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Abstract
In the context of climate change mitigation, technologies for removing the CO2 from the
atmosphere are key challenges. Among them, technologies for increasing organic carbon
content in soils (SOC) have been developed. In the 15th IPCC special report on Global
Warming of 1.5 °C, biochar and pyrogenic carbon capture and storage have been
credited as promising negative emission technology, with fewer disadvantages than
many other NETs. Soil carbon sequestration can be assessed using soil carbon dynamic
models, such as RothC. However, studies on the inclusion of biochar in RothC are still
scarce. Furthermore, most of these studies are based on the results of laboratory
experiments and do not account for the effects of biochar on SOC degradation (the
priming effect). The use of laboratory data can be problematic, since they may not
adequately represent field conditions, especially due to the lack of long-term field
studies.
The aim of this work was to assess and predict how biochar influences the soil C
dynamics, by modifying the RothC model to simulate the findings of a long-term field
experiment on biochar application to a short coppice rotation in Italy. We first modified
the model to include two stocks of C input into the soil: the labile and the recalcitrant
biochar pools. We also included a parametrized function to account for the priming effect
on SOC dynamics in the soil. Secondly, we calibrated the model parameters with the
data obtained from the field experiment. Finally, we validated the model results by
estimating the remaining biochar amount in the site after 10 years from application,
using an isotopic mass balance. The results confirm that biochar degradation can be
faster in field conditions in comparison to laboratory experiments; nevertheless, it can
contribute to substantially increase the C stock in the long-term. Moreover, the modified
RothC model allowed to assess the SCS potential of biochar application in soils, at least
in the specific conditions examined, and could represent a flexible tool to assess the
effect biochar as a SCS strategy in the long-term. We are exploring the possibility to use
data from other long-term field experiment to move in that direction. The results of this
study could be added to the Italian biochar database, providing new knowledge about a
topic that needs to be explored.
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Introduction
Biochar, the solid product of pyrolysis or gasification of biomass, has a large potential
for increasing soil carbon (C) stocks and improving soil quality worldwide (Smith, 2016;
Woolf et al., 2010). Due to its stability and resistance to mineralization, adding biochar
to soil is considered a viable strategy for climate change mitigation (Lehmann et al.,
2006; Zahida et al., 2017), since it can increase soil C stocks for hundreds or thousands
of years (Wang et al., 2016). Among the negative emission strategies proposed by IPCC
(2014), biochar has the lowest impact in terms of water footprint, land use and costs
(Smith, 2016). In order to assess the potential of biochar for soil C sequestration (SCS),
two things are required: long-term experimental data of biochar degradation in field
conditions and a working model of the degradation of biochar in soils, in order to
generalize and upscale experimental findings. Even though many studies have been
performed on biochar degradation in soils, a wide range of degradation rates have been
estimated, mainly from laboratory studies, resulting in large uncertainties on biochar
stability (Fang et al., 2013; Han et al., 2020; Luo et al., 2011). Biochar mineralization to
CO2 is mostly described with a double exponential decay model (Zimmerman et al.,
2011), according to which biochar is composed of two fractions with different
degradation rates: a labile fraction with a larger degradation rate and a recalcitrant
fraction with a smaller degradation rate. The labile fraction constitutes usually about
2% – 5% of the total mass but can rise up to 20% depending on the feedstock used (Cetin
et al., 2005; Han et al., 2020; Ippolito et al., 2020; Saffari et al., 2020) and can be directly
mineralized by the soil microbial community. The recalcitrant part makes up the rest
of the biochar mass (Wang et al., 2016) and is usually regarded as resistant to direct
microbial oxidation (Ippolito et al., 2020). This simple, empirical model, however, does
not consider the processes that lead to biochar degradation and cannot be generalized
to different climates and soil types, which can only be included in more complex models
describing C dynamics in soil. Biochar addition to soil affects the organic C storage not
only by directly increasing the amount of soil C, but also by indirectly influencing,
positively or negatively, the turnover of native soil organic C (SOC), a phenomenon
referred to as the priming effect (Kuzyakov et al., 2014). The determination of the
priming effect of biochar on SOC is fundamental to determining the C sequestration
potential of biochar (Gurwick et al., 2013). The degradation rate of biochar and its
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interaction with SOC are usually estimated through laboratory incubation studies
(Leng et al., 2019); most of them are short term (Bruun et al., 2014; Cross & Sohi, 2011).
However, laboratory studies may not be representative of complex environmental
conditions (Ventura et al., 2015). Therefore, field experiments are essential in
understanding the dynamics of biochar in soils. Yet, despite their importance, field-scale
experimental studies on soil biochar degradation are still scarce (Gurwick et al., 2013;
Jones et al., 2012). Also, field studies to determine SOC degradation rate should have a
duration of about 10 years, in order to detect changes and temporal shifts in trends
(Smith et al., 2020). Therefore, the results from medium- and long-term trials are
fundamental to assessing the SCS potential of biochar (Ventura et al., 2019).
Models are widely used to generalize SOC dynamic studies and to extend their findings
in space (e.g. obtaining SOC maps for wide areas; Farina et al., 2018) and/or in time
(e.g. projecting SOC changes in soils to the future, with respect to some soil management
changes; Meyer et al., 2018). One of the most well-known and widely used models for
soil C dynamics is the RothC model (Coleman & Jenkinson, 1996). The reason for the
success of RothC is that it is a simple model and it requires relatively few and easily
obtainable parameters and input data about vegetation management, soil and climate
characteristics. To date, only limited attempts have been made to include biochar
degradation in SOC dynamic models. Overall, existing models of biochar degradation in
soils rely on literature data deriving from laboratory or short-term studies and have not
been calibrated or validated in dedicated experiments.
The main objective of this study was to model the degradation of biochar in field
conditions, using a modified version of RothC. Therefore, we (a) modified the RothC
model to include biochar and (b) calibrated and validated the modified RothC using data
from a study performed in a short-rotation coppice plantation over an 8-year period
(Ventura et al., 2019). Our specific objectives were as follows:
– to modify the RothC model to include biochar as a carbon pool and its priming
effect on soil organic matter (SOM)
– to determine the biochar degradation rate under field experimental conditions in
the long term
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– to verify the priming effect of biochar on SOM in the long term, in particular,
aiming to assess whether the negative priming effect of biochar previously
observed (Ventura et al., 2015) remained the same or not.

Discussion
In this section we discuss the performance of the RothC model modified with the
inclusion of labile and recalcitrant biochar pools and the priming effect on SOC, shown
in Figure 1 (2.1); the degradation of biochar and its effect on SOC (2.2); and the
comparison with other model simulating biochar in soil (2.3)

Figure 1. Scheme of RothC model showing DPM, RPM, BIO, HUM pools, in which SOC
is divided. The figure also shows the inclusion of labile and recalcitrant biochar pools
and the priming effect on BIO and HUM. The CO2 pool is assumed to be comparable to
soil heterotrophic respiration.
2.1 RothC and BC-RothC models performance
The RothC model calibration was satisfactory since it successfully simulated the SOC
trend over time in both control and biochar-treated soil. However, even after calibration,
the control model overestimated the SOC in the first year. The same problem was not
noticed for biochar stock, as it was determined using isotopic techniques, which allowed
3

the biochar C in the sampled soil layers to be estimated more precisely and it to be
distinguished from SOC, independently of bulk density change.
The RothC model overestimated the effect of soil moisture deficit on soil respiration,
resulting in a decrease in SOC mineralization rates in summer; this is likely due to the
fact that its empirical equations have been calibrated in different climatic and soil
conditions. It is possible that the soil microbial community in the study area is adapted
to relatively dry summer conditions. The adaptation capacity of soil microbial
community has been previously reported (Brangarí et al., 2020; Shu et al., 2021).
The biochar model validation was also satisfactory, and this seems to support the
assumptions made on biochar C dynamics in soils: (a) biochar C may not be directly
mineralized to CO2 but may partly transfer to pools with different degradation rates
(BIO and HUM); (b) the dependence of the biochar degradation rates on environmental
variables can be made explicit (i.e. by creating a relationship of biochar degradation
rates from air temperature, soil moisture deficit and soil coverage). In fact, the inclusion
of biochar in RothC allows degradation rates to be modified using climatic parameters.
According to the BC-RothC model prediction, the remaining biochar amount 8 years
after the start of the experiment is only about 5% lower than the measured value.
2.2 Long-term biochar degradation and priming effect on SOM
The degradation rates of the labile and recalcitrant biochar obtained by calibrating the
BC-RothC model were kLAB 3.6 yr−1 and kREC 0.14 yr−1. These values indicate a slightly
faster mineralization of biochar, compared to previous studies in the same experimental
conditions (Ventura et al., 2019). The authors calculated a kLAB of 2.55 and kREC of 0.08,
using a double exponential decay model, which do not take environmental variables into
account. This confirms the importance of calibrating the models according to the specific
environmental conditions.
Compared to laboratory studies, kLAB and kREC obtained with BC-RothC model
calibration were, respectively, 1 and 2 order of magnitude lower than those observed in
the meta-analysis of Wang et al. (2016). This highlights the importance of field studies
to assess biochar degradation in soil, as multiple factors, such as climatic and
environmental conditions, can increase its degradation rates in comparison to
laboratory conditions. The decrease of biochar in the soil can be due to three main
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causes: mineralization by microbial communities in the soil, soil erosion carrying
biochar away and leaching of biochar particles as dissolved organic carbon. We
measured neither soil erosion nor leaching; thus, the large decrease in biochar observed
in this study could be due to unaccounted losses through these two processes.
Nonetheless, we suppose soil erosion and leaching have a negligible impact on our study
at best. In fact, we did not observe any difference in the decrease in biochar in the upper
part of the soil (0–20 cm depth) with respect to the lower part (20–40 cm). Also,
Schiedung et al. (2020) showed that only 1% of the biochar was lost by leaching, most of
it during the first flushing of the column. However, we have soil respiration
measurements for the first 3 years, and these measurements confirm the hypothesis
that the decrease in biochar during that period was due to microbial activity. Leaching
was, thus, during that period, negligible.
Another process that could have affected the degradation rates of biochar observed in
the field is the aggregation of biochar particles with clay minerals (Woolf et al., 2010),
which usually stabilizes the organic matter in soils with clay (Czimczik & Masiello,
2007). We visually observed a consistent coating of adsorbed clay particles on the
biochar in the soil but we did not quantified it.
Overall, our biochar showed a sufficient stability in soil to represent a valid strategy to
increase soil C sequestration. In fact, even though biochar degradation rate has shown
to be faster than expected, we should consider that biochar from maize silage used in
this study is much more stable in soil compared to its feedstock. Future trials on biochar
degradation should include comparison with the original feedstock (Lehmann & Joseph,
2015).
In this study, we included in the modified RothC model only the negative priming effect
observed in the field study by Ventura et al. (2015) (-16 %). This result is consistent with
similar studies on maize biochar degradation in soils (Luo et al., 2011; Zimmerman et
al., 2011).
Since the validation of the biochar model against SOC showed reliable results, we can
conclude that the implementation of the priming effect in the RothC model is correct, at
least for the specific experimental conditions of this study. This confirmed the
persistence in the long term of the negative priming effect on SOC mineralization
observed by Ventura et al. (2015) in a 3-year field experiment and by Stewart et al.,
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(2013) in a 2-year incubation trial; however, the underlying mechanisms remain
uncertain. A simple sensitivity analysis carried out on the BC-RothC model showed that
the most important parameter in determining soil carbon sequestration potential of
biochar is the priming effect factor.
2.3 Comparison with other biochar models
To the best of our knowledge, this is the first time that a simulation model, optimized
for the prediction of biochar mineralization and C sequestration potential, has been
calibrated and validated with long-term field data. Mondini et al. (2017) modified the
RothC model to simulate the mineralization of exogenous organic matter but without
specific model representation for biochar nor including mechanisms of SOC
stabilization/ destabilization by biochar, such as the priming effect. Lefebvre et al.
(2020) developed a biochar sub-model for RothC, but they did not calibrate nor validate
it with experimental data. By contrast, in the present study, the BC-RothC model was
modified and parametrized based on the results of a 3-year experiment (Ventura et al.,
2019). and validated in the long term (8 years).
The results of this study are valid in the specific experimental conditions (soil type,
climate, biochar type); therefore, they should be applied with care to conditions that
depart significantly from those of the experiment. We have introduced in the model
what we have observed, for example, the negative priming effect, and not the processes
underlining the observations (i.e., the process leading to the priming effect). Therefore,
we cannot exclude that different biochar degradation rates or interactions with SOC
could be observed in other conditions.

Conclusions
The understanding and assessment of the C sequestration potential of biochar require
the development of models able to take into account the turnover of biochar C and SOC
and effects of added biochar on SOC. This study shows that our modification of the
RothC model was successful in simulating the dynamics of SOC and biochar
degradation in soils in field conditions. As far as we know, this is the first soil C dynamic
model including biochar that was calibrated and validated with long-term field data.
Results of the modelling and experimental measurements showed that, under the
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observed conditions, maize biochar degrades at faster rates than in laboratory
incubations or short-term trials and that biochar reduces the degradation of SOC. These
results confirm the findings of previous studies performed at the same site in the
medium term, remarking the importance of long-term field studies to validate the
results obtained in laboratory experiments. Nevertheless, biochar contributed
substantially to an increase in the soil C stock in the long term, confirming its potential
as a strategy to mitigate climate change.
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