

The rapid increase in soil organic C between 1956 and 1970, seen in all 6
treatments, is too large to be real and is almost certainly due to differences
between the sampling (or analytical) techniques used in 1956 and those used
later.
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Fig. 2. Organic carbon content of soils (0-23 ¢cm) from three treatments on the Bad Lauchstidt
static fertilizer experiment, see legend to Fig. 1. A = treatment 6 (nil); W = treatment 4 (20 t
FYM every second year); @ = treatment 2 (30 t FYM every second year).

3.2. Calhoun Experimental Forest

This site, previously cultivated, gained organic matter when converted to
loblolly pine. Taking the annual return of plant C to the soil to be 1.2 t C ha™'
yr !, RothC-26.3 reproduced this increase in a plausible way and also accounted
for the associated change in radiocarbon (Fig. 3). With only two sampling times,
little more can be said until full analyses for samples taken at other times are
available.

3.3. Geescroft Wilderness

This site, on Rothamsted farm, was arable land for many years until 1883,
when it was fenced off and allowed to revert to the natural vegetation of
southeastern England: mixed deciduous forest, dominated on Geescroft by oak
(Quercus robur). An annual input of 2.85 1 C ha ! yr_] enabled the model to
reproduce the increase in soil organic C as the site reverted to woodland and, a
more critical test, to reproduce the effects of '*C from the thermonuclear bomb

tests of the early 1960s on the radiocarbon content of the soil organic C (Fig. 4).
3.4. Highfield Bare Fallow

This site, again on Rothamsted farm, was grazed grassland for several
hundred years until it was ploughed in 1959. It has been kept bare by repeated
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Fig. 3. Organic carbon and radiocarbon contents of soils (0—15 cm) from the Calhoun experimen-
tal forest. Meteorological data: actual monthly temperature and rainfall were used from 1963 to
1987. Since no data for open-pan evaporation were available, the average values for monthly
potential evaporation (converted to open-pan evaporation) for Charleston, USA were used; these
were taken from Miiller (1982). For the years before 1963 and after 1987, a mean for the years
1963-1987 was used. C inputs: before 1957 a plant C input of 0.36 t C ha™' yr™' was used,
giving a starting (equilibrium) C content of 5.8 t C ha™', taking the clay content as 15.4% and an
IOM content of 0.5 t C ha™'. After 1957 a plant C input of 1.2 t C ha™" yr~ ' was used. The
DPM /RPM ratio was 1.44 until 1957 and 0.25 after 1957: the soil was deemed to be covered by
plants throughout the year.

cultivation since then. The measured decline in soil organic carbon was initially
faster than predicted by RothC-26.3, although the discrepancy narrowed as time
went on (Fig. 5).

3.5. Park Grass

This Rothamsted site has been under grass for more than 300 years. The plot
(14d) receiving complete inorganic fertilizer since 1856 contained a little less
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Fig. 4. Organic carbon and radiocarbon contents of soils (0-23 ¢cm) from the Geescroft Wilderness
experiment. Meteorological data: actual monthly temperature and rainfall were used from 1880 to
1993. Actual monthly open-pan evaporation was used from 1959 to 1993, an average before 1959.
C inputs: before 1880 a plant C input of 1.25 t C ha™' yr~' was used, giving a starting
(equilibrium) C content of 24.9 t C ha~', taking the clay content as 21%. The IOM content was
set to 2.5t C ha™' using radiocarbon measurements (Jenkinson et al., 1992). After 1880, the plant
C input was 2.85t C ha™' yr~'. Before 1904, a DPM /RPM ratio of 1.44 was used, after 1904 a
ratio of 0.25, by which time trees were well established. Before 1880 the soil was vegetated from
December until August and bare the rest of the year, after 1880 the soil had plant cover throughout

the year.
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Fig. 5. Organic carbon content of the soil (0-23 cm) from the Highfield Bare Fallow experiment.
Meteorological data: from 1960 to 1993 actual monthly temperature, rainfall and open-pan
evaporation were used. C inputs: before 1960 a plant C input of 3.24 t C ha™' yr™!, an IOM
content of 3.0 t C ha™' and a clay content of 23.4% were used, giving a starting (equilibrium) C
content of 76.1 t C ha™', assuming the soil had plant cover throughout the year. After 1960 no
further plant C inputs were added and the soil was bare throughout the year. The usual
DPM /RPM of 1.44 for agricultural crops was used.
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Fig. 6. Organic carbon content of soils (0~23 cm) from two plots of the Park Grass experiment.
@ = plot 3d (unmanured); B = plot 14d (NPK Mg) ; —————— = modelled plot 3d; - - - =
modelled plot 14d. Meteorological data: from 1856 to 1993 actual monthly temperature and
rainfall were used. From 1959 to 1993 actual open-pan evaporation was used; before 1959,
average open-pan evaporation. C inputs: before 1856, a plant input of 3.0 t C ha™' yr™' was
used, giving a starting (equilibrium) C content of 75.1 t C ha~'. Clay content was 23.4%
throughout and the DPM /RPM ratio was the usual 1.44. The IOM content was set to 6.9 t C
ha™', again using radiocarbon measurements (Jenkinson et al., 1992). The soil was vegetated
throughout the year. After 1856, plot 3d (unmanured) received 3.0 t C ha™' yr™' as plant input,
plot 14d (NPK Mg annually) received 2.7 t C ha™' yr~ ! as plant input. There was a change in the
management of plot 13d: between 1856 and 1904 it received NPK Mg and straw annually; in 1905
it entered a 4 year cycle, receiving FYM (3 t C ha™ ') in year |, nothing in year 2, fishmeal (0.63 t
C ha™ ') in year 3 and nothing in year 4. Fishmeal was treated in the same way as FYM. For those
years when fertilizer N was applied to plot 13d, the plant inputs were assumed to be as in plot
14d, so it received 2.7 t C ha™'. Straw residuals were assumed to be 40% carbon, so in the years
when straw was added, plot 13d received an additional 0.9 t C ha™' plant input. In years with no
tertilizer N, annual inputs to plot 13d were assumed to be the same as in plot 3d: 3.0 t C ha™'
yr~'. [Note that in this paper the bulk density of the 0-23 cm layer in all three plots is taken to be
1.052 ¢ cm™* (Uenkinson et al., 1992): to obtain the results presented by Smith et al. (1997),
multiply by 1.1205 (plots 3d and 14d) and by 1.1406 (plot 13d).]

organic matter than the unmanured plot (3d), right from the first sampling in
1876, but there was no indication that this difference increased with time. An
annual input of 3.0 t C ha™' yr™' to the unmanured plot and 2.7 t C ha™" yr™'
to the fertilized plot gave a reasonable fit to the measurements (Fig. 6), although
most of the pre-1960 measurements on the fertilized plot were considerably
greater than modelled. In marked contrast to the annual input of plant C to the
soil, much more above-ground plant material was harvested from the fertilized
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Fig. 7. Organic carbon content of soils (0-23 c¢m) from plot 13d (NPK Mg + straw; then FYM and
fishmeal) of the Park Grass experiment. See legend to Fig. 6.

plot (7.66 t dry matter ha™' yr™' in two cuts, 1960—1992), but only 2.76 t from
the unfertilized plot: Jenkinson et al., 1994b. Part of this difference is because
the vegetation on the unfertilized plot is shorter, so that a much higher
proportion of it is below the cutter level, but it is also possible that fertilized
grassland produces less root than unfertilized.

Little can be said about the fit between modelled and measured data on plot
(13d) of the Park Grass Experiment other than it was poor (Fig. 7). The model
indicates that the regular application of FYM + fishmeal to the plot since 1905
should result in a slow increase in soil organic C, but cannot account for the
apparent decline between 1876 and 1932. There are reasons for suspecting that
this decline is real, although it may only be an artifact of sampling. At the time
of the 1876 sampling, plot 13d had become acid and the soil surface was
covered by a partially decomposed organic mat. This mat has now disappeared,
presumably because regular additions of FYM, commencing in 1905, have
increased soil pH and encouraged earthworm activity.

3.6. Ruzyné experiment

This long-term arable rotation experiment has been running in the Czech
Republic for 40 years on a site that had previously been arable for several
hundred years. There has been little change in the organic C content of the
unfertilized soil over the last 30 years. The organic C content of the treatment
receiving FYM and N probably increased over the period 1972-1994 buat this
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Fig. 8. Organic carbon content of soils (0 — 20 cm) from the Ruzyné experiment. @ = treatment |
(ni); O = treatment 4 (fertilizer + FYM). Meteorological data: from 1965 to 1993 actual monthly
temperature and rainfall were used. No open-pan evaporation measurements were supplied, so the
monthly potential evaporation values used were those given by Miiller (1982) for Prague, Czech
Republic. Before 1965 and for 1994, means of the temperature and rainfall for the years 1965 to
1993 were used. C inputs: before 1965 a plant carbon input of 0.9t Cha™' yr™' was used, giving
a starting (equilibrium) C content of 32.3 ¢ C ha™'. Clay content was taken to be 30%, the
DPM /RPM was the usual 1.44 and the IOM content was arbitrarily set at 3.0 t C ha™'. From
1965 we assumed the following plant carbon inputs, which are little more than guesses based on
past experience: for spring barley 0.72 t C ha™' yr™', for sugar beet 1.68 t C ha™' yr~' and for
spring wheat 0.4 t C ha~' yr~!. The two treatments modelled were treatment 1 (nil), which
received no FYM and treatment 4 (fertilizer + FYM), which received 2.1 t C ha~' as FYM in
November every second year. Before 1965, plants were assumed to cover the soil from May to
September, and the soil to be bare in the other months. After 1963, spring barley and spring wheat
were assumed to cover the soil between May and August, with the soil being bare the rest of the
year. Sugar beet covered the soil from May to October and the soil was assumed to be bare in the
other months. (Note that in this paper the bulk density is taken to be 1.40 g cm™*: Smith et al.
(1997). used a bulk density of 1.42 g cm ™7, to obtain their results multiply by 1.014).

increase is largely masked by variability in the measurements. Using the annual
inputs specified in the legend to Fig. 8, RothC-26.3 generated outputs that were
consistent with the measured data for the unfertilized plot: the organic C
measurements in the plot receiving FYM and N were too variable for even
subjective judgements about the fit between model and measured data.

3.7. Tamworth experiment

This was started in 1966 on a once-forested site that had been cleared for
cultivation about 100 years earlier. Rotation 5 (Fig. 10) differed from Rotation 1
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Fig. 9. Organic carbon content of soils (0—15 cm) from the Tamworth experiment (black soil)
Rotation 1. Meteorological data: from 1966 to 1994 actual monthly weather data from Gunnedah,
NSW, were used except for rainfall, which was measured at Tamworth. Means for the years 1966
to 1994 were used for the pre-1966 period. C inputs: before 1966 plant input was 0.6 t C ha™'
yr~', giving a starting (equilibrium) C content of 23.1 t C ha™'. Clay content was 50.0%, the
DPM /RPM was 1.44 and the IOM content was arbitrarily set at 3.0 t C ha™'. After 1966 the
plant inputs from each crop were assumed to be as follows: sorghum 2.0 t C ha™'; subclover 1.5t
C ha™'; wheat 1.7 t C ha™'; lucerne 1.96 t C ha™' and fallow received no carbon. The soil was
taken to be vegetated during the following months: sorghum January-May, subclover June-
November, wheat July—December, lucerne throughout the year and fallow not at all. (Note that in
this paper the soil bulk density is taken to be 1.25 g cm™*: Smith et al. (1997) used a bulk density
of 1.35 g cm~?, to obtain their results multiply by 1.08).

(Fig. 9) and Rotation 6 (Fig. 11) in that it contained many more fallow years.
Although there was considerable year-to-year variation in the organic C data, in
all probability a reflection of sampling errors rather than of real differences, the
organic C measurements in Rotation 1 and 6 could be closely matched by
RothC-26.3. The model generates a falling carbon content for Rotation 5 that
was not seen in the data, although if the starting C content in 1966 (assumed to
be 23.1 t C ha™' in all three rotations) was in reality greater in Rotation 5, a
better fit would result.

It should be noted that the annual input (0.6 t C ha™' yr™') needed to
generate the starting C content of the soil at Tamworth in 1966 (23.1 t C ha™")
is markedly less than the modelled inputs during the experimental period (1966
onwards). In a site like Tamworth, cropped soil is usually bare during the hot
dry season. The RothC-26.3 model rules do not allow bare soil to dry out
completely, so that decomposition proceeds apace. In contrast, the rules allow



40 K. Coleman et al. / Geoderma 81 (1997) 29—44

Organic C (tC ha™)
30 - J—

\ m
L] u
L
27 M )

10 1

0 T T T T T T T -l
1960 1965 1970 1975 1980 1985 1990 1995 2000

Year

Fig. 10. Organic carbon content of soils (0—15 c¢m) from the Tamworth experiment (black soil)
Rotation 5, see legend to Fig. 9.

soil that is vegetated throughout the dry season to dry out, thus slowing
decomposition, so that a much smaller input suffices to maintain a given stock
of soil organic C. It may also be that the initial C content of the Tamworth

Organic C (tC ha™)

30 S ——
A
A, AL
A A A
A
{7 ;/A—\A/

20 A
10
0 T T T T 7 B

1960 1965 1970 1975 1980 1985 1990 1995 2000
Year

Fig. 11. Organic carbon content of soils (0~15 c¢m) from the Tamworth experiment (black soil)
Rotation 6, see legend to Fig. 9.
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Fig. 12. Organic carbon content of soil (0~20 c¢m) from three treatments of the Waite experiment,
assuming 10 t C ha~' in [OM. ———— = treatment 2 (wheat/fallow); - - - = treatment 5
(wheat /oats / grass pasture /fallow); - --- = treatment 7 (1925-46 wheat/barley /fallow, 1946-92
wheat /wheat /pasture /pasture / pasture /pasture). Meteorological data: between 1931 and 1992
actual monthly rainfall was used, between 1966 and 1992 actual monthly temperature and
open-pan evaporation were used, otherwise means were used. C inputs: before 1925 a plant carbon
return of 2.0 t C ha™' yr™ ! was used, giving a starting (equilibrium) value of 45.8 t C ha™'. The
clay content was 23.1%; the IOM content was taken to be 10.0 t C ha~' and the DPM /RPM ratio
was 1.44. After 1925, soil under wheat, barley or oats received 1.7 ¢ C ha~' yr™', under grass
pasture or grass /legume pasture 2.1 t C ha~' yr™' and under fallow, zero input. We assumed that
before 1925 the soil was vegetated throughout the year. After 1925 wheat, barley, oats and grass
pasture all covered the soil from June to December, and the soil was bare during the other months;
grass /legume pasture covered the soil throughout the year.

experimental site was low because of loss of topsoil by erosion in the pre-ex-
perimental period. At first sampling, the top 15 cm of soil would have contained
less organic matter than if the overlying layer had not been lost.

3.8. Waite experiment

This experiment was started in 1925 on grazed grassland that had earlier been
forested. The decline in soil organic C brought about by the wheat/fallow
rotation could be closely modelled with an inert organic C content of either 3 or
10 t IOM C ha~' (Figs. 12 and 13). No radiocarbon measurements are available
to set IOM. If IOM is set at 3 t, then the annual return of C from the wheat has
to be unreasonably large (3.6 t C ha™' yr™ '), as against a more plausible 1.7 t
with IOM set at 10 t. The IOM content makes a large difference to the predicted
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Fig. 13. Organic carbon content of soil (0-20 cm) from three treatments of the Waite experiment,
assuming 3 t C ha”' in IOM. ————— =treatment 2 (wheat/fallow); - - - = treatment 5
(wheat /oats /grass pasture /fallow); — — — = treatment 7 (1925-46 wheat/barley /fallow,
1946-92 wheat /wheat /pasture /pasture /pasture /pasture). Input data as in legend to Fig. 12,
except that the IOM content was taken to be 3 t C ha™'. Before 1925, a plant carbon return of 2.4
tCha™' yr~' was used, giving a starting (equilibrium) value of 46.0 t C ha™'. After 1925, soil
under wheat, barley or oats received 3.6 t C ha™' yr™', under grass pasture or grass/legume
pasture 3.9 t C ha~! yr™' and under fallow, zero input.

soil organic C contents of the other rotations, a difference that should easily be
measurable.

4. Conclusions

There are formidable problems in measuring changes in soil organic C in
long-term field experiments. Some of the experiments ran for many years before
the first soil samples were collected; replication is often inadequate, particularly
in the older experiments; replicate samples have sometimes been bulked to
reduce the number of analyses needed; stored soil samples have been lost.
Events such as erosion or a change in depth of cultivation can mask changes
brought about by the original experimental treatments, as can changes in depth
and technique of sampling. Experimental treatments are often altered during the
course of the experiment. All these problems make it difficult to assess the
statistical significance of any discrepancy between modelied and measured data.
Additional statistical problems arise if any of the model inputs (for example, in
the present paper the annual return of organic C to the soil) are iteratively






