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Abstract: Recently, many countries have introduced policies that promote sustainable agricultural
practices, such as reducing synthetic nitrogen fertiliser and promoting diversified crop rotation. While
such management changes might represent an opportunity for the agricultural sector to mitigate the
impacts of climate change through carbon (C) sequestration in soils, there are still uncertainties due to
the scarcity of reliable long-term data to prove this assumption. In this study, we applied the DayCent
model using empirical data from a farm-scale study and an experimental trial study at Nafferton
farm in the UK, to assess the long-term effects of contrasting agricultural systems (conventional
vs. organic), grazing regimes (non-grazed vs. grazed), arable systems with ley phases, mineral vs.
compost fertility sources and conventional vs. organic crop rotation on soil C stocks (0-0.20 m depth).
The simulations showed that grazing and higher ley time proportions can increase soil C stocks for a
period of at least 30 years, regardless of the agricultural system used (average increase in rates of
0.25 + 0.02 Mg ha~! yr~!). Compost fertiliser promoted soil C accumulation for the same period
(average increase in rates of 0.3 Mg ha=1 yrfl), but its magnitude was dependent on the choice of
crops in the rotation. However, ley time proportions higher than 40% of the full crop rotation did not
improve soil C accumulation further. We conclude that the DayCent model can be used to identify the
quantity of and the effective period for which management practices can be used to target mitigation
efforts, but the balance between sustainability and productivity aspects warrants further research.

Keywords: alternative management practices; conventional agriculture; organic agriculture; DayCent
model; soil C sequestration; soil organic matter

1. Introduction

Continuous changes in soil carbon (C) storage have contributed to the increased
atmospheric concentration of greenhouse gases (GHGs), exacerbating global concerns
about their impact on climate change [1]. According to the IPCC [2], the agricultural
sector contributes 14% of total GHG emissions, including 56% of anthropogenic non-CO,
emissions. To design a sustainable agricultural sector and inform land use policy, it is
therefore vital to identify mitigation strategies.

Soil C accumulation in agricultural soils has been posited as a strategy for mitigating
climate change, particularly through the adoption of the so-called sustainable recom-
mended management practices [3]. These include, but are not limited to, the adoption
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of the organic system and its associated practices, e.g., the return of plant and animal
residues as organic fertilisers and the implementation of more diversified crop rotations
with the inclusion of legumes and grass—clover ley periods [4], as well as the use of mixed
(arable/livestock) farming systems and reduced tillage [5]. All these practices have been
suggested as strategies to achieve efficient nutrient cycling and preserve natural resources
and the environment [6]. However, the relative impacts of these systems and management
practices on soil C stocks, i.e., the absolute quantity of C held within the soil, are still
contentious, raising uncertainties regarding their sustainability [7]. Part of this uncertainty
is due to the limited availability of reliable long-term field data.

Soil C stocks are closely linked to and dependent on farming practices, including,
for instance, the length of a temporary grass—clover ley in a crop rotation (referred to in
this study as ley time proportion) and whether the ley is used for hay meadow cutting
(non-grazed) or livestock grazing [8]. Furthermore, it has been noted that different rotation
strategies, conventional vs. organic, with the former characterised by cereal intensive crops
and the latter based on a more diverse and legume-rich cycle, and fertilisation sources
(mineral vs. compost), are likely to play a key role in soil C stocks and stabilisation [9].
Depending on the magnitude of nutrient cycling into and out of a given agricultural system
and considering interactions with climate (temperature and rainfall) and different applied
management practices, an agroecosystem can either be a sink or a source of C. Therefore,
before wide-scale deployment of such practices is undertaken, it is important to understand
the long-term soil C stock changes that are not only due to conventional and organic
systems as a whole but also to the specific management practices implemented within
these systems.

Previous empirical studies have shown that intensive crop production systems have
led to soil C losses [10], while management practices that add high amounts of biomass
to the soil with minimal soil disturbance have resulted in soil C gains [5,7,11]. However,
changes in soil C stocks, particularly the accrual of C into the soil, can take decades to
occur and are difficult to note by the empirical research of soil C dynamics, which only
provides a single snapshot in time, unless carried out over many years. In this sense,
long-term experiments are key, but although efforts have been made to maintain long-term
experiments and measurement intensity, there are still discrepancies in findings regarding
soil C stocks. This is particularly true for the comparison between conventional and organic
systems, with empirical studies showing mixed results: some showed an increase [7,12-14],
whereas others indicated no increase or even reductions in topsoil C stocks [15,16]. It is also
important to highlight that soil C cycling is highly complex and dependent on interactions
among many factors, including management practices, plant growth processes, soil water
dynamics, climate, etc., which makes the interpretation of results from empirical studies
challenging. In this sense, complementing empirical measurements with simulation models
is a reliable, feasible and cost-effective alternative to appraisal of the long-term effects of
agricultural systems and alternative management practices on soil C stocks.

Mechanistic models represent a powerful option for understanding the processes re-
sponsible for the production, consumption and transport of soil C over long time scales [17].
In general, mechanistic models that were developed to predict the quantities of C in soil
consider similar regulating factors (i.e., among others: soil physics, decomposition, plant
growth and soil organic matter (SOM) dynamics) but with varying levels of complexity and,
in some cases, using different algorithms to represent such factors [18]. Such models can
be used to predict soil C changes from current management practices to future alternative
scenarios, including different agricultural systems and management practices in different
soil types, crop rotations, nutrient sources, etc., [19]. In addition, mechanistic models for
soil C can be applied at either local or regional scales, being used to extrapolate results
from experimental plots across spatial and temporal scales, and to assess past and future C
changes [20,21]. Ultimately, mechanistic models can help to address uncertainties regarding
the long-term effects of the adoption of alternative management practices within conven-
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tional and organic systems on soil C stocks, thus contributing to policies and decision
making on the long-term goal of achieving a sustainable agricultural system.

Among the mechanistic models, DailyCentury (DayCent) is an agroecosystem model
designed to simulate C, N and other nutrients in the atmosphere, vegetation and soil
interface [22,23]. The DayCent model includes sub-models for the representation of plant
productivity, phenology, decomposition of dead plant material and SOM, soil water and
temperature dynamics, and GHG fluxes. The model requires reasonable data inputs,
including soil properties (i.e., soil texture, field capacity, wilting point, bulk density and
pH), climate data (i.e., temperature and rainfall) and land use/management information
(i.e., grazing intensity, fire, tillage, fertiliser inputs, irrigation and sowing and harvest dates).
Its use has proven to be suitable for simulations at a range of temporal and spatial scales
depending on its configuration. Although it was originally developed for grassland in
the Great Plains region in North America [24], DayCent has been widely used across the
world, including Brazil [25], China [26], Canada [27,28] and Europe [29-33], and across
a range of ecosystems, including grasslands, cropland and forests. Nevertheless, when
using a model for a region different from where it was originally developed, it is always
important to take some precautions [34]. One of the main recommended procedures is to
carry out a sensitivity analysis so that potential critical parameters that may cause a direct
effect on the outcomes might be identified. The identification of such parameters can also
help to reduce uncertainties in the model simulations by careful consideration of those
parameters and ultimately deliver a better understanding of the model that will improve
its future application.

This study was designed with the following aims: (i) to simulate soil C stocks in
mixed (arable/livestock system) agricultural fields, which are distinguished by alternative
management practices, including conventional vs. organic systems, non-grazed vs. grazed
regimes, arable systems with ley phases, mineral vs. compost fertility sources and conven-
tional vs. organic crop rotation using the DayCent model; (ii) to assess the reliability and
the sensitivity of the DayCent model using empirical measurements from [8,9]; and (iii) to
explore the long-term effects on soil C stocks of alternative management practices in the
conventional and organic system.

2. Materials and Methods
2.1. Experimental Farm Site and Treatments

The data used in this study were obtained from a farm-scale study [8] and an experi-
mental trial comparison [9]. The farm-scale study was conducted at Newcastle University’s
Nafferton farm, a mixed (arable/livestock system) commercial farm located 12 miles west
of Newcastle-upon-Tyne in Northeast England (54°59'09"' N; 1°43'56"" W, 60 m a.s.1), where
the total farm area (~320 ha) was divided, in 2001, into 50% conventional system (CONV),
operated to current UK conventional farming best practices [35], and 50% organic system
(ORG), following certified organic production practices [36]. In turn, the experimental trial,
namely Nafferton Factorial Systems Comparison (NFSC), is a long-term experimental field
located at Nafferton farm, where the components of conventional and organic agricultural
systems (e.g., crop rotation, fertility sources and crop protection) are studied in a split-plot
factorial design. A full detailed description of the farm and the NFSC trial, including soil
type and mineralogy, crop history, rates of fertilisation and crop protection, as well as other
management details, has previously been published [6,8,9].

Briefly, for the farm-scale study, twelve commercial-sized representative agricultural
fields (6 study fields under CONV system and 6 under ORG system) were sampled in
February-March 2017, where alternative management practices, including grazing regimes
(non-grazed-NG vs. grazed-GG) and different proportions (0 to 100%) of temporary grass—
clover leys in arable rotations (referred to in this study as ley time proportion; LTP), were
implemented within each agricultural system. Soil sampling strategy and preparation
procedures can be found in [8]. A summary of treatments of each one of the twelve study
fields is provided in Table S1.
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For the NFSC trial, the effects of crop rotation (conventional rotation—CONV-RT and
organic rotation—ORG-RT) and fertility sources (mineral —MINE and compost—COMP)
were considered within the same crop protection treatment (conventional) and over one
complete crop rotation cycle (8 years). Soil sampling strategy and preparation procedures
can be found in Zani et al. [9].

2.2. The DayCent Model

The DayCent model [22,23] was built based on the biochemical ecosystem Century
model [24]. As with the Century model, DayCent simulates C, nitrogen (N), phosphorus
(P), and sulphur (S) cycles among the atmosphere, vegetation, and soil, but operating on
a daily rather than a monthly timestep. The DayCent model also differs from Century in
the processes regulating GHG emissions, particularly N gas fluxes, where processes such
as nitrification and denitrification are explicitly represented. Due to the finer timescale
resolution and because of its rapid response to abiotic factors, the DayCent model is
generally considered more precise in its performance compared to the Century model.

The DayCent model can be used to evaluate the C dynamics of different ecosystems
(e.g., grassland, agricultural crop, forest or savanna) in response to changes in climate
as well as type and timing of management practices, such as tillage, fire, plant harvest
(including variable residue removal), grazing intensity, cultivation, irrigation, and organic
matter or fertiliser additions. Overall, simulations in DayCent are based on species-specific
measured/estimated data for phenology, net primary production (NPP), shoot-root ratio
and biomass C:N ratio of plant components. The model consists of different sub-models
including SOM formation and decomposition, mineralisation of nutrients, soil water and
temperature dynamics, plant production and allocation of NPP as well as N gas fluxes.
Soil water and temperature are simulated for each horizon by the land surface sub-model.
In the soil water sub-model, water content and fluxes, including runoff, leaching, evap-
oration and transpiration, are simulated as a function of water inputs through rainfall,
irrigation or snowmelt, that can either lead to saturated or unsaturated water flows in
the soil profile. Plant growth is estimated by DayCent according to species-specific data,
soil/air temperature, soil water availability and actual plant-specific nutrient requirements
and availability. Based on the plant type and phenology, NPP is partitioned into leaves,
branches, large wood, fine roots and large root compartments. The shoot-root ratio of the
NPP is calculated as a function of soil water content and nutrient availability, and dead
plant materials are divided into structural (high C:N ratio) and metabolic (low C:N ratio)
components. The DayCent model uses all these plant partitions and processes to determine
the quantity and quality of plant residue added to the litter and soil pools, meaning that
plant production sub-models are directly linked to the SOM sub-model. This interaction
between plant production routines and soil modules leads to allocation, transferring and
partitioning of the SOM into three conceptual pools with different turnover times controlled
by specific decomposition rates ((1) active, fast turnover, (2) intermediate, medium turnover,
(3) passive, slow turnover). In this sense, soil C, N and nutrient fluxes are controlled by
the amounts in these conceptual pools as well as by the abiotic temperature and soil water
factors and soil physical properties, e.g., soil texture. Soil C is simulated for the upper
0-0.20 m layer based on the sum of the dead plant matter and SOM pools while considering
the mineralisation of the litter and the SOM. Litter and SOM mineralisation are controlled
by several factors including substrate availability, substrate quality (lignin content, C:N
ratio), water and temperature stress, soil texture and tillage intensity.

The main required input parameters for DayCent simulation are soil data (including
soil texture, bulk density (BD) and pH), current and historical land use, and daily maximum
and minimum temperature and precipitation. A full description of the DayCent model can
be found in [22,23]. In this study, a previously parameterised and calibrated version of the
DayCent model for UK conditions was used [30,37,38].
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2.3. Model Set-Up, Initialisation, Simulation and Validation

The DayCent model was initialised using an average of the measured/estimated
site-specific features viz. soil texture, BD, pH, field capacity (FC), wilting point (WP) and
hydraulic conductivity (HC), between all the study fields in the farm-scale study [6,8]
(sampled in 2017) and the treatments in the NFSC trial [9] (Table S2). Briefly, soil texture
was determined by a low angle laser light scattering technique (Laser diffraction), BD was
measured using the core method and a volumetric steel ring of 0.03 m inner diameter [39]
and pH was measured in H,O (1:2.5 soil-solution). A full description of soil preparation,
laboratory procedures and analyses are given in [6,8,9]. Estimations of FC, WP and HC
were calculated from texture and organic matter using pedotransfer functions [40]. Long-
term meteorological measurements including daily maximum and minimum average
temperature and precipitation for the period between 1900 and 2020 were taken from the
combination of three different weather stations. From 1900 to 2002, data were collected
from the historical weather stations of Durham and Albemarle, ~30 and 4 km away from
Nafferton farm, respectively (http://www.metoffice.gov.uk; accessed on 7 February 2023).
On site weather measurements were used from 2003 to 2020, from a weather station located
at Nafferton farm (Figure S1).

Since there were no historical data of the SOM pools for Nafferton farm, historical
land uses were first run to establish a modern-day baseline [41,42]. The initial soil C stock
(~60 Mg ha~!) was set using previously published data for the arable system for the whole
UK [43-46], distributing the total value into the three different SOM pools. This initialisation
approach was performed following procedures described previously [47]. The modern-day
baseline was simulated based on historical records of the UK, and whenever possible local
records, by interviewing local experts and consulting published literature [48-50]. In this
sense, the following approach was conducted: (i) “three-field rotation system” based on
carbohydrates, protein and grazed fallow with no artificial fertiliser application; simulated
rotation of wheat/peas/grazed fallow (years 1 to 1850); (ii) “Norfolk four-course rotation”, a
four-field rotation system with also no artificial fertiliser application but including a fertility
building phase, simulated rotation of wheat/barley/potatoes/grazed grass—clover (years
1851 to 1950); and (iii) “intensification and simplification”, a post-war period characterised
by the use of agricultural systems with a more cash-crop-based system and replacing the
fertility building phase and livestock by artificial fertiliser applications (50 kg N ha=! and
maintaining minimum residues), simulated rotation of wheat/wheat/barley/potato (years
1951 to 1980). Due to a scarcity of site-specific data, this approach was assumed to be
identical for all study sites up to 1980.

From 1981 onwards a slightly different approach was conducted for the farm-scale
study and for the NFSC trial. For the farm-scale study, for the period between 1981 and
2007, we attempted to use more specific land uses of the Northumberland region [48], along
with historical land cover maps of Nafferton farm available in the Digimap dataset [51,52].
In this case, the rotation system of each study field was either still focused on cash crop
but also including a compulsory set-aside practice and oilseed rape as a break crop (simu-
lated rotation of barley/set-aside grass—clover/wheat/oilseed rape/wheat) [48] or it was
converted to permanent grassland. For the NFSC trial, the same approach was conducted
but only for the period between 1981 and 2000. For both cases, nitrogen and phosphorus
fertiliser application rates were based on historical data [53-55], while the cattle stocking
rates were estimated based on census data for the UK available in Britain [56].

From 2008 to 2018 (for the farm-scale study) and from 2001 to 2018 (for the NFSC trial),
simulations were scheduled according to the site-specific land uses and type and timing of
management practices implemented, including the exact day and rates of fertiliser applica-
tion, tillage operations, grazing or silage (non-grazed) events and application of organic
amendments (manure, farmyard manure and/or slurry). For these periods, simulations
were based on Nafferton farm records (published in [6,8,9]).

For all simulation periods, default parameterised values specified in the DayCent
model along with a few previously parameterised and calibrated values for the UK condi-
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tions [30,37,38] were employed. Whenever necessary, crop production levels were further
calibrated by adjusting the biomass production crop parameter (PRDX) following previ-
ously described procedures [42] to reflect national yield figures reported by Defra every
year since the 1890s. Once adjusted, the PRDX crop parameter was left unchanged across
all simulations, so that differences in the model outputs were only due to changes in the
agricultural system and/or management practices [37,38]. Soil texture, BD, pH, FC, WP
and HC were kept constant across all the study fields considered in the farm-scale study
and treatments assessed in the NFSC trial (Table S2).

Soil C stock measurements in three different years (2011, 2017 and 2018), which were
not used in the initialisation phase, were used for model validation. Soil C concentration
was determined by dry combustion method [57] using an Elementary Vario Macro Cube
analyser. Previous analysis of these samples [9] showed that there were low carbonates
present; therefore, total soil C concentration can be assumed to be total soil organic C. Soil
C stocks per unit of area (Mg ha~!) were calculated on an equivalent soil mass basis [58].
Since measured and simulated soil C stocks were evaluated at different depth intervals
(0-0.15 and 0.15-0.30 m in 2017 and 2018; 0-0.30 m in 2011; 0-0.20 m in the model output),
the 0-0.20 m soil C stocks were calculated by an average of 75% of those accumulated at
0-0.30 m depth [33]. Subsequent checks were also performed to ensure that simulated
yields were in line with measured data from other published studies [59,60].

2.4. Statistical Analyses

Model simulation performance for soil C stocks was undertaken following the statisti-
cal methods described in [61] by using the MODEVAL worksheet. This involved several
statistical metrics including correlation coefficient (r), root mean square error (RMSE), mean
difference (M), relative error (E) and lack of fit (LOFIT), shown below as Equations (1)—(5).

1(0; —0) (P —P)

r= - - @)
JIEm -0 [z -7y
n 2

RMSE = @ % M )

O n

_ X (0i - P)
M = n 3)
E:@E?:1<OZ_PZ) (4)

19) n

LOFIT =Y ' m;i(O; — P;)? (5)

where O, P, O;, P;, m; and n are the average of all measured values, the average of all
simulated values, the measured value, the simulated value, the number of replicates of the
measurement and the number of the measurements, respectively.

The R-value represents the correlation between measured and simulated values, and
therefore it evaluates the overall performance of the model to capture potential variabilities;
RMSE, M, E and LOFIT are tests of the coincidence or differences between measured and
simulated values. The significance of these tests was evaluated as follows: r was tested
using F-value at p = 0.05; RMSE and E were tested at 95% confidence limit (RMSE95%
and E95%, respectively); M was evaluated using Student’s t-test (two-tailed, critical at
2.5%); LOFIT was evaluated by F critical at 5%. All these metrics were carried out between
measured and simulated soil C stocks separately for the farm-scale study (sampled in 2017)
and the NFSC trial (sampled in 2011 and 2018).
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2.5. Sensitivity Analysis

A systematic model sensitivity analysis was conducted for a total of five input pa-
rameters: two climatic (daily air temperature and precipitation) and three soil properties
(soil clay content, BD and pH). Sensitivity analysis was performed to identify which model
input parameter(s) might exert the most influence on the model results. In this study, it also
helped to capture how sensitive the model was to variations in environmental covariates
and soil characteristics as well as to identify potential critical parameters that might need
special attention and/ or site-specific calibration for effective simulation of soil C stocks [34].
Since in our simulations an overall average of soil clay content, BD and pH were used for
all cases (see Section 2.3 for more details), the sensitivity analysis also helped to identify
potential variability in our predictions, i.e., detect what could be the range in soil C stocks
as a result of potential variations in these input parameters. All the target input parameters
were tested by changing one at a time while the other parameters were kept with their
original values. Daily air temperature and pH were checked by changing the target input
parameter by a factor of £1, i.e., =1 °C and %1 pH unit, respectively, whereas daily precip-
itation, soil clay content and BD were examined by changing the target input parameter by
a factor £10%. Sensitivity analysis results were presented as a percentage change in soil C
stocks compared to the original base simulation over the last simulation period, i.e., from
2008 to 2018.

2.6. Long-Term Scenarios

Validated simulations from all the farm-scale study fields and treatments assessed
in the NFSC trial were extended beyond the 2017/18 measurement date up to 2050. This
approach was conducted to allow enough time for each study field situation and the
treatments in the NFSC trial to show potential differences in soil C stocks that were not
captured by the empirical measurements in 2017/18 (i.e., the year of measurements).

Furthermore, 11 additional scenarios were simulated for each agricultural system
(CONV and ORQG), totalling 22 long-term hypothetical scenarios (Table 1).

Table 1. Hypothetical long-term scenarios run to solely capture the effects of the implementation
of alternative management practices (grazing regimes, length of grass—clover ley periods in crop
rotations) in the conventional and organic agricultural system.

Scenario N° Rotation Ley Period in Years Grazed
1 Four-year arable cropping 0 No
2 Four-year arable cropping 2 No
3 Four-year arable cropping 4 No
4 Four-year arable cropping 6 No
5 Four-year arable cropping 8 No
6 Four-year arable cropping 2 Yes
7 Four-year arable cropping 4 Yes
8 Four-year arable cropping 6 Yes
9 Four-year arable cropping 8 Yes
10 Permanent grass—clover - No
11 Permanent grass—clover - Yes

Four-year arable rotations for each agricultural system based on the last 10-year period crops grown at Nafferton
farm; conventional rotation characterised by a hypothetical rotation of winter wheat (Triticum aestivum), win-
ter barley (Hordeum vulgare), oilseed rape (Brassica napus) and potatoes (Solanum tuberosumy); organic rotation
characterised by a hypothetical rotation of spring wheat, spring barley, beans (Phaseolus vulgaris) and potatoes;
grass—clover leys characterised by white (Trifolium repens), red clover (Trifolium pratense) and perennial ryegrass
(Lolium perenne), regardless of the agricultural system; ley periods in the non-grazed scenarios simulated with
three harvests for silage events per year; ley periods in the grazed scenarios simulated with light cattle stocking
rates (1-1.5 livestock units ha~1); grazing activities simulated from the beginning of May to end August; typical
tillage operations (ploughing and disking) were simulated between each arable crop in both agricultural systems.

For all long-term hypothetical scenarios, the average of soil texture, BD, pH, FC, WP
and HC across the whole farm was used (40, 43 and 17% for sand, silt and clay respectively
and 1.15 Mg m~3 BD, 6.3 pH; Table S2). Furthermore, the historical (1900-2020) average of
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meteorological data condition was considered, assuming no climate change or variation
in atmospheric CO; concentrations. The initial soil C stock for the hypothetical long-term
scenarios was set based on the average of the actual empirical measured (2017) stocks
(0-0.20 m) across each agricultural system; 51.01 and 48.81 Mg ha~! for the conventional
and organic system, respectively. Although this approach might represent a simplified sim-
ulation exercise, it is important to highlight that it does not intend to disregard important
interactions between soil properties and quality aspects, climate and the dynamics of differ-
ent agricultural systems. While the long-term simulations focused mainly on capturing the
effects of the implementation of alternative management practices on different agricultural
systems, it is expected that together with the sensitivity analysis (see Section 2.5 for more
details), the results can also provide a perception of how likely those parameters are to
influence soil C stocks in the long-term.

3. Results
3.1. DayCent Performance and Sensitivity in Simulating Soil C Stocks

DayCent simulations showed a good fit between measured and simulated values of
soil C stocks (0-0.20 m depth) for both the farm-scale study and the NFSC trial (Table 2 and
Figure 1). In the farm-scale study, the measured soil C stock differences between agricultural
systems (conventional —CONYV vs. organic—ORG) and grazing regimes (non-grazed—NG
vs. grazed—GG) were also observed in the model simulations. Both the measured and
simulated soil C stocks of the CONV system and GG regime were higher compared to the
ORG system and NG regime. Nevertheless, the model slightly underestimated the soil C
stocks in the ORG system and the GG regime by 3.13 & 1.32 and 3.50 = 1.11%, respectively.
Conversely, the model marginally overestimated the simulated values of the CONV system
and NG regimes by 0.46 &+ 1.59 and 1.13 £ 0.39%, respectively (Table 2). The model
simulations also reflected the measured soil C stocks in terms of different proportions of
temporary grass—clover leys in crop rotations (LTP). An increased LTP positively increased
soil C stocks regardless of whether the system was conventionally or organically managed
(Figure S2).

Table 2. Measured and simulated soil C stocks at 0-0.20 m depth for the farm-scale study, en-
compassing agricultural system (conventional —CONV and organic—ORG) and grazing regime
(non-grazed—NG and grazed—GG), and for the Nafferton Factorial Systems Comparison (NFSC)
trial treatments, including crop rotation (conventional —CONV-RT and organic—ORG-RT)), fertility
source (mineral—MINE and compost—COMP) and year of sampling (2011 and 2018).

Deviation between

Treatments Soil C Stock Measured and Simulated
Measured Simulated Difference
Farm-scale Mg ha~! Y%
Agricultural system
CONV 50.24 (1.03) 50.47 (2.64) —0.23 (0.81) 0.46 (1.59)
ORG 49.51 (1.05) 47.96 (2.28) 1.55 (0.62) —-3.13 (1.32)
Grazing regime
GG 53.72 (0.86) 51.84 (1.98) 1.88 (0.56) —3.50 (1.11)
NG 43.48 (0.60) 43.97 (0.26) —0.49 (0.17) 1.13 (0.39)
NFSC trial
Crop rotation
CONV-RT 39.78 (0.71) 40.39 (0.65) —0.61 (0.03) 1.53 (0.09)
ORG-RT 41.99 (0.63) 41.55 (0.36) 0.44 (0.14) —1.05(0.32)
Fertility source
MINE 41.19 (0.69) 40.67 (0.54) 0.52 (0.07) —1.26 (0.17)
CcCOMP 40.59 (0.85) 41.26 (0.66) —0.67 (0.09) 1.65 (0.25)
Year
2011 39.60 (0.86) 40.27 (0.39) —0.67 (0.24) 1.69 (0.60)
2018 42.18 (0.50) 41.67 (0.55) 0.51 (0.03) —1.21(0.07)

The data are measured and simulated mean values for the farm-scale study, n = 67 for conventional system, 1 = 59
for organic system, n = 47 for non-grazed regime and n = 79 for grazed regime, for the NFSC trial, n = 32 for crop
rotation, fertility source and year of sampling. The standard error of the mean is in parentheses.
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Figure 1. Relationship between measured and simulated soil C stocks at 0-0.20 m depth for the
(A) farm-scale study; and (B) for the Nafferton Factorial Systems Comparison (NFSC) trial. Each
yellow point represents a study site soil C stock mean of a minimum of four and a maximum of
15 spatial replications. The horizontal bars represent standard errors around the mean measured soil
C stocks due to spatial replications (1 = 8-15 for the farm-scale study and 7 = 4 for the NFSC trial).
The dashed line is the 1:1 line and the solid line is the linear regression line.

In the NFSC trial, the differences between measured and simulated values were
even lower compared to the farm-scale (less than 2%) (Table 2). Nonetheless, not all
the differences observed in the measured soil C stocks between the treatments were re-
flected in the simulated values. The exception was for the fertility source treatment, which
showed higher measured values for the MINE compared to the COMP (41.19 £ 0.69
and 40.59 + 0.85 Mg ha—!, respectively), but an opposite trend for the simulated values
(40.67 4 0.54 and 41.26 + 0.66 Mg ha~!, respectively). For the crop rotation and year of
sampling, both measured and simulated soil C stocks of the ORG-RT and 2018 samples
were higher than the CONV-RT and 2011 samples (Table 3).

Table 3. Statistical metrics, including correlation coefficient (r), root mean square error (RMSE), mean
difference (M), relative error (E) and lack of fit (LOFIT), applied for the validation between measured
and DayCent model-simulated soil C stocks (0-0.20 m) for the farm-scale study and the Nafferton
Factorial Systems Comparison (NFSC) trial.

Statistical Metrics Farm-Scale NFSC Trial
r = correlation coefficient 0.93 0.81
F=(n—2)r*)/1—1?) 64.14 11.79
F-value at p = 0.05 4.96 5.99
RMSE = root mean square error of model 0.05 0.03
RMSE95% (Confidence limit) 0.08 0.14
M = mean difference 0.70 —0.08
t = Student’s t of M 1.05 0.17
t value critical at 2.5% (two-tailed) 2.23 2.45
E = relative error 1.40 —0.20
E95% (confidence limit). 7.04 12.72
LOFIT =lack of fit 588.77 51.76
F = MSLOFIT/MSE * 1.57 0.95
F critical at 5% 191 2.42

* MS = mean squared; MSE = mean squared error.
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Overall, despite the few differences between the measured and simulated values,
the statistical metrics indicated that the DayCent model simulated soil C stock changes
under alternative management practices and agricultural systems with good accuracy
(Table 3). For both cases (farm-scale study and NFSC trial), the model showed good
association (indicated by a significant correlation coefficient, i.e., F-value calculated from
the r greater than the critical F-value at p = 0.05), RMSE within the 95% confidence limit (i.e.,
non-significant differences between measured and simulated values), lack of significant
bias in the simulated values (represented by the values of M and E), and a good fit and
degree of coincidence (indicated by the non-significant error of LOFIT values; that is, the
model error is not greater than the error in the measurements) between the measured and
simulate soil C stocks (Table 3).

Model simulations of soil C stocks showed an overall low sensitivity to the five input
parameters tested over the 10-year time span (Table 4). In general, the model showed
the same pattern of sensitivity for the same parameters both for the farm-scale study and
the NFSC trial. Among the five parameters tested, simulations of soil C stocks showed a
sensitivity >1% for changes in daily precipitation, pH and clay contents, whereas sensitivity
was <1% for changes in daily air temperature and BD. A change in pH by —1 unit, clay
content by +10% and daily precipitation by —10% resulted in an increase in simulated
soil C stocks on average by 7, 3 and 2%, respectively. On the other hand, changing pH by
+1 unit, clay content by —10% and daily precipitation by +10%, negatively affected soil
C stocks by 2% on average for all cases relative to its original base simulation. Changes
in daily air temperature of £1 °C and soil BD + 10% showed a negligible effect on the
simulated soil C stocks for all the treatments, the changes averaged 0.3, —0.2, —0.1 and
0.3%, respectively (Table 4).

3.2. Soil C Stock Changes from the Historical Period up to the Measurement Date

Model simulations, considering the initial soil C stock of ~60 Mg ha~!, indicated that
the use of the “three-field rotation system” for a 50-year period led to soil C loss at a rate of
0.30 Mg ha~! yr~! (Figure S3). Subsequently, the model estimated that the use of “Norfolk
four-course rotation” for a 100-year period (from 1850 to 1950) kept soil C stocks relatively
stable with a partial recovery rate of 0.01 Mg ha~! yr~!. The third period (referred to as
“intensification and simplification”), simulated from 1951 to 1980, led to soil C stock losses
at a rate of 0.05 Mg ha—! yr~!. Overall, the model predicted that the soil C stock after the
180-year period of modelled historical land use would be approximately 72% of the initial
60 Mg ha~! (Figure S3).

Between 1981 and 2000, both sides of the farm (conventional and organic) were
simulated without site-specific details (Figure 2A,B). However, the few resources available,
including publications, maps and land use history from the farm archives, indicated that
the study fields were divided into two distinctive land use groups: a cash-crop-based
system and another in permanent grassland. Study fields under the cash-crop-based
system resulted in soil C stock gains of only 0.06 Mg ha~! yr~!, whereas study fields

converted to a permanent grassland increased soil C stocks at a rate of 0.31 Mg ha=! yr—1.
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Table 4. Model sensitivity in the simulation of soil C stocks for the farm-scale study, encompassing agricultural system (conventional—CONYV and organic—ORG)
and grazing regime (non-grazed—NG and grazed—GG), and for the Nafferton Factorial Systems Comparison (NFSC) trial treatments, including crop rotation
(conventional—CONV-RT and organic—ORG-RT)), fertility source (mineral—MINE and compost—COMP) and year of sampling (2011 and 2018), to different
input parameters.

Variables/Parameters
Treatments Daily Air Temperature Daily Precipitation pH Clay Content Bulk Density
—-1°C +1°C —10% +10% —1 Unit +1 Unit —10% +10% —10% +10%
Farm-scale % change
Agricultural
system
CONV —0.97 (0.91) 0.95 (0.77) 1.88 (0.17) —1.40 (0.18) 6.48 (0.25) —1.76 (0.06) —2.90 (0.13) 3.85(0.11) 0.09 (0.06) 0.06 (0.02)
ORG —0.86 (1.05) 0.97 (0.59) 1.52 (0.04) —1.35 (0.02) 6.51 (0.20) —1.76 (0.05) —2.87(0.13) 3.99 (0.13) 0.44 (0.07) —0.09 (0.03)
Grazing regime
GG —1.86 (0.54) 1.71 (0.49) 1.55 (0.04) —1.38 (0.07) 6.23 (0.15) —1.70 (0.03) —3.05 (0.08) 3.84 (0.12) 0.25 (0.04) —0.06 (0.02)
NG 0.99 (0.45) —0.53 (0.33) 2.00 (0.23) —1.37 (0.25) 7.03 (0.09) —1.90 (0.02) —2.57 (0.06) 4.07 (0.06) 0.29 (0.21) —0.03 (0.08)
NFSC trial
Crop rotation
CONV-RT 1.41 (0.08) —1.11 (0.09) 3.41(0.22) —3.15(0.12) 8.23 (0.09) —2.29 (0.03) —2.01 (0.06) 2.39 (0.05) 0.20 (0.02) 0.07 (0.02)
ORG-RT 0.25 (0.18) —0.28 (0.19) 3.29 (0.07) —2.63 (0.08) 7.91 (0.08) —2.20 (0.01) —1.71(0.11) 2.32 (0.05) 0.52 (0.04) —0.10 (0.03)
Fertility source
MINE 0.85 (0.41) —0.69 (0.32) 3.63 (0.16) —2.94 (0.16) 8.16 (0.11) —2.27 (0.03) —1.75(0.11) 2.36 (0.04) 0.40 (0.09) —0.04 (0.05)
comMpP 0.81 (0.31) —0.70 (0.24) 3.06 (0.82) —2.84 (0.19) 7.98 (0.13) —2.22 (0.03) —1.97 (0.08) 2.36 (0.07) 0.31 (0.10) 0.01 (0.02)
Year
2011 1.02 (0.27) —0.92 (0.19) 3.85(0.73) —3.04 (0.16) 8.10 (0.09) —2.25(0.03) —1.84 (0.07) 2.28 (0.07) 0.39 (0.11) —0.06 (0.06)
2018 0.64 (0.41) —0.46 (0.29) 3.84 (0.56) —2.74 (0.15) 8.05 (0.15) —2.24 (0.04) —1.88 (0.15) 2.43 (0.04) 0.32 (0.08) 0.02 (0.05)
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Figure 2. Long-term simulations of soil C stocks at 0-0.20 m depth of the farm-scale study in (A)
conventional system, (B) organic system and (C) for the Nafferton Factorial Systems Comparison
(NFSC) trial. Grazing regime represented by non-grazed—NG and/or grazed—GG. Treatments in
the NFSC trial include crop rotation (conventional—CONV-RT and organic—ORG—RT) and fertility
sources (mineral—MINE and compost—COMP). Dots represent measured mean soil C stock values
in 2017 for A and B and in 2011 and 2018 for C.3.3 Soil C stock changes in the long-term simulations
and hypothetical scenarios.
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Simulations for the farm-scale study fields from 2001 (year of agricultural management
change across half of the farm area) to 2017 (year of the measurements) showed a similar
overall trend under conventional and organic study fields. In general, study fields under
the GG regime and a higher LTP (>40%, e.g., study fields 3, 4, 5, 6, 7, 8, 9 and 12) increased
soil C stocks at an average of 0.35 = 0.04 and 0.25 4 0.10 Mg ha—! yr~! in the CONV and
ORG system, respectively (Figure 2A,B). The opposite response was observed when the
study fields were under an NG regime with a lower LTP (<40%, e.g., study fields 1, 2, 10
and 11), with soil C stock losses of 0.08 + 0.02 and 0.03 + 0.01 Mg ha~! yr~! in the CONV
and ORG system, respectively (Figure 2A,B). The variations observed in the measured
soil C stocks between the study fields within each agricultural system were also reflected
in the model simulations (Figure 2A,B). For the same period (i.e., 2001-2017), and taking
into consideration the agricultural systems only (CONV vs. ORG), soil C stocks in the
conventionally managed soils were enhanced at a rate of 0.21 & 0.10 Mg ha~! yr~!, while
the organically managed soils showed gains of 0.17 4- 0.08 Mg ha~! yr~1.

In the NFSC trial, simulations from 2001 (year of the establishment of the experi-
ment) to 2011 and 2018 (years of measurements) confirmed the variations observed in
the measured soil C stocks for the treatments (Figure 2C). From the establishment of the
experiment (2001) to the last measurement date (2018), simulations predicted soil C stock
losses of ~0.20 = 0.03 Mg ha~! yr~! for all assessed treatments. However, it was observed
that from 2011 to 2018, i.e., the second cycle of the rotation, there was a consistent increase
in soil C stocks in all treatments. This increase was observed to be modest when MINE
fertility sources were applied in either CONV-RT or ORG-RT; soil C gains of 0.02 and
0.07 Mg ha=! yr—1, respectively, whereas the COMP fertiliser application led to soil C
stock gains of 0.25 and 0.15 Mg ha~! yr~! under CONV-RT and ORG-RT, respectively
(Figure 2C).

The 33-year projection from 2017 to 2050 for each study field in the farm-scale study
confirmed the differences observed in the year of the measurement (Figure 2). The long-
term projections showed that regardless of the agricultural system, study fields under the
GG regime and with higher LTP continued to increase soil C stocks for another 33 years
before they attenuated towards a new equilibrium state (study fields 3,4, 5, 6,7, 8,9 and
12; average of 0.25 + 0.02 Mg ha~! yr~1). Although differences in soil C stocks were still
evident between the study fields in the farm-scale and treatments in the NFSC trial in 2050,
the rate of increase suggested that it was minimal between study fields with LTP > 40%
(average rates of increase of 0.23 & 0.01 and 0.28 4- 0.02 Mg ha~! yr~! in the CONV and
ORG system, respectively) (Figure 2A,B). For the same period, the NG regime and lower LTP
(<40%) fields continued to decrease soil C stocks by an average of 0.11 & 0.03 Mg ha~! yr~!
regardless of whether the system was conventionally or organically managed. The use of
NG regime and lower LTP also appeared to rapidly reach a near-equilibrium state, but at a
slower pace in study fields with a minimum of 10% of LTP.

Extending simulations for an additional 32 years (from 2018 to 2050) in the NFSC trial
also showed a continuous increase in soil C stocks for all treatments (Figure 2C). As noted
for the results up to the year of the measurement (2018), there was a modest rate of increase
in soil C stocks for the period between 2018 and 2050 when MINE fertility sources were
applied (0.06 and 0.08 Mg ha—! yr~! in CONV-RT and ORG-RT, respectively), while the
use of COMP for the same period led to higher gains under both CONV-RT and ORG-RT
(0.29 and 0.22 Mg ha~! yr~! respectively). Overall, the combination of CONV-RT and
MINE fertility sources resulted in the lowest simulated soil C stocks (41.95 Mg ha~1), while
COMP application in the same rotation showed the highest simulated soil C stocks in 2050
(51.89 Mg ha™!). The differences in simulated soil C stocks for the period between 2018
and 2050 were 1.91, 9.56,2.79 and 7.22 Mg ha~! for CONV-RT + MINE, CONV-RT + COMP,
ORG-RT + MINE and ORG-RT + COMP, respectively (Figure 2C).

The 11 hypothetical scenarios run under both agricultural systems (conventional vs.
organic) indicated that the use of a four-year arable rotation (scenario 1) sharply decreased
soil C stocks (0.50 and 0.32 Mg ha~! yr~! in the CONV and ORG system, respectively),
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while the permanent grazed grass—clover (scenario 11) resulted in higher soil C stocks
than all other scenarios by 2050 (increase rate of 0.36 and 0.42 Mg ha~! yr~! in the CONV
and ORG systems, respectively) (Figure 3). Nearly all scenarios under the CONV system
indicated an overall decrease in soil C stocks between 2018 and 2050, except for scenarios
9,10 and 11 (Figure 3A,B). Conversely, all scenarios under the ORG system showed an
overall increase in soil C stocks between 2018 and 2050, except when continuous arable
rotations with no grass—clover leys were simulated (scenario 1) (Figure 3C,D). Comparing
rates of increase between the hypothetical scenarios where different years of grass—clover
were introduced into a four-year arable rotation, but excluding the effects of the latter,
it was noted that both systems were alike (average rates of increase of 0.44 £ 0.03 and
0.48 + 0.02 Mg ha~! yr~! in the CONV and ORG system, respectively). For both systems,
it was observed that the implementation of a minimum of four years of grass—clover may
prevent soil C stock losses caused by the use of a four-year arable rotation alone (scenario 7).
Adding further years of grass—clover ley (i.e., 6 and 8 years, scenarios 4, 5, 8 and 9) in a
four-year arable rotation resulted in a similar soil C stock for 2050 (Figure 3). The results
further indicated that while both non-grazed and grazed grass—clover had a positive effect
on soil C stocks, grazed grass—clover periods were slightly higher than the non-grazed
regimes (Figure 3B,D).
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Figure 3. Long-term simulations of soil C stocks at 0-0.20 m depth of the hypothetical scenarios

under the conventional system: (A) non-grazed, (B) grazed; and organic system: (C) non-grazed,

(D) grazed. The reference for rates of SOC stocks change is the average of the measured (2017) soil C

stocks in the conventional system: 51.01 Mg ha~! (1 = 6); and organic system: 48.81 Mg ha~! (1 = 6).

The numbers 1-11 represent hypothetical scenarios as described in Section 2.6 “Long-term scenarios”.

4. Discussion
4.1. Simulating soil C Stocks with the DayCent Model

The ability of the DayCent model to simulate soil C stock changes under conventional
and organic systems and the impacts of alternative management practices within these agri-
cultural systems is reasonable as the simulated results reflected the main trends observed in
the empirical measurements [8,9]. The only exception was for the compost-fertiliser-based
treatment in the NFSC trial, which showed slightly higher simulated soil C stocks compared
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to the mineral-fertiliser-based treatment in contrast to the empirical measurements. This
was probably because, in the experimental trial study, high rates of compost were applied
to match the N rates applied in the mineral treatment, which in the model resulted in the
accumulation of C mainly in the slow pool. However, it was not expected that all the C
additions through compost fertilisation would go into the slow pool (even though empirical
results [9] have indicated a larger contribution from more stable compounds under compost
fertilisation). Despite this, all the simulated values were within the measured variability
and clearly demonstrated that the simulations followed the measured trend.

The findings of this study are indeed promising as the overall predictions were rea-
sonably accurate with a minimal need for model parameterisation. The model was not
substantially changed (i.e., fully parameterised); instead, small tunings were performed.
This is also consistent with previous studies that indicated DayCent is a reliable model for
simulating soil C stocks even with only some site-specific parameterisation [30,31,62,63].
Similarly to this study, Begum et al. [30] adjusted only plant production parameters for an
appraisal of different fertiliser and manure additions on the long-term Broadbalk experi-
ment (Rothamsted, UK). The authors reported a high degree of association of the DayCent
simulated values and the empirical measurements collected between the years 1843-2014.
However, they stressed that a slight overprediction could occur under mineral fertilisation
treatments as the model simulates higher yields, and therefore, also, higher C additions.
This is also in agreement with another recent study conducted by Senapati et al. [33], who
tested the sensitivity of the DayCent model and highlighted that it did not simulate low
input regimes very well. These may also be the reasons for the marginally overestimated
simulated soil C stocks in the conventional system and non-grazed regimes and the under-
estimated values in the organic system and the grazed regime (non-significant; p > 0.05).
Spatial variations, and therefore factors such as pests, weeds, diseases, micronutrient defi-
ciencies and topography; (i.e., factors not considered in the simulations) could also explain
the very slight differences observed between the measured and simulated soil C stocks
in the farm-scale study. Conversely, the smaller number of replicates in the NFSC trial
compared to the farm-scale study may have generated a higher measurement uncertainty
that also led to slight variations between the measured and simulated soil C stocks.

Small variations observed between the study fields and treatments with similar historic
management might also be associated with differences in productivity, and therefore,
soil C inputs. Georgiou et. al. [64] highlighted that simulations of soil C stocks can
be quite sensitive to variations in net primary productivity even in other process-based
models. Although our simulated yields were consistent with measurements reported
elsewhere in the UK, site-specific yields could help provide a more detailed analysis of
the relationship between soil C stocks and yields for this specific case of Nafferton farm.
This is of particular importance as agricultural systems must aim for sustainability aspects
(e.g., soil C sequestration) but also to be able to deliver good productivity. The approach
followed in this study, i.e., adjusting NPP and standardising soil properties (soil texture,
bulk density, pH, field capacity, wilting point and hydraulic conductivity) to focus on the
impacts of agricultural systems and alternative management practices alone, might have
contributed to these slight variations that were observed [65]. Thus, we reinforce the need
for future studies to also focus on the balance between production and sustainability for
different agricultural systems and management practices. Although we recognise that our
approach may have driven some of these small differences between the measured and
simulated values, we reiterate that, overall, DayCent was capable of capturing most of the
variation in measured soil C stocks.

The finer timescale (daily time steps) that the DayCent model operates in comparison
with other models (e.g., Century and/or Roth C, monthly time steps), provides a detailed
representation of processes such as plant growth, decomposition of litter and soil C, nutrient
flows, soil water and soil temperature, allowing the model to simulate soil C stocks under
a range of scenarios [42,66]. In particular, the close relationship between plant and soil
represented by the model places DayCent as one of the most comprehensive mechanistic
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models for soil C dynamics [67]. Sensitivity analysis of the model highlights this close
relationship as changes in parameters such as pH, clay content and daily precipitation
directly affected soil C stocks even under a short timescale (from 2008 to 2018, i.e., 10 years).
Specifically, decreasing soil pH by 1 unit and daily precipitation by 10%, and increasing
clay content by 10%, enhanced soil C stocks by 2-8%. These results are most likely to be
associated with a decrease in the rate of decomposition and an increase in the physical
protection of SOM without negatively affecting NPD, i.e., crop production. Conversely,
increasing pH by 1 unit and daily precipitation by 10%, and decreasing clay content by
10%, diminished soil C stocks between 2-3%, which might be due to both the negative
effects on crop production and the stimulation of SOM decomposition. The model showed,
however, that it was less sensitive to changes in soil bulk density (£10%). This result
particularly suggests that using a fixed soil bulk density value for all simulations, as was
conducted in this study, did not affect the simulated soil C stocks. This potential lack
of sensitivity observed here and elsewhere [30] for changes in soil bulk density by the
DayCent model deserves further investigation as a model refinement might be needed to
realistically simulate all the soil processes that affect soil C stocks. Additionally, although
it was expected that daily air temperature (£1 °C) would be one of the main driving
factors affecting soil C stocks due to its direct effect on both plant growth and microbial
activity [68,69], the timespan tested here for the sensitivity analysis (from 2008 to 2018) may
not have been enough for the expected increase in plant growth to offset the short-term soil
C loss through soil respiration, or vice versa [70,71]. This is also emphasised by the results
of other studies [30], where the sensitive analysis observed changes in soil C stocks up to
approximately 5% (in contrast to + ~2 observed here) when longer time spans (170 years)
were considered for the sensitivity analysis.

Ultimately, despite a few mismatches, and acknowledging that the DayCent model
can be improved, the results and trends observed here somehow reflected other studies
that used different models such as RothC, ECOSSE, etc. [64,72,73]. In this sense, we
concluded that the choice of a specific model depends on the research question the study
aims to answer. Here, the DayCent model confirmed the overall good performance of
the initialisation approach and the efficiency in simulating soil C stocks under different
agricultural systems and alternative management practices. While accurate simulation of
present soil C stocks is important, the main goal of using a biogeochemical model is to
simulate impacts of C management practices in the future, which is discussed in detail in
the next sections.

4.2. Historical Soil C Stock Changes and the Effects of Alternative Management Practices in the
Conventional and Organic Agricultural System Now and into the Future

The DayCent simulations showed that the intensification of crop production over
180 years (i.e., from 1800 to 1980) resulted in a decrease in soil C stocks of approximately
30%. This amount of C lost and the annual decrease rate predicted by the DayCent model
were consistent with previous studies conducted across Europe and in the UK [74-76].
Similar reductions in soil C stocks after a land use change from semi-natural systems to
cropland were also reported by other studies conducted in the UK but using other soil
C models [46]. It is well-known that the historical soil C losses after conversion from a
natural/semi-natural system to agricultural systems are primarily associated with the
increased oxidation of organic matter and often the occurrence of soil erosion.

After the historical period, simulations for the period between 1981 and 2007 for the
farm-scale study and from 1981 to 2000 for the NFSC trial indicated that study fields used
as permanent grassland resulted in higher soil C stocks compared to study fields used as
cropland, which reflected the existing knowledge in the literature. Permanent grassland
generally accumulates soil C stocks due to higher soil C inputs through litter deposition
and enhanced soil aggregation and SOM protection as a result of the abundant fine root
system with fast turnover [77,78]. This is especially true for well-managed grassland, i.e.,
not over-grazed and receiving regular applications of fertilisers and /or manure, as is the
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case at Nafferton farm. In contrast, cropland systems are associated with factors such as
the lower return of plant residues (above and belowground) to the soil, the increase in
mineralisation rates and soil disturbance through tillage, and consequently, a decrease in
physical protection of the SOM [77,79]. Muhammed et al. [46], using an integrated mod-
elling approach for the whole of the UK for the period between 1800 and 2010, confirmed
that, under arable lands, soil C outputs through decomposition were always higher than
soil C inputs by plant residues. This trend was also observed in the long-term simulations
of the present study. However, it seemed to change when alternative management practices
were implemented.

At the farm-scale, the implementation of grazed regimes and higher ley time propor-
tions showed an upward trend in soil C stocks over 33 years (2017-2050) of simulations,
regardless of the agricultural system. There is a lack of studies comparing the implementa-
tion of non-grazed vs. grazed regimes and ley time proportions within conventional and
organic systems, especially over longer-term periods. However, it is reasonable that in-
creasing ley time proportions in crop rotation would enhance soil C accumulation since this
practice results in higher C inputs and is often combined with reduced-tillage events [8,31].
Jarvis et al. [80], in a long-term field trial in Sweden (60 years), measured topsoil soil C
concentrations (0-0.10 m) in a varying proportion of grass—clover leys (1, 2, 3 or 5 years)
in 6-year rotations. Similar to the simulations of the present study, the authors observed
that increases in ley time proportions increased soil C concentrations and attributed this to
the growth of root systems predominantly in the topsoil. Another recent empirical study
conducted by Quemada et al. [11] also indicated that ley periods have the potential to
maximise soil C stocks. The authors particularly attributed this finding to the increase
in yields of the subsequent cash crop, which occurred especially when ley periods were
composed of legumes and maintained for longer periods. Increases in topsoil root growth
and in cash crop yields due to increases in ley time proportions may also be the main
drivers for soil C accumulation over the 33 years (2017-2050) of our simulations. While
ley periods have the potential to increase soil C stocks, they may also either increase or
decrease GHG emissions due to interactions between soil N availability and the type of ley
growth (e.g., legumes vs. non-leguminous species) [81]. This is crucial and indicates that
further research is required to assess the trade-offs between the C accumulation benefits of
leys and the impacts on GHG emissions, not only regarding the length of the ley period but
also the type of ley used in the rotation. Ultimately, even though DayCent has shown good
performance in simulating different proportions of ley periods with promising potential
for soil C accumulation, these predictions should be considered with caution since GHG
emissions were outside the scope of this study and thus not examined.

In relation to the grazed regime, the stimulation of belowground biomass and the extra
inputs of C through forage residues and animal dung are probably the greatest driving
forces of C accumulation [82-85]. In the DayCent model, these factors are included in the
simulation. Whenever a grazing event is scheduled in the simulation, it directly affects
aboveground biomass (live and standing dead) by removing a fraction of it, the return of
nutrients to the soil by urine and faeces deposition (including C, N, P and S in organic
forms), the lignin content of the faeces and the root—shoot ratios, all of which will depend
on the grazing intensity. Although these are arguably the main mechanisms that influence
soil C stocks under a grazing regime, there may also be other factors, e.g., individual
plant species and plant cover as well as processes that fix C during photosynthesis [83,86].
However, not all of these factors are currently accounted for as possible extra C inputs by
the DayCent model. The simulated soil C accumulation for the study fields under grazed
regimes therefore mainly resulted from the potential boosted productivity and stimulation
of belowground biomass as well as the excreted C in dung and urine. While dung and
urine deposition may have some benefits to increase soil C stocks, other issues need to
be considered, for example, GHG emission [87,88]. A further important finding is that
differences in simulated soil C stocks between study fields in the farm-scale study were
minimal in 2050, particularly when the ley time proportion was >40% and under the
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grazed regime. This ultimately suggests that the implementation of grazed ley periods for
less than half of the period of the rotation could offset an arable-associated decline in soil
C stocks.

Previous research has highlighted that changes in soil C stocks are mainly driven
by differences in soil C input in the form of fertilisers and crop residues [89,90]. In this
study, DayCent simulations in the NFSC trial showed positive effects to soil C stocks
under compost fertiliser application, while crop rotation showed contrasting findings con-
ditional to the fertilisation source applied. Over a projected 32 year period (2018-2050), the
increase in soil C stock under compost fertiliser treatments was estimated to be approx-
imately 0.3 Mg ha~! yr~!, which exactly matches the rate of soil C stock gains reported
by Begum et al. [30] in a simulation conducted in the Broadbalk experiment, one of the
oldest of its kind in the world [50]. The increased rate found in our study also agrees with
Smith et al. [91] who reported a range of C accumulation rates from 0.002 to a maximum
of 0.30 Mg ha—! yr~! for cool moist croplands. We hypothesised that the soil C stocks’
increase was driven by increasing the amount of total C inputs as well as by the low C:N in
manure as reported [15,62]. Although organic amendments are widely recognised for their
capacity to enhance soil C, it is important to emphasise that it is also dependent on their
decomposability [30,65,92], meaning that this finding should be considered carefully.

Regarding the crop rotation, the conventional rotation showed the highest and the
lowest soil C stocks when combined with compost and mineral fertiliser, respectively, after
32 years of simulations (difference of approximately 10 Mg ha~!). Similar results were
observed under organic rotation but with intermediate soil C stocks and differences of
only ~4 Mg ha~! between compost and mineral fertiliser after the same period (2018-2050).
These results are in line with the simulations reported by Lee et al. [31] who compared
conventional and organic systems in Switzerland at the regional scale also using the
DayCent model. Their study suggests that the adoption of the organic systems with
compost fertiliser has a higher potential to increase soil C stocks relative to conventional
systems with only mineral fertiliser. However, the authors used a conventional system
without cover crops in the rotation as a baseline for their comparison. In this study,
although grown with different lengths of years (two- and three-years), both conventional
and organic systems had grass—clover ley periods inserted into the rotation, which might
have limited differences between the two rotations. Moreover, the conventional rotation
was characterised by cereal intensive crops, while the organic rotation was based on a
more diverse and legume-rich cycle. Ultimately, these results suggest that the magnitude
of changes in soil C stocks may also be crop-specific. In the DayCent model, crops differ
in terms of C allocation fraction, root biomass C, aboveground live C and crop residues,
among others, thus affecting soil C accumulation.

4.3. Hypothetical Scenarios Observations

The positive influences of the grazed regime, ley time proportions and compost
fertiliser, as well as the effect of crop choice in rotation, on soil C stocks were all further
emphasised under the hypothetical scenarios.

It was notable that higher ley time proportions resulted in a higher potential for soil C
stocks to increase, albeit at a lower rate when adding more than four years of grass—clover
ley periods in a four-year arable rotation and/or under the non-grazed regime. These
results were observed under both conventional and organic systems, but the crop choice
in the rotation of the former led to higher soil C loss compared to the latter. According
to Lee et al. [31], crop choice in rotation, rates of mineral fertilisation and/or organic
amendments and tillage events play a key role in simulating soil C stocks by the DayCent
model. Crop choice in rotation, in particular, help to justify the slight soil C stock differences
between the conventional and organic system in the hypothetical scenarios since all the
other parameters (e.g., soil C inputs through fertilisation and tillage events), were kept
identical during the simulations. The four-year conventional arable rotation exerts a higher
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decrease rate compared to the four-year organic arable rotation as a function of different
crop-specific parameters defined by the DayCent model as aforementioned.

Lastly, it is worth noting that the potential soil C stock accumulation is a function of
both the previous management and the initial soil C stock’s condition. Accordingly, the
DayCent model simulations indicated that the implementation of alternative management
practices in study fields with an initial depleted soil C storage (e.g., study fields previously
under a cropland-based system) increased soil C at higher rates compared to study fields
with a high initial soil C storage (e.g., study fields previously under a permanent grassland
system). Yet, soil C accumulation is finite and reversible when the land use or management
practice is changed. Since these aspects and others such as crop varieties, climatic variation
and interactions between other management options will all impact the future performance
of the alternative management practices tested here, long-term perspectives should be
considered as scenarios only.

5. Conclusions

In this study, the effects of historical, current and future soil management on soil C
stock changes (0-0.20 m depth) were explicitly simulated by the DayCent model. The
model was able to capture the trends of decreased soil C stocks due to the historical inten-
sification of crop production followed by a recovery when more sustainable agricultural
systems and management practices were implemented. The simulations also confirmed
empirical findings showing that there are benefits to soil C stocks when implementing
management practices such as the grazed regime and higher ley time proportions (es-
pecially as combined practices) regardless of whether the system is conventionally or
organically managed. Furthermore, model simulations showed that the application of
compost fertiliser promotes soil C accumulation, although its magnitude is dependent
on the choice of crops in the rotation. Long-term simulations suggested that the grazed
regime, higher ley time proportions and/or compost fertiliser application can increase soil
C stock for a period of at least 30 years. However, ley time proportions higher than 40%
of the full crop rotation did not improve soil C accumulation further. Ultimately, it was
concluded that the DayCent model can be used to identify the quantity of and the effective
period for which management practices can be used to target mitigation efforts, but since
productivity was not fully tested, it remains a gap that must be fulfilled by future studies
(i-e., the balance between sustainability and productivity aspects). The results found in
this study support its use to grasp the effects of conventional and organic systems and in
the implementation of alternative management practices on soil C stocks to guide the best
future land management in northern England agricultural systems.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy13041093/s1, Figure S1: Average monthly air temperature
(line) and rainfall (bars) at Nafferton farm, Stocksfield, Northumberland, Northeast England, UK,
between 1900 and 2020; Figure S2: Relationship between measured and simulated soil organic C
stocks (SOC stock, Mg ha~!) at 0-0.20 m depth due to changes in ley time proportions (%). Each (O)
symbol represents a study site SOC stock mean of a minimum of eight and a maximum of 15 spatial
replications. Each (x) symbol represents the simulated SOC stock of the study site. The solid line is
the linear regression line around the measured values, while the dashed line is the linear regression
line around the simulated values; Figure S3: Equilibrium to modern-day baseline simulation of
soil organic C stocks (SOC stocks, Mg ha~1) at 0-0.20 m depth; Table S1: Management history of
the 12 study fields at Nafferton farm over 10 years (2008-2017) indicating agricultural system (S)
(conventional —CONYV and organic—ORG), grazing regime (G) (non-grazed—NG and grazed—GG),
ley time proportion (LTP), manure application proportions (MAP) and tillage event proportion
(TEP), and further details including main crops grown and fertilisation rates. LTP, MAP and TEP
shown as % of years in which the field was under ley, received manure application or had activities
that turned the soil over for at least 0.15 m depth prior to sampling. Data from Zani et al. (2022);
Table S2: Summary of the input parameters entered in the DayCent model including climate data
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and general soil properties (0-0.20 m depth) encompassing the farm-scale study and the Nafferton
Factorial Systems Comparison (NFSC) trial.
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