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Abstract

Mathematical modelling has widely been used
during the last 20 years to estimate and predict soil
organic carbon (SOC) balance and nutrients dynamic
on the landscape scale. The model simulations are
applied and developed to assess the long-term effects
of climate and management practices on SOC in the
different land use. However, there are characteristics
of the models, such as simplifications, complex
nonlinear interactions etc., which limit their use
and imply wide evolution to improve the models
performance. The present work illustrates the
differences among the main SOC models developed
for forest, agricultural and grassland land-use, and
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their limits and prospects. Particularly the CENTURY model and an application
of this model in a Mediterranean agroecosystems, characterized by organic
and conventional managements, are described.

1. Introduction

The terrestrial ecosystems occupy an area of approximately 130 x 10° km?
[1]. The development of various Terrestrial Ecosystem Models (TEMs)
provides to apply the field studies of different ecosystems in landscape scale
studies. This new approach of ecosystems studies derives from the necessity of
understanding the complex interaction between the biogeochemical models
(ecosystem function) and biogeographical models (ecosystem structure) [2].

Soil organic matter models, that belong to biogeochemical models, have
been used extensively during the last 20 years to improve our understanding of
soil organic matter (SOM) dynamics [3]. Also mathematical modelling has
been used to predict soil carbon evolution [4, 5, 6, 7]. These models have the
ability to simulate the complex processes in the humification and degradation
of organic matter and describing the relationship between a number of soil
properties controlling soil carbon evolution [8].

The use of soil organic matter models (simplified representations of a
complex reality) is an important research tool to investigate soil organic matter
evolution, and to examine the consequences of various intervention measures
[9]. An understanding of the distribution and dynamics of soil C at the regional
level is also an important step for quantifying regional and global C balances
and assessing the response and feedbacks of terrestrial ecosystems to climate
change [10].

Detailed and long-term field experiments are often difficult to conduct due
to financial or personnel limitations. The application of simulation models,
which have been developed with data measured under more accommodating
conditions and whose mathematical relationships apply to a wide range of
conditions, is therefore an attractive option [11]. There is increasing need to
develop models to assess the long-term effects of management practices on
soil environmental quality, and to test these models across a wide range of
environments [3].

However, there are characteristics of the models, such a simplifications,
complex nonlinear interactions etc., which limit their use and imply wide
evolution to improve the models performance.

The present work illustrates the differences among the main SOC models
developed for forest, agricultural and grassland land-use, their limits and
prospects. Particularly the CENTURY model and an application of this model
are described in a Mediterranean agroecosystems, characterized by organic and
conventional managements.
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2. Modelling soil organic carbon dynamics in forest,

arable and grassland soils

The Soil Organic Matter Network (SOMNET) database [12] identified 33
SOM dynamics models available for use today and the database is being
continuously updated [13]. A great variety of models designed for different
spatial scales and time steps can be classified into four groups according to the
conceptual approach to SOM turnover in soil: 1) process-based (single or
multicompartment), 2) cohort, 3) food-web chain and 4) combined [14, 15].

The most utilized models are process-based multi-compartment,
characterized by: a) subdivision of the SOM into several “homogeneous” pools
each with its unique decomposition rate, b) assumption that decomposition of
SOM follow first-order kinetics, ¢) defined relationship between the dynamics
of C and N pools [16].

The structure of process-based models are represented by C pools of
properties pooled with flows of C between the pools [12, 17].

Many different models of a system are developed, where the structure of
the model, the processes that have to be included and the degree of
simplification that is permitted, are determined by the purpose of the model is
developed [9] and by the ecosystem of the model is produced.

A summary of structure and characteristics of some models to simulate the
soil organic carbon dynamics and soil nutrients cycling are reported in table 1.
These models are created for different soil-plant systems: agricultural,
grassland and forest land, some of these are developed afterwards also for the
others ecosystems. Most of the existing soil C models are inherently fine-scale,
on the order of square meters or hectares, in their original design concept.
Many models are structurally complex [10] and assume that decomposition
follows first-order kinetics, a constant fractional loss per unit time of different
organic matter fractions, with the potential rate being modified by a variety of
soil environmental conditions [16]. The temporal and spatial resolutions of
models, data and how they are integrated have a major influence on the error
and uncertainty of regional estimates. Soil C models are developed within the
disciplines of ecosystem ecology and soil science, where the concept,
experimentation and data used to derive these models pertained to fine spatial
scale, for which assumptions of spatial homogeneity in climate and soil
conditions were considered defensible [10].

Yasso is a dynamic soil carbon model used in forestry applications [18,
19]; it simulates the evolution of soil carbon, in terms of carbon release from
soil on an annual basis. It needs estimates of litter production, information on
litter quality and basic data on climate to run. This is the youngest model
described in this work.
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ROMUL [20], like Yasso, developed to describe a forest soil organic
matter, is based on the concept of succession stages of soil organic matter
decomposition marked by different groups of soil fauna. The model allows the
calculation of the dynamics of soil organic matter and the corresponding
dynamics of nitrogen, including the evaluation of the mineral nitrogen
available for plants.

The Forest DNDC model [21, 22] was developed to predict forest growth
and production, soil carbon and nitrogen dynamics, carbon sequestration and
soil-borne trace gas emissions in upland and wetland forested ecosystems [23].
It integrates two existing models: Wetland -DNDC, a hydrology-driven model
[22, 24], and PnET-N-DNDC, an upland forest biogeochemical model [25, 26].

The Introductory Carbon Balance Model (ICBM) was developed as a
minimum approach for calculating soil carbon balance in a 30 years period
perspective. The model has two carbon pools: Young (Y) and Old (O) soil
carbon. This model request five parameters to calculate this two carbon pools:
environmental annual input to soil, humification coefficient, fraction of initial
Y decomposition per year, fraction of the initial O decomposition per year and
external influence coefficient [27]. ICBMr is the model adapted to using
annual data classified according to production region, soil and crop types [28].

RothC [29, 30, 31] is Rothamsted C model, in which the turnover of C in
aerobic soil is sensitive to soil type, temperature, moisture and plant cover.
Nitrogen and C dynamics are not interconnected, the inert organic matter
component is quantified using C-dating, and starting values are obtained by
running the model to steady-state. This model was validated only for the forest
ecosystem.

DAISY model [32, 33, 34] is tested for simulation of soil carbon, water and
nitrogen dynamics and crop growth in agro-ecosystems. The model simulates also
the production in crop rotations under alternate management strategies.

The Carnegie-Ames-Stanford-Approach (CASA) [35,36] created to
estimate the NPP (Net Primary Production) for the agricultural lands, applies
an equation that involves the total incident photosynthetically active radiation.
Carbon turnover is calculated mechanistically through a process-based plant
and soil carbon cycling model [37, 38].

Environment Policy Integrated Climate (EPIC) [39, 40] are tested to
simulate many agroecosystem processes including plant growth, crop yield,
tillage, wind and water erosion, runoff, soil density and leaching. The modules
which describe C and N dynamics are developed afterwards, built on concepts
from the CENTURY model.

The CENTURY model, developed for the grassland [41], simulates soil C,
N, P and S dynamics, primary productivity and water balance. Subsequent
model modifications have expanded its applicability to agricultural systems
[42], forest [43] and savannah systems [44].
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Clearly the choice of the model depends on parameters evaluation and
mainly on quality of forecast, owing to the deviation between the expected
distribution of the model and the real situation. The mains criticism from many
authors about the utilize of a models depend on the spread opinion that the
models tend to reduce a complex natural system on a low number of factors
which have a linear interactions and not look on the complex non-linear
interactions which affect the system; however the exclusion of these interaction
and the simplification does not seem to basically modify the system.

3. The CENTURY as carbon balance model of arable

soils

3.1. An overview of CENTURY model

Created in 1987 by Parton et al. [45] and developed subsequently, this
complex model is compartmentalized into 10 subprograms, each with its own
parametrization.

The CENTURY model consists of several major submodels: an
SOM/decomposition submodel, a water budget submodel, and a plant
production submodel [46].

The model, that uses a monthly time-step, requests two kind of soil
parameters: a general or non-site specific parameters, which include the
maximum specific decomposition rates for each compartment; the constant
that splits the flows of decomposition products and the parameters that control
the effects on soil texture, temperature and moisture on decomposition rates
[47]; a site specific parameters and initial conditions, such a soil texture (sand,
silt and clay content), bulk density, soil depth and total soil C and N content.

The weather inputs include mean monthly minimum and maximum
temperature, monthly precipitation of several years and standard deviation.
Some authors related the use of data set from 20 to 30 years [47, 48];
alternatively, precipitation data could be interpolated using splines or kriging
[49] to create a smoother spatial distribution, making the assumption that
climate, although variable in short time scales, is constant over the longer
periods modelled [50].

The soil organic carbon submodel describes three carbon pools: active,
slow and passive.

The scheme of the SOM submodel are reported in fig. 1.

The active pool represents soil microbes and microbial products and has a
turnover time ranged between months to few years depending on the
environment and sand content. The soil texture influences the turnover rate
of the active soil carbon pool (higher rates for sandy soils) and the efficiency
of stabilizing active pool into slow pool (higher stabilization rates for
clay soils). The slow pool includes resistant plant material derived from the
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Figure 1. CENTURY soil organic matter (SOM) submodel, adapted from Gijsman
etal. [11].

structural pool and soil-stabilized microbial products arised from the active
pool. The turnover time of this pool ranged from 20 to 50 years. The passive
pool is very resistant to decomposition and includes physically and chemically
stabilized soil organic matter and has a turnover time ranged between 400 to
2000 years [51]. The percentage of these pools can be calculated by a direct
methods using analytical techniques or by a indirect method involving
simulation of steady state organic matter levels. The proportions of the
decomposition products which enter the passive pool from the slow and active
pools increase with increasing soil clay content.

In agroecosystem simulations using CENTURY, management-related
driving variables are added to the ecological driving variables. Information can
be specified for crop rotations, dates of planting and harvesting, fertilizer and
organic amendment addition, herbicide use, grazing, irrigation, fire, tillage
practices and erosion [46].

3.2. Advantage and limits of CENTURY

CENTURY has been successfully used in temperate ecosystems [3, 52,
53], in tropical agroecosystem [54, 55] and tested on data sets in wheat-
fallow agriculture in the US Great Plains. The model was especially
developed in the last years, with le latest version 5, to deal with a wide
range of cropping system rotations and tillage practices for system analysis
of the effects of management and global change on productivity and
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sustainability of agroecosystems, and it fully couples the carbon, nitrogen
and water cycles in the plant-soil system [56].

The accuracy on model detail permitted the development of
carbon budget studies between the different management, because the
management use 11 parameters representing the various cultivation events,
such as the depth of disturbance, the breaking of clods etc...[57].

CENTURY is able to simulate the effects of tillage on soil organic
carbon but cannot predict the amount of soil carbon redistribution.
Furthermore the model simulates only the top 20 cm and does not separate
the humified portion of the litter from mineral soils. For this reason
CENTURY does not describe the variation on soil organic matter among
the soil horizons and the water content dynamics across the deep layers.

Using the models, several authors showed a limited success of the
simulation predicting inter-annual variability of some parameters (yield and
N). However, better results were found in the annual prediction on soil
organic carbon and nitrogen off- take [52].

The simulation results, obtained in several studies after some model
adjustments, made to improve the effects of the main parameters that affect
the soil organic matter in areas of study, often underestimate or
overestimate, compared to the measured data. Some authors describe from
25% to 70% of underestimate carbon stocks in an agricultural system [58,
47] and Motavalli et al. [55] studying forest soils reported a CENTURY
overestimate about 51% on carbon stock.

In tropical soils, where the phosphorous represent a limit for the plant
growth, the model simulation cannot be easily applied, as reported by
Gijsman et al. [59].

4. C balance on soil under organic and conventional
management: a case of study in a Mediterranean
country

In 2004 italian research group was involved in an international project
CarbIUS (Carbon Regional Balance Italy-USA). The general aims of the
project were: 1) to identify spatial and temporal variability of carbon sources
and sinks as well as the relative contribution of the different anthropogenic and
biogenic components, i1) to estimate the impact of land use changes and human
population dynamics on the carbon balance, iii) to quantify the effects of
climate and natural disturbances on the terrestrial carbon stocks and fluxes,
1v) to apply a new methodologies to investigate carbon metabolism at the plot,
ecosystem and regional scale, for the years 1990 and 2000. The last analysis
was to compare all results obtained between Italy and Oregon-California
region, both characterized by a mediterranean climate [60].
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Inside this project the Soil Organic Carbon (SOC) balance in agricultural
Italian lands in the years 1990 and 2000 were investigated using CENTURY
ecosystem model v.5. The objective of this work was to assess agricultural Italian
soils contribution to atmospheric CO, enrichment and to estimate whether the
agricultural system can be utilized to acquire carbon “credits”, according to Kyoto
provisions. In this section we report the results obtained of a CENTURY
application in some Italian agricultural sites subjected to organic and conventional
management, extrapolated and adapted from Grego et al. [61] and Di Tizio and
Grego [62]. In this study CENTURY model, employed utilising input parameters
available on national literature, screening monthly data, processing and relating the
different parameters from data base (input), carrying out annual SOC balance.
SOC annual balance of four Italian sites, were compared. The four sites are
located in Center and North of Italy under Mediterranean climate conditions:
Frosinone (latitude 41° 38" 0" N, longitude 13° 21’ 0" E), Latina (latitude 41° 28
0" N, longitude 12° 54" 0" E ), Capestrano ( latitude 42° 16" 10" N, longitude 13°
46' 0" E ), Centallo (latitude 44° 30 9" N, longitude 07° 35" 20" E). The four sites
are under different management, crops and rotations: maize monoculture in Latina;
conventional crop rotation (maize-maize-durum wheat-fallow) in Frosinone,
organic crop rotation (sunflower-common vetch-field beans-spelt) in Capestrano
and organic apple orchard in Centallo. The management of monoculture and
conventional crop rotation are characterized by conventional tillage, chemical
inputs (fertilizers) and mechanical weed control; the organic management are
characterized by reduced tillage, organic amendments and burial of crop residues.
The results of soil carbon pools (active, slow and passive) for each soil are reported
in table 2. The initial content of soil organic carbon was highest in the organic
apple orchard (2330 g C m?, 2240 g C m? 2140 g C m™ and 1890 g C m™, for
organic apple orchard, conventional monoculture, conventional and organic crop
rotation, respectively). The results showed the loss of total organic carbon higher in
conventional crop rotation system than monoculture, organic crop rotation and
organic orchard (4.2, 2.2, 2.5, and 3%, respectively) in the year 2000. What is
interesting to notice from the simulations results about the carbon pools annual
balance concerns the difference of losses from the three pools in all management
systems: the active carbon pool have the higher loss in both conventional soils than
organic soil (55, 61.3, 5.8 and 21 g C m™, respectively), whereas the organic crop
rotation soil seems to have the highest loss of carbon from the slow pool (=40 g C
m) and the organic orchard soil showed a small increase of this pool (= 40 g C m’
%). The passive carbon pool showed a similar values for all soils and the annual
variation resulted unimportant, due to the high turnover of the passive pool. The
carbon losses from the active and slow pools depend on the management events
(especially tillage practices), weather and physical characteristics of the three sites,
which had a sandy-clay-loam texture; these three parameters bring a larger changes
in CENTURY results [51].
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Table 2. Soil organic carbon pools and annual balance for the four sites in the year
2000 simulated by CENTURY model v.5.

Conventional Conventional Organic crop Organic
monoculture crop rotation rotation orchard
Initial measured 2240 2140 1890 2330
content of SOC (g C
m?) (a)
Final simulated 2190 2050 1843 2343
content of SOC (g C
m?) (b)
Annual C balance (g -50 -90 -47 +13
C m?) (a-b)
Loss of TOC (%) 22 42 2.5 -0.5
Active C pool (initial 180 125 174.4 113.1 48.2 424 225 204
—final) (g C m?)
Slow C pool (initial 1310 1290 1240 1210 1100 1060 1360 1400
—final) (g C m?)
Passive C pool 743 743 726 727 739 741 741 741
(initial — final) (g C
m?

The variation of carbon pools and total organic carbon occurred in one
year have been rather reduced in all soils under different management;
however, the soils cultivated under organic management showed a different
trend regarding the active and slow pools, confirming a positive trend on soil
organic carbon showed in the long term simulation studies [50]. Anyhow
further studies in organic managed soils (preferably long-term experiment) are
required to understand the accuracy of the model describing the effect of the
management on soil carbon dynamics.

The CENTURY model, although applied for a short term simulation,
described accurately the soil organic carbon trend affected by several parameters,
and made possible a long term prediction on SOC balance in the 0-20 cm
simulation layer, but did not show the SOC changes within the soil profile.

In conclusion the application of CENTURY model provided information
which are impossible to find with just measured values, as long period studies
on SOC evolution at national scale are not available in 1990 and 2000 year,
and given possibilities to understand the SOC dynamics.

Generally, the modelling approach on SOC studies permits to complete
experimental data and offers possibilities on long period scenario, examining
the adoption of alternative management decisions.

The limits of this approach can be solved by focusing a choice of the
model, their parameterisation and validation. The differences between the
measured and simulated values (underestimate or overestimate of the models)
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do not prejudice their use, since the models do not replace but support the real

conditions.
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