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Highlights

* Crop residue quality and placement in soil interact during decomposition

Soil surface placement and a high C:N ratio in residue reduce N availability to decomposers

Low N availability decreases residue C mineralization and microbial N immobilization

Residue degradation rate and biomass C:N ratio are controlled by the total N availability

The N-limitation concept should improve predictions of net N mineralization.

Abstract:
Crop residues are the main source of carbon inputs to soils in cropping systems, and their subsequent

decomposition is crucial for nutrient recycling. The interactive effects of residue chemical quality,
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residue placement and soil mineral nitrogen (N) availability on carbon (C) and N mineralization
dynamics were experimentally examined and interpreted using a modelling approach with the
deterministic-functional, dynamic decomposition module of the Simulateur mulTIdisciplinaire pour
les Cultures Standard (STICS) model. We performed a 120-day incubation at 25°C to evaluate how
the mineralization of C and N from residues would respond to residue type (residues of 10 crop
species with C:N ratios varying from 13 to 105), placement (surface or incorporated) and initial soil
mineral N content (9 or 77 mg N kg dry soil). A reduced C mineralization rate was associated with N
limitation, as observed for high-C:N ratio residues, and shaped by residue placement and initial soil
mineral N content. This was not observed for low-C:N ratio residues. Overall, increased net N
mineralization corresponded with reduced N availability. Using the optimization procedure in the
STICS decomposition module to explain the C and N dynamics of surface-decomposing residues, we
estimated that 24% of the total soil mineral N would be accessible to decomposers. The STICS
decomposition module reproduced the C and N dynamics for each treatment well after five parameters
were optimized. The optimized values of the biomass C:N (CNbio), residue decomposition rate (k),
humification coefficient of microbial C (&), and microbial decomposition rate (1) were significantly
correlated with total N availability across all 40 treatments. Under low total N availability, CNbio
increased, while k, & and A decreased compared to their values under high N availability, suggesting
functional changes in the microbial community of decomposers. Our results show that an N
availability approach could be used to estimate residue C dynamics and net N mineralization in the
field in response to crop residue quality and placement and demonstrate the potential to improve

decomposition models by considering the effects of N availability on C dynamics.

Key words: chemical quality; crop residue; decomposition; N limitation; residue placement; STICS

decomposition model
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1. Introduction

The objectives of reducing reliance on mineral fertilizers as well as reactive nitrogen (N)
losses in agrosystems and diversifying cropping systems (diversification of crops in rotation, double
cropping, mixed cropping, reduction or suppression of soil tillage) have increased the need for an
accurate method of predicting the decomposition dynamics of crop residues and their effect on carbon
(C) fluxes and mineral N availability. C and N cycles are closely coupled during the microbial
degradation of plant residues and litter in soils (Trinsoutrot et al., 2000; Li et al., 2013; Redin et al.,
2014b). The intensity of C and N fluxes and the resulting net availability of mineral N in soils are
controlled by the chemical characteristics of these substrates (Trinsoutrot et al., 2000; Liang et al.,
2017) and the conditions of their decomposition, particularly the location of the residues in the soil
and the environmental conditions (Coppens et al., 2006; Aita et al., 2012; Mulvaney et al., 2017).

Regarding residue placement, many studies have found that crop residues left on the soil
surface decompose more slowly than incorporated residues (Curtin et al., 1998; Coppens et al., 2006;
Mulvaney et al., 2017; Oliveira et al., 2020); this effect was attributed mainly to changes in conditions
such as soil-residue contact and soil water content, which control decomposition (Coppens et al.,
2007). The effect of the placement of crop residues on their decomposition rate has also been shown to
depend on the nature of these residues; the decomposition of labile, N-rich residues (from immature
plants) is little influenced by their initial placement (Bremer et al., 1991; Bending and Turner, 1999;
Abiven and Recous, 2007). This finding suggests that N availability to decomposers, as influenced by
soil-residue contact, is involved in the interaction between crop residue quality and placement
(Giacomini et al., 2007; Li et al., 2013): N-rich residues contain and release N in sufficient amounts to
sustain decomposition even if little N is available in the soil; in contrast, decomposition of N-poor
residues is dependent on soil N, which, if not available (for example, when surface placement limits
contact with the soil), becomes a limiting factor for decomposition. Studies examining the role of
mineral N availability in C and N dynamics during decomposition showed that low N availability to
decomposers not only slowed the rate of decomposition of N-poor (or high C:N) residues but also

modified the amount of N assimilated per unit of decomposed C, suggesting the adaptation of
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microbial communities of decomposers to N richness in their environment (Zechmeister-Boltenstern et
al., 2015). This could be due to a shift in the dominant microbial decomposer community (Nicolardot
et al., 2007) and/or the stoichiometric flexibility of the microorganisms (Agumas et al., 2021; Bai et
al., 2021). The effects of N availability on organic matter turnover have been more completely
described for soil humus than for plant residue decomposition, particularly in forest ecosystems
subjected to nitrogen enrichment (Chen et al., 2020; Geng et al., 2021). Few models have formalized
the relationships between crop residue decomposition and N availability during decomposition
(Molina et al., 1983; Li et al., 1992; Henriksen and Brelan, 1999a; Brisson et al., 2003). It can
therefore be seen that the overall availability of N to microbial decomposers, which impacts C
dynamics and the net mineralization of N, culminates in a given situation from three factors: the soil
and its mineral N content, the crop residue and its N content (organic and sometimes mineral), and the
colocation of the two sources of N (soil and residue) determined by residue placement, which affects
the greater or lesser accessibility of soil N to decomposers.

In this context, the objective of this work was to investigate the effect of the interaction
between the chemical quality of crop residues and their placement on residue decomposition, with a
focus on the role of N availability. To address this topic, we used an incubation approach to control all
experimental conditions, and we explored the responses obtained from 10 crop residues of different N
richness and biochemical composition that were left on the soil surface or incorporated into the soil;
the experimental soils had two initial levels of mineral N (abundant or limited). Manipulating the
initial mineral N content allowed us to disentangle the chemical quality and N richness of the residues
and to explore a wide range of N availability levels during decomposition. We hypothesized that the
placement of crop residues would first influence access to soil mineral N for decomposers and interact
with residue quality. We also tested the hypothesis that the soil mineral N, residue N and residue
placement as drivers of decomposition could be translated into a single variable, i.e., the overall N
availability to decomposers, across the wide range of residue types investigated. We used the
decomposition module of the Simulateur mulTIdisciplinaire pour les Cultures Standard (STICS)
model (Nicolardot et al., 2001) to interpret our experimental data, i.e., to estimate the functional

adaptations of the soil microbial biomass.
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2. Materials and methods

2.1 Collection of plant material

Ten representative plant species grown as main crops or cover crops from agricultural systems
in Brazil were studied (Table 1). The plants selected included four Poaceae (Gramineae), four
Fabaceae (legumes), one Brassicaceae, and one Asteraceae species. The plants were cultivated in
Typic Hapludalf soil under a no-till system in the experimental area (29°41' S, 53°48' W;
approximately 90 m elevation) of the Soil Department of the Federal University of Santa Maria in the
state of Rio Grande do Sul, Brazil. The region has a subtropical climate, with a mean annual
precipitation of 1686 mm and a mean air temperature of 19.3°C. For the previous 12 years, the
experimental site had been cultivated using a no-till system. All the crops were managed appropriately
according to the technical recommendations for the area. The shoots of the plants were collected at
flowering and harvest for the cover crop species and main crop species, respectively, and 3 replicates
were obtained per species. The leaves that senesced before harvest were collected gradually until
harvest, stored in paper bags and kept at room temperature. Subsequently, the plant shoots were
separated into leaves and stems to determine their biomass proportion for each plant species (Table 1).
The residues were first dried at 40°C, and the leaves and stems were then cut into pieces 1 cm in
length. Subsequently, the residues were cut lengthwise into pieces with a thickness of approximately
0.5 and 0.3 cm for leaves and stems, respectively. A mixture of leaves and stems with a leaf: stem
ratio similar to the ratio of dry biomass between leaves and stems determined under field conditions
was also prepared (Table 1). One subsample of residue per species was dried at 40°C and ground to a
size of 1 mm; a second subsample of each type of residue was dried at 65°C and finely ground (<1

mm) for chemical analyses.

2.2 Chemical characterization of plant residues
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The total organic C and total N contents of the mixtures of leaves + stems were determined
from three finely ground subsamples dried at 65°C using an elemental autoanalyser (FlashEA 1112,
Thermo Finnigan, Milan, Italy). A proximate analysis using the Van Soest method was performed
using the subsamples of ground residues predried at 40°C. The soluble (SOL), cellulose (CEL),
hemicellulose (HEM), and lignin (LIG) fractions of the residues were determined by proximate
analysis (Van Soest, 1963) according to Redin et al. (2014a). The residues were placed in a 60-ml snap
cap vial with distilled water (20°C) and mechanically stirred for 30 min. After mixing, the material
was filtered (Whatman n° 5), and the contents of water-soluble organic C (Csw) and water-soluble
total N (Nsw) in the filtrate were determined. All analyses were performed with 3 replicates, and the

results are shown in Table 1.

2.3 Soil, treatments, and experimental conditions

The soil used was a Typic Hapludalf (USDA classification) collected from the 0—10-cm layer
in the no-till system. The soil contained 120 g kg!' clay, 280 g kg silt, 600 g kg sand, 8.7 g kg'!
organic C, and 0.9 g kg! total N and had a pH (H>O) of 5.4. After visible organic residues had been
removed, the soil was sieved to 4 mm. Two initial mineral soil N levels were established for the
incubations: 1) 9 mg N kg dry soil (low N availability; 9 N) and 2) 77 mg N kg dry soil (high N
availability; 77 N). These levels were obtained by adding KNOs-N prior to incubation to prevent N
limitation during decomposition (Recous et al., 1995). In the two treatments, the amount of water
added was calculated to achieve a soil moisture content of 80% of field capacity, i.e., 13.8 g HO 100
¢! dry soil. The soils were preincubated in plastic bags at 25°C for 5 days.

The experiment consisted of incubation conducted for 120 days in the dark at 25 + 1°C to
measure the C and N mineralization of the residue-amended soils. The experimental design consisted
of two sets of incubation jars prepared and monitored in parallel. One set of jars was used to evaluate
C-CO; emissions, and the second was used to measure the evolution of inorganic N in soils. The
treatments were arranged in a completely randomized design, and each treatment was replicated three

times. The residues, added at a rate of 0.56 g dry matter (DM) pot (equivalent to 4.76 g DM per kg
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dry soil), were either applied to the soil surface (S) or incorporated into the soil (I). This was
equivalent to the addition of 1952 (oilseed rape) to 2155 (maize) mg C kg of dry soil and 20 (maize)
to 170 (vetch) mg N kg of dry soil. To set up the pots for the experiment, a subsample of 134 g of
moist soil was taken from each replicate. A subsample of 67 g of moist soil (S treatments) or soil
mixed with half of the residues (I treatments) was then placed in a 110-ml cylindrical acrylic pot (5.0
cm in diameter and 5.0 cm in height) and compressed to a height of 2.5 cm. Then, a second subsample
of 67 g of moist soil (S treatments) or soil mixed with half of the residues (I treatments) was placed in
the same acrylic pot and packed to a total height of 5 cm. Thus, the soil in each pot reached a final
bulk density of 1.2 g cm™. In the S treatments, the residues were homogeneously applied to the top of
the soil in the pot. Treatments with soil and no residues were set up as controls. Each acrylic pot was

placed in a 1000-ml glass jar prior to incubation.

2.4 Analytical procedures

C mineralization was assessed by quantifying continuous CO; release using NaOH trapping
for samples taken at 2, 4, 7, 10, 14, 21, 28, 35, 50, 70, 90, and 120 days after the start of the
incubation. The CO» produced in the soil was trapped in 10 ml of 1 M NaOH in a beaker placed inside
each glass jar. The carbonate trapped in the NaOH was precipitated with a BaCl, solution in excess of
2 M, and the remaining NaOH was back-titrated with 1 M HCI. At all sampling times, the jars were
aerated for 10 min to refresh the internal atmosphere, and the soil water content was checked by
weighing and adjusted as necessary with a micropipette.

The soil mineral N content (NH4* + NO; + NO3") was measured destructively on day O and at
7, 14, 21, 35, 63, 90 and 120 days of incubation. At each sampling time, the visible residual particles
were removed. Mineral N was extracted from fresh soil samples with 1 M KCI (30 min shaking, soil-
to-solution ratio 1:4). The soil KCl suspension was settled for 30 min until the supernatant liquid was
clear, and the mineral N in an aliquot of the soil extracts was then measured by steam distillation
(Keeney and Nelson, 1982). The jars were opened periodically, aerated and adjusted for humidity

when necessary.
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2.5 Data and statistical analyses

The apparent mineralization of C from the crop residues was calculated by subtracting the
amount of CO»-C released with the control treatment from the amount of CO»-C released with the
amended treatments. The apparent mineralization assumes that crop residue addition has no effect on
soil C mineralization (no priming effect) or that this effect is similar regardless of the type of crop
residue mixture added. Net N mineralization was calculated by subtracting the mineral N measured in
the control from the amount of mineral N that accumulated with each amended treatment (the same
control used to calculate the apparent C mineralization). The data on N mineralization and cumulative
C mineralization measured over 120 days were analysed by analysis of variance (ANOVA), and the
mean values were compared by the Tukey test (p < 0.05).

To obtain a quantitative measure of the relative importance of the initial chemical
characteristics of the residues for determining residue mineralization, we first calculated C
mineralization using an exponential equation according to Jung et al. (2011):

Cmin=Co (1 —e”") (1)
where Cmin is the amount of mineralized carbon, Cy is the potentially mineralizable C pool, b is the
total mineralization constant (crop residue and microbial biomass), and ¢ is the incubation period.
Stepwise multiple regression analysis was then used to determine which combinations of chemical
variables best explained the variations in Cyp and b. Only those variables that were found to be
significant at p < 0.05 were retained in the regressions. Regressions were performed with all available

chemical variables of the residues.

2.6 Modelling

The decomposition module developed by Nicolardot et al. (2001) was used to analyse the
observed dynamics of C and N mineralization as affected by residue type, residue placement and
initial soil mineral N content. This decomposition module is part of the crop-soil model STICS

(Brisson et al., 2003), which is a dynamic, simple and robust model. The module was previously
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parametrized under non-nitrogen-limited conditions from a dataset with a large range of crop residues
that were finely ground and homogeneously incorporated into the soil (Nicolardot et al., 2001; Justes
et al., 2009).

The module has three organic compartments: crop residue (R), decomposer microbial biomass
(B) and humified organic matter (H). The crop residues and microbial biomass are assumed to
decompose according to first-order kinetics with rate constants of k and A (day™), respectively. The
decomposed C is either mineralized as CO, or assimilated by the microbial biomass with yield
efficiency Y (g g'). Microbial decay is assumed to result in C humification and secondary C
mineralization at proportions of i and 1 — A, respectively (g g'). The N dynamics are governed by the
C transformation rates and the C:N ratios of the pools. The C and N fluxes are thus governed by seven
parameters: two rate parameters (k and 1), two partitioning coefficients (Y and /) and three C:N ratios
(those of the crop residue, the microbial biomass and the newly formed humified organic matter).

In the standard parameterization proposed by Nicolardot et al. (2001) and improved by Justes
et al. (2009), the residue decomposition rate (k), the biomass C:N ratio (CNbio) and the humification
coefficient of microbial C (k) are obtained using hyperbolic functions according to the residue C:N
ratio (which is directly measured), while the rate of decomposition of microbial biomass (1), the
assimilation of residue C by the microbial biomass (Y) and the newly formed humified organic matter
C:N (CNhum) are fixed and are therefore not related to the C:N ratio of the residue. This standard
parameterization was obtained by nonlinear fitting and by minimizing the differences between
observed and simulated apparent C and N mineralization from an incubation dataset including 43
different residues (Justes et al., 2009).

Although this module was originally parameterized and evaluated under non-nitrogen-limited
conditions, Giacomini et al. (2007) found that it was able to reproduce observed data obtained under N
limitation caused either by insufficient soil mineral N or by poor contact between soil and residues if
certain decomposition parameters were modified. These authors proposed that three parameters (k, 4
and CNbio) should be reoptimized and found that when N availability decreased, k& and 4 decreased,
while CNbio increased. These principles were then incorporated into the STICS crop-soil model (v8

and later) by that addition of a cascade of effects under N-limited conditions: a reduction in the
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decomposition rates (k, 4), an increase in the C:N of the microbial biomass and, if the availability of

the mineral N is still insufficient, an increase in the C:N of the newly formed humified organic matter.

2.7 Model testing, parameter optimization and relationship with total N availability

The 40 sets of apparent C and net N mineralization data obtained from the 10 crop residues
decomposing under 4 different conditions of residue placement and initial soil N content (I-77N, I-9N,
S-77N and S-9N) were compared with the simulations generated by the decomposition module. The
simulation process was organized into two steps: simulation with default values (standard
parameterization) and simulation after parameter optimization.

Simulations were first performed with the default parameter set established for incorporated
residues (Justes et al., 2009) to verify the ability of the STICS decomposition module to simulate the
present dataset.

Regarding the optimization process, we chose to limit the number of optimized parameters.
Our strategy was to build on the standard parameterization, only optimizing a small number of
parameters chosen according to previous works (Giacomini et al., 2007) and to literature describing
the relationship between N availability and the decomposition process (e.g., Mooshamer et al., 2014;
Manzoni et al., 2021). Indeed, we aimed not only to improve the model prediction of C and N
mineralization but also to express relationships between microbial traits and total N available to
decomposers. To do so, we tested three different scenarios with an increasing number of optimized
parameters. In each scenario, different model parameters were optimized simultaneously but
independently for each incubation treatment:

Scenario 1: k, 4, CNbio, CNhum. In scenario 1, we selected the parameters that were already
considered in the STICS soil-crop model to take into account the effect of low N availability on the
decomposition of crop residues. Indeed, the work by Giacomini et al. (2007) suggested that k and 4 are
reduced with low N availability, while CNbio may increase. This was then incorporated into the

STICS soil-crop model, with the additional hypothesis that CNhum is ultimately affected if N



280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

availability remains low. This first scenario therefore corresponds to how STICS manages the effect of
N availability on decomposition.

Scenario 2: k, 4, CNbio, CNhum, h. For scenario 2, we added to the four parameters selected in
scenario 1 the humification rate of microbial biomass (4). In the standard parameterization, / varies
according to the C:N ratio of the residue, which implies that residue quality affects the humification
efficiency. In this scenario, we hypothesized that this parameter was affected not only by the C:N ratio
of the residue but also more globally by the N availability (resulting from the C:N ratio of residue and
from residue placement and soil N status).

Scenario 3: k, A, CNbio, CNhum, h, Y. Scenario 3 added the assimilation yield of residue C by
microbial biomass (Y) to the five parameters optimized in scenario 2. Indeed, previous experimental
works have shown that microbial carbon use efficiency can be affected by N availability (Manzoni et
al., 2012): it tends to decrease when N availability is limited. Changes in Y according to N availability
are considered in other decomposition models (e.g., Manzoni et al., 2021). The variation in Y during
residue decomposition is associated with the higher energy investment and adaptation of microbial
communities, which decrease under conditions of reduced N availability.

The optimization algorithm (Newton’s method) available in Excel was used to minimize the
deviations between the simulated and observed values. The minimization criterion was the RR

(relative residual):

P RRMSE (C) + RRMSE (N)
B 2

with

-

n -

|I1 A — A
RRMSE(A) = |E Z (mﬂx (4;) — min {}4;-])

\| i=1

where RRMSE (A) represents the relative root mean square error for variable A (carbon or nitrogen

mineralization from plant residues).
The maximum and minimum limits for each parameter except for CNbio and CNhum were

those proposed by Nicolardot et al. (2001) (0.05 </ < 1; 0 < Y < 0.65). CNbio had its upper limits
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increased to 30 (6 < CNbio < 30) to take into account the possibility of stoichiometric flexibility of the
fungal community (Cleveland and Liptzin, 2007; Camenzind et al., 2021). We considered that CNhum
could vary between 8 and 12 (8 < CNhum < 12), which is consistent with the observed range of C:N
of soil organic matter measured in cropped soils (e.g., Clivot et al., 2017). These parameters were
assumed to be constant throughout the duration of the incubations. In all scenarios, the values of
nonoptimized parameters were fixed or calculated according to their hyperbolic relationships with the
C:N ratio of the residue (Justes et al., 2009).

The relationships between the observed and simulated data for C and N mineralization were

evaluated using the root mean square error (RMSE):

-

|Il (x} A
RMSE (4) = |HZ{AE - 4)°
\| i=1

The subsequent selection of the optimization scenario to interpret the effect of reduction of N
availability on the decomposition process was made combining three criteria: i) the available
knowledge of model parameters that are assumed to be dependent on the total N availability; ii) the
resulting quality of prediction (RMSE), globally and for individual treatments; iii) and the quality of
the relationship between optimized parameters and total N availability, to interpret the response of

microbial traits to N availability.
2.7.3. Use of simulation results to estimate total N availability for decomposers

The main hypothesis of this work is that the interactive effects of residue type, residue
placement, and soil initial mineral N content on the C and N mineralization of residues result from the
overall N availability to decomposers. The total N availability was assumed to be the sum of the initial
soil mineral N content plus the initial residue total N content. For the residue incorporation treatments,
the soil mineral N in the soil core and the residue total N were assumed to be totally available to

decomposers. For the surface residue application treatments, we assumed that only a fraction of the
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initial soil mineral N content would be available to decomposers due to limited soil-residue contact,
while all the residue N was considered potentially available. Therefore, the following calculations
were aimed at estimating the plausible size of the soil mineral N fraction available to decomposers of
surface-applied residues.

To estimate the size of this soil mineral N pool, the parameters &, 4, & and CNbio obtained in
the optimization step (scenario 2) were plotted against the pool of N available to decomposers (total N
availability), which was calculated separately for the incorporated and surface-applied residues. The
plausible proportion of soil mineral N available for the decomposition of surface residues was
determined using the Excel solver tool as the proportion allowing the best fit of the optimized
parameters and the total N availability calculated for all treatments (incorporation and surface

application).

3. Results

3.1 Crop residue characteristics

The residue C concentration varied slightly, from 421 g kg"' DM (oilseed rape) to 453 g kg
(vetch), while the N concentration varied greatly, from 4.3 g kg! DM (maize) to 35.2 g kg (vetch);
therefore, the C:N ratios of the residues ranged from 13 to 105 (Table 1), with the C:N ratios of the
cover crop residues in the low C:N range compared to the main crop residues. The LIG contents of the
crop residues ranged from 61 g kg! DM (wheat) to 143 g kg™ (soybean). In this dataset, the residue
soluble DM concentration and total N concentration were strongly linearly correlated (r>= 0.831),
resulting from the crop maturity stage at which crop residues were harvested. Plants destroyed at the
green stage, such as cover crops (black oat, showy rattlebox, gray mucuna and vetch), have cell
vacuoles with both high soluble content and high N concentration, with the reverse when plants are
mature (six other residues), due to the remobilization of carbon and nutrient reserves during grain-
filling periods. Increased plant maturity is generally related to the deposition of lignocellulosic tissues
(cellulose, hemicellulose and lignin) and governs the ratio of cytosoluble to cell wall fractions in

plants (Bertrand et al., 2019), as observed here for the residues of the crops harvested at maturity.
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3.2 Global C and N mineralization patterns

The cumulative C-CO, and net N mineralization from crop residues varied widely (Fig. 1).
The soil N availability, residue type and residue placement significantly affected the cumulative C
mineralization (P<0.05). The cumulative C mineralization (expressed as % added C) after 120 days
ranged from 39% (maize, S-9N) to 67% (black oat, S-77N) of the added C from surface residues and
from 43% (soybean, I-77N) to 66% (black oat and vetch, I-9N) of the added C from incorporated
residues (Fig. 1a,b). The mineral N dynamics indicated net immobilization or net mineralization in the
different treatments, and the values ranged from -26 mg N kg! soil (maize, S-9N) to +84 mg N kg
soil (vetch, S-77N) with surface residues and from -30 mg N kg! soil (wheat, I-77N) to +100 mg N
kg soil (vetch, I-9N) with incorporated residues (Fig. 1c,d).

The potentially mineralizable C pool (Cp) was calculated with a simple exponential decay
function and ranged from 40.7% added C (soybean; I-77N) to 66.6% added C (black oat; S-77N);
these values were close to the measured cumulative C mineralized over 120 days (Supplementary
Table S1). The mineralization constant (b) of Cy differed among residues (Supplementary Table S1)
and ranged from 0.017 for maize (S-77N) to 0.126 for vetch (I-77N). A correlation analysis showed
that b was positively correlated with the residue N content (surface residues, r = 0.96; incorporated
residues, r = 0.97) and negatively correlated with CEL and HEM (surface residues, r = -0.84;
incorporated residues, r = -0.95). The potential mineralization pool (Cy) was correlated with the CEL,
HEM, and LIG contents, negatively correlated with surface residues (r = -0.35) and positively
correlated with incorporated residues (r = 0.55).

The C and N mineralization for the three crop residues (wheat, vetch, and oilseed rape) are
shown in Fig. 2 to illustrate the three main responses observed in the dataset (the values for the other
residues are presented in the supplementary material, Figs. S1 and S2). For wheat, the rate of C
mineralization was modified by the placement and availability of soil mineral N, with
177>19>S77>S9. This was not the case for vetch, for which the treatment had no effect on the initial C
mineralization; as the experiment continued, the C mineralization in the treatments slightly diverged,

with 19> 177 and S9 and S77 having intermediate values. For oilseed rape residue, there was no
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difference in the kinetics of C mineralization regardless of the soil N availability or the initial residue
placement. The response typologies were very different for the net N mineralization in the soil. For
wheat, as expected from a residue with C:N=89, strong net N immobilization was observed throughout
the decomposition period (peaking at approximately -35 mg N kg! soil); N immobilization was more
pronounced and faster when the residues were incorporated and had a high initial mineral N content
{77>19>S77>S9). For the oilseed rape residue (C:N=22), N immobilization was more limited
(peaking at approximately -10 mg N kg™ soil) and more transient in treatments 177 and 19, while only
positive net mineralization was observed in the S77 and S9 treatments, which had less mineral N in the
soil (S9>S77). For the vetch residues with a C:N ratio of 13, only net N mineralization was observed,
and there were no significant differences between treatments. On average, for all treatments, greater
net N immobilization was observed in the treatments with high initial soil mineral N (S-77N and I-
77N) than in the treatments with low initial soil mineral N (S-9N and I-9N).

To express the relationship between N and C dynamics and to compare treatments at similar
stages of decomposition, net N immobilization was expressed as a function of the cumulative C
mineralization for each treatment (Fig. 2g, h, 1). The greatest net N immobilization was observed from
the incorporated residues of the Poaceae species, sunflower and soybean (mainly in the I-77N
treatment), when approximately 35% of the added residue C was mineralized (Fig. 2g and
Supplementary Figs. S1, S2). The residues decomposing at the soil surface immobilized less N than
the same residues incorporated into the soil at the same stage of decomposition (35% of the
cumulative residue C mineralized). The net N mineralization of residues with low initial C:N ratios

(vetch, gray mucuna) was not affected by the different treatments.

3.3 Simulations with standard parameters and optimization scenarios

Overall, C and N mineralization was not well simulated using the standard parameters of the
decomposition module developed under optimal conditions (finely ground residues and no N
limitation). As expected, the best simulation results were obtained for the residue incorporation

treatment with a high soil mineral N content (I-77N) (Figs. 3 and 4; Supplementary Figs. S1 and S2).



415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

In this treatment, the lowest values of RMSE (C) and RMSE (N) were found for residues with low
C:N ratios (vetch, I-77N and oilseed rape, I-77N). The same was observed for the surface-applied
residues, and the lowest RMSE (C) and RMSE (N) were observed for the showy rattlebox residue in
the treatment with high soil mineral N (S-77N) (Supplementary Fig. S1). In general, for the low soil N
treatments (I-ON and S-9N), the model tended to overestimate C mineralization and underestimate net
N mineralization, resulting in average RMSE values of 13.5% added C and 18.8 mg N kg soil.

The parameter optimization performed in the three scenarios resulted in significant
improvements in the simulations of C and N mineralization dynamics (Table 2). The RMSE (C) and
RMSE (N) values decreased to averages of 2.48% added C and 2.04 mg N kg™ for the three scenarios.
The similar RMSE values obtained after optimization suggest that distinct decomposition model
parameters lead to improved C and N mineralization predictions. However, scenario 2 showed the
most significant correlations between parameters and total N availability and therefore was selected to
interpret the results (Fig. 5). Under scenario 3, no relationship was observed between Y and total N
availability (Supplementary Fig. S3). In this scenario, the relationship between k, A, and CNbio and the
total N availability was slightly weakened compared to that with scenario 2 (Supplementary Fig. S3),
while CNbio values varied within the same range and were not markedly different between scenario 2

and scenario 3 (Supplementary Fig. S4).

3.4 Estimation of total N availability

For the residue incorporation treatments, the total N availability varied from 113.6 kg N
(vetch, 1-77) to 15.8 kg N (maize, 1-9) per ton of residue C added (Supplementary Table S2). For the
surface residue application treatments, using the parameter values generated through the optimization
of scenario 2, the best fit between k, 4, h, and CNbio and the total N availability was obtained when
24% of the mineral N present in the soil was considered available to decomposers. This relationship
resulted in significant correlations for k, A, h and CNbio with total N available (Fig. 5). The calculated
N availability ranged from 10.5 (maize, S-9N) to 86.3 (vetch, S-77N) kg N per ton of residue C added

(Supplementary Table S2).
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3.5 Model optimization and effect of N availability

The value of the parameter k optimized in scenario 2 varied widely across the 10 residues x 4
treatments, from 0.02 to 0.23 day’, and increased with increasing total N availability (Fig. 5a)
regardless of the cause of the variation in total N availability (residue type or placement or initial soil
mineral N). The highest k£ values were observed for vetch residues; these varied little among the
different treatments (from 0.21 to 0.23 day! for I-77N and S-9N) because the main source of available
N for vetch was the residue N itself (Supplementary Table S2). For the mature residues with
intermediate to low N contents, k increased more drastically with increasing N availability, reflecting
the role of initial soil N and placement in the rate of C mineralization (Fig. 5). For example, for the
residues of barley and sunflower, k varied from 0.02-0.03 day" (S-9N) to 0.10-0.13 day™' (I-77N)
(Supplementary Table S2).

The optimized parameter A, which represents the decomposition rate of microbial biomass,
also increased with increasing total N availability (Fig 5). Higher values of A were observed with
higher N residues (e.g., A=0.038 and 0.030 day' for showy rattlebox and oilseed rape, respectively,
under I-77N) (Supplementary Table S2). Conversely, the lowest values of A were observed for the
most mature residues with the lower N content, e.g., 0.003 and 0.002 day' for the maize and wheat S-
9N treatments, respectively (Fig. 5). However, the quality of fit obtained for these relationships was
much poorer than that for k (r = 0.48 vs. 0.86).

The optimized CNbio parameter showed a negative correlation with N availability and
decreased when the total N availability increased, with [-77N<I-9N<S-77N<S-9N (Fig. 5). CNbio
decreased from a maximal value of C:N=30 (wheat, barley, maize, sunflower in the S-9 treatments) at
low N availability to a minimum value of C:N= 8-11 at high N availability (gray mucuna, vetch,
showy rattlebox, oilseed rape in the [-77N & I-9N treatments). The parameter & decreased with
decreasing N availability, varying from 0.76 (showy rattlebox, I-77N) to 0.05 (residues with high C:N
ratios) (Supplementary Table S2). For immature residues with high N content, the 4 values remained

highly independent of residue placement and soil mineral N status (Fig. 5). The parameter CNhum was
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also optimized in scenario 2; its values did not vary consistently and could not be correlated with the
change in total N availability (data not shown). However, it was often higher in the I treatments than in

the S treatments.

4. Discussion

4.1 Drivers of crop residue decomposition

The chemical characteristics and placement of crop residues and the soil mineral N content
were shown in this study to be important drivers of residue decomposition. Considerable work has
been done on these topics in the past, particularly on the relationship between crop residue quality and
potential biodegradability (Trinsoutrot et al., 2000; Abiven et al., 2005; Harguindeguy et al., 2008;
Redin et al., 2014b; Cyle et al., 2016). However, much less work has been done to unravel the effects
of crop residue placement and its interaction with crop residue quality (Coppens et al., 2006; Li et al.,
2013; Datta et al., 2019). Under field conditions, residue placement characterizes different agricultural
management practices (tilled vs. no-tilled agroecosystems) that can affect the decomposition process
by changing soil-residue contact, soil N availability and soil water dynamics (Arcand et al., 2016;
Igbal et al., 2015). Our study does not allow us to evaluate the effect of soil water dynamics on residue
C and N mineralization. However, it is important to mention that in experimental situations with the
potential for large water evaporation, dry conditions could also be a factor slowing down the
decomposition of surface-applied residues compared to that of incorporated residues (Igbal et al.,
2015; Dietrich et al., 2019). It was previously shown that the chemical features of plant tissues (their
proportions of various carbohydrate pools and their tissue architecture) and their N concentrations
should be considered separately (Sall et al., 2007; Sukitprapanon et al., 2020). The former determines
the intrinsic accessibility of plant cells to microorganisms and their enzymes and therefore drives the
kinetics of degradation (Almagro et al., 2021). The latter, residue N, which is essential for microbial

growth and metabolism, determines which of the two elements, C or N, is limiting; moreover, in soil,



498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

residue N determines the balance between N immobilization and N mineralization (Yansheng et al.,
2020).

As observed in this study, the crop residue characteristics are mostly related to the maturation
stage of the plants, as crops used as cover crops (i.e., hairy vetch, gray mucuna, showy rattlebox and
oilseed rape in this study) were harvested in the vegetative stage, when they had low LIG contents and
high soluble DM and N concentrations. Therefore, the soluble DM pool and the total N concentration
were strongly and linearly correlated across the 10 plant residues, and the effects of these two residue
characteristics on C and N dynamics cannot be easily disentangled. The best treatments for examining
how the residue composition affects the dynamics of C mineralization were therefore those that
provided optimal conditions for decomposition, i.e., those in which the residues were incorporated into
soils with high initial mineral N levels (the I-77N treatments). The high mineral N availability
(corresponding on average to 37.0 + 0.9 mg N g ' added C) allowed the N-poor residues to overcome
N limitation, as the threshold for N limitation has been estimated to be approximately 30 mg N g
added C according to Recous et al. (1995) and Mary et al. (1996). Under these non-N-limited
conditions, the kinetics of C mineralization exhibited biochemical differences between crop residues
(Trinsoutrot et al., 2000; Sall et al., 2007). Across the ten treatments, our results confirm a previously
noted pattern in which the degradation rate (b) is negatively correlated with the CEL and HEM
contents and positively correlated with the N and soluble DM contents (Redin et al., 2014b).
Conversely, the main driver of net N mineralization was the residue N content and the associated C:N
ratio. As expected (Abiven and Recous, 2007; Li et al., 2013; Yansheng et al., 2020), net N
mineralization was observed for residues with low C:N ratios, and N immobilization predominated for
residues with high C:N ratios.

One major finding of this study is the interaction of residue placement with residue quality and
how this interaction influences C and N dynamics. The placement of crop residues at the soil surface
has often been found to significantly decrease the rate of residue decomposition; for example, this was
observed by Coppens et al. (2006) with oilseed rape residue and by Datta et al. (2019) with rice and
wheat residues. However, it has also been shown (Schomberg et al., 1994) that this effect of residue

placement is dependent on the residue characteristics. Under laboratory conditions with controlled
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temperature and moisture, this effect was attributed to poor soil-residue contact, which reduced the
availability of soil mineral N for microbial biomass during decomposition of crop residues (Coppens
et al. 2007). Our results confirm these findings, as the effect of residue placement was not observed for
the residues with low C:N ratios in this study (vetch and oilseed rape residues). Conversely, surface
placement drastically decreased the rates of mineralization of mature residues such as maize, wheat,
sunflower, and barley to the extent that, at the end of the incubation, the dynamics of decomposition
for surface maize residues with low mineral N (S-9N) was not advanced enough (maximal cumulative
C-CO; = 39.4% C added) to initiate the phase of net N remineralization, which was observed fairly
rapidly in all the other treatments.

In addition to modifying C mineralization kinetics, residue placement strongly influenced the
intensity of N immobilization during decomposition and the net mineral N balance. Immobilization
increased when residues were incorporated (incorporated > surface) for both soil mineral N levels,
with 77N > 9N, e.g., for wheat and oilseed rape residues. The fact that incorporated residues promote
N immobilization more than surface application was previously described by several authors
(Giacomini et al., 2007; Aita et al., 2012; Mulvaney et al., 2017; Yansheng et al., 2020); the difference
was more pronounced with high-C:N ratio residues, confirming our results. With intermediate-C:N
ratio residues (e.g., oilseed rape and showy rattlebox), despite the lack of an effect of placement on C
mineralization, net N immobilization was observed when the residues were incorporated, while only
net N mineralization was observed when the residues were left on the soil surface. This pattern
suggests differences in microbial N consumption during decomposition, even in treatments with no N
limitation on C degradation (i.e., the vetch and gray mucuna treatments). This reduction in N
consumption by decomposers for a given amount of decomposed C was previously highlighted by
Recous et al. (1995) and Mary et al. (1996), who demonstrated with maize and wheat residues a
threshold of N availability below which microbial N consumption per unit of mineralized C was lower
but the straw C mineralization rate was unchanged. In their work, the microbial N immobilization rate
varied from 30 mg N g' C mineralized under high N availability conditions to 11-15 mg N g! C
mineralized under N-limited conditions (Mary et al., 1996). Therefore, our results, which were

obtained with a large range of residue qualities, confirm the important role of N availability in the
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dynamics of residue C mineralization and N mineralization; N availability is modulated by the
interaction between crop residue composition, crop residue placement and initial soil mineral N, which
are drivers that interact to determine the overall N availability to decomposers. We believe that the
conditions that control the degradation of crop residues by the availability of mineral N are very
common in field conditions, especially in cereal systems, where large amounts of straw may be left in
the field, either on the soil surface as mulch (no-till systems) or incorporated into the topsoil layer by
reduced-tillage techniques, while the soil layer concerned does not contain the amounts of mineral N
corresponding to the microbial needs created by straw incorporation. Limited soil-residue contact and
access to mineral N are also affected by the size of the residue particles, and larger particles (decimetre
size range, such in that observed the field) induce heterogeneity of distribution in the soil and
potentially slow decomposition (e.g., Igbal et al., 2014). To unravel the response of microbial biomass
to N limitation in terms of metabolic traits, this assumption was further tested using a modelling

approach.

4.2 Conceptual approach to determining the overall N availability to decomposers

Few studies have proposed a conceptual approach for determining the accessibility of soil
mineral N from a crop residue layer left on the soil surface. Some models that take into account the
possible N control of decomposition introduced a parameter that defines the thickness of the
underlying soil that "feeds" the decaying mulch (Findeling et al., 2007; Balwinder-Singh et al., 2011).
Some work has also demonstrated the biological realities of these processes by observing either
nutrient translocation by fungal hyphae (George et al., 1992) or the N diffusion gradient in the soil,
e.g., in the detritusphere (Gaillard et al., 1999). The observed differences between the S77 and S9
treatments indicate that the amount of mineral N under the residue layer influenced their
decomposition, revealing the contribution of soil N to decomposition. Here, we adopted an empirical
approach using the STICS decomposition module (Nicolardot et al., 2001) that was based on
optimization of the microbial parameters k, A, h, CNbio and CNhum to determine the plausible size of
the soil N pool that is accessible to decomposers under surface decomposition conditions. Across the

ten crop residues and the two initial levels of mineral N (9 and 77 mg N kg dry soil), the best fit
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between the observed and simulated C and N dynamics was obtained by considering that 24% of the
soil mineral N was accessible to decomposers during surface residue decomposition; this corresponded
to an approximately 1.25-cm soil depth in the soil pots used in the present work. Such an estimation

allowed us to calculate the total N availability for the 40 treatments tested.

4.3 Effects of N availability on the modelled parameters of microbial biomass

The independent optimization of the STICS module parameters for each residue x treatment
combination indicated a reduction in the residue decomposition rate (k), an increase in the C:N ratio of
microbial biomass (CNbio), a decrease in decomposer microbial biomass decay (1) and a reduction in
humification (k) when N availability was reduced; optimizing the assimilation yield parameter (Y) did
not improve the simulations and did not significantly change the range of CNbio values. The most
notable result was that each of these four parameters exhibited a relationship with the total available N,
regardless of crop residue, residue placement or initial soil mineral N content; this confirms our initial
hypothesis of the relevance of the conceptual approach based on total N availability. This relationship
to N availability was particularly strong for k and CNbio.

Evidence of a reduction in the residue decomposition rate under conditions of low N
availability was observed by other authors (Henriksen and Breland, 1999b; Hadas et al., 2004; Wang
et al., 2004; Delgado-Baquerizo et al., 2015). The lower the C:N ratio of the residues was, the lower
the reduction in the decomposition rate. These results show the same substantial effect of reduced N
availability on high-C:N ratio residues, as observed by Schomberg et al. (1994), who found greater
changes in the decomposition rate between incorporated and surface-applied grain sorghum and wheat
residues than between incorporated and surface-applied alfalfa residues. The decomposer microbial
biomass decay (1) was also reduced under conditions of low total N availability. In the Henriksen and
Breland (1999a) model, the decay rate constant of the microbial biomass changed for different organic
pools (plant decomposable, plant structural and humus pools) and decreased with the increase in the
N-deficient structural material.

We also noted an increase in humification (4) with increasing N availability, which is in

agreement with the initial soil mineral N-limitation formalism of the model (Justes et al., 2009) but
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also takes into account the N limitation linked to residue placement. These results reinforce the
importance of microbial biomass as a precursor to stable soil organic matter (Alvarez and Alvarez,
2000; Liang et al., 2019; Wang et al., 2020). The higher humification rate observed for low-C:N ratio
residues is related to their large soluble DM fractions, which are rapidly assimilated by microbial
biomass but are also available for the stabilization and formation of soil mineral-associated organic
matter (MAOM) (Cyle et al., 2016). Residues with a high C:N ratio contain a higher percentage of
complex polymers (e.g., cellulose and hemicellulose), resulting in fewer compounds that can be
stabilized as MAOM (Almagro et al., 2021).

An increase in the C:N ratio of microbial biomass when N availability is reduced has been
included in other models (Blagodatsky and Richter, 1998; Henriksen and Brelan, 1999a; Manzoni et
al. 2021). This increase implicitly reflects a change in the microbial community structure of
decomposers that is probably related to the higher contribution of fungi to decomposition. The
maximal C:N value of the microbial biomass (here, CNbio < 30) is an optimized parameter of a simple
model and does not necessarily reflect a biological reality; however, variations in microbial biomass
C:N ratios appear on average rather constrained, at 8.6 + 0.3 according to Cleveland and Liptzin
(2007), but ranged between 3 and 24 in their study. Evidence for some stoichiometric flexibility of
microbial communities was also shown by Li et al. (2012) and Fanin et al. (2013). Fungi exhibit lower
metabolic activity than bacteria as well as highly efficient N use (Zechmeister-Boltenstern et al.,
2015). Their filamentous hyphae can provide access to soil resources through the remobilization and
transfer of N, allowing surface residues to decompose under conditions of low N availability (Frey et
al., 2000). Camenzind et al. (2021) demonstrated the high flexibility of the C:N ratio of soil fungal
mycelia in conditions of varied N availability, varying their C:N ratio from 8-18 (high N supply) to 84
(low N supply). Another possible explanation for the change in C:N ratios is that the C-use efficiency
or assimilation yield (Y) decreases with decreased N availability, consequently decreasing the N
requirements of the microbial community by modifying their cellular composition according to the
external nutrient availability (Sinsabaugh et al., 2013; Manzoni et al., 2021;). In this study,
optimization scenario 3, which had varying Y values, did not result in a good overall correlation with

N availability and could not explain the lower N immobilization observed in the low N availability
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treatments. Although the closest correlation to N availability was found using a fixed value of Y with
STICS (0.62), Sinsabaugh et al. (2013) recommended using a value of 0.30 for C-use efficiency in
large-scale models and a variable Y value for small-scale models. The literature shows evidence of
changes in Y with decreasing N availability (Agumas et al., 2021; Bai et al., 2021), which can also be
linked to changes in the microbial community (Bolscher et al., 2016); however, as a result of the
simplicity of the model and the optimization procedure, the model could compensate for the variation
in Y by increasing CNbio, which still indicates a modification in the soil microbial decomposer
community. Manzoni et al. (2021) showed that the response of microbial adaptation to N limitation
should be done by different mechanisms: flexible C-use efficiency, selective enzymes, the plastic
microbial biomass C:N ratio, and nutrient retention in the microbial biomass. The authors conclude

that all four mechanisms could be used during microbial adaptation to low N availability.

5. Conclusion

A combination of incubation experiments and modelling showed for the first time, across a
large range of crop residue types, how the combination of residue chemical quality, residue placement
and soil mineral N content drives C and N dynamics by modifying N access for microbial
decomposers, defined in this work as the total N availability. The placement of residues on the soil
surface imposes a limitation on soil N resources for microbial decomposer biomass. This limitation is
critical for high-C:N ratio residues but less important or negligible for low-C:N ratio residues. The use
of a modelling approach allowed the possibility of exploring the effects of these interactions on
microbial biomass functional traits and understanding the unique C and N mineralization patterns
observed. The reduction in total N availability led to a reduction in residue decomposition, microbial
biomass decay and humification rates and to an increase in the C:N ratio of microbial biomass. These
parameter changes were more notable for high-C:N ratio residues than for low-C:N ratio residues, for
which the high residue N content was the main source of N for microorganism metabolism,
independent of residue placement and soil mineral N status. The N availability approach appears to be
appropriate for predicting the dynamics of N mineralization after crop residue recycling under

management conditions where available N can often be a driver of organic matter decomposition, such
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as under reduced- or no-tillage field conditions with, e.g., cereal straw. However, this approach needs
to be further tested at the field level under different N-limitation conditions. Further work should be
done first by implementing or improving N-limitation functions in C-N decomposition models and

then combining experiments and modelling under field conditions.
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Figure captions

Fig. 1. Cumulative apparent mineralization of C (a, b) and N (c, d) during the decomposition of 10
crop residues in the soil. Crop residues were either incorporated (I) or left on the soil surface
(S). The initial mineral N content was 9 mg N kg™ dry soil (9 N) or 77 mg N kg! dry soil (77

N). These two factors resulted in 4 different treatments.

Fig. 2. Cumulative apparent C mineralization (a, b, ¢) and net N mineralization (d, e, f) and the
relationship between N and C mineralization (g, h, i) for three crop residues (wheat, vetch,
oilseed rape) in four treatments (I-77N, I-9N, S-77N, S-9N) during decomposition in soil at

25°C for 120 days. Bars represent the standard deviation values (n=3).

Fig. 3. Observed and simulated apparent C mineralization during the decomposition of wheat (a, b, c,
d), vetch (e, f, g, h) and oilseed rape (i, j, k, 1) residues incorporated or at the soil surface and
with high or low initial soil mineral N content (77 or 9 mg N kg™ dry soil) (symbols). Lines
represent the values simulated with STICS default parameters (dashed lines) and optimized

parameters in scenario 2 (solid lines). Bars represent the standard deviations (n=3).
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Fig. 4.

Fig. 5.

Observed and simulated apparent N mineralization during the decomposition of wheat (a, b, c,
d), vetch (e, f, g, h) and oilseed rape (i, j, k, 1) residues incorporated or at the soil surface and
with high or low initial soil mineral N content (77 or 9 mg N kg™! soil) (symbols). Lines
represent the values simulated with STICS default parameters (dashed lines) and optimized

parameters in scenario 2 (solid lines). Bars represent the standard deviations (n=3).

Model parameters k (day™!), A (day™), & and CNbio obtained by individual fitting procedures
(scenario 2: k, A, h, CNbio and CNhum) vs. total N availability (kg N t! added C) for the dataset
of 40 incubations (10 residues, surface vs. incorporated and high vs. low N availability). Lines
represent the nonlinear regression fit. The symbol ** indicates that the Pearson coefficient r is

significant at the 1% level.
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Fig. 1. Cumulative apparent mineralization of C (a, b) and N (c, d) during decomposition of 10 crop
residues in the soil. Crop residues were either incorporated (I) or left at the soil surface (S). Initial
mineral N content is 9 mg N kg! dry soil (9N) or 77 mg N kg! dry soil (77N), resulting in 4 different

treatments.
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Fig. 2. Cumulative apparent C mineralization (a, b, ¢), net N mineralization (d, e, f) and the relationship
between N and C mineralization (g, h, i) of three crop residues (wheat, vetch, oilseed rape) for four
treatments (I-77N, I-9N, S-77N, S-9N) during decomposition in soil at 25°C during 120 days. Bars are

standard deviation values (n=3).
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Fig. 3. Observed and simulated apparent mineralization of C during the decomposition of wheat (a, b, ¢, d), vetch (e, f, g, h) and oilseed rape (i, j, k, 1) residues,

incorporated or at soil surface and with high or low initial soil mineral N content (77 or 9 mg N kg dry soil) (symbols). Lines represent the values simulated

with STICS default parameters (dashed lines) and optimized parameters in scenario 2 (solid lines). Bars are standard deviations (n=3).
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Fig. 4. Observed and simulated apparent mineralization of N during the decomposition of wheat (a, b, c, d), vetch (e, f, g, h) and oilseed rape (i, j, k, 1) residues,
incorporated or at soil surface and with high or low initial soil mineral N content (77 or 9 mg N kg™ soil) (symbols). Lines represent the values simulated with

STICS default parameters (dashed lines) and optimized parameters in scenario 2 (solid lines). Bars are standard deviations (n=3).
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Fig. 5. Model parameters k (day™'), A (day™), h and CNbio obtained by individual fitting procedure (scenario
2: k, A, CNbio, CNhum, h) vs. N availability (kg N t' added C) for the dataset of 40 incubations (10 residues,

surface vs. incorporated and high vs. low N availability). Symbol ** mean that Pearson coefficient r is

significant at the 1% level.



Table 1. Crop residues used, proportion of their leaves and stems in the mixture (% total of DM) and their initial chemical composition (g kg”' DM).

Latin name Common name Agriﬁ‘s‘:‘“al % leaf* % stem?® SOLY HEMP CELP LIG Total C®  Total Nb rcatf)
Brassica napus oleifera  Oilseed rape Main crop 28+36 72+28 394+ 84 152 +4.1 359+ 14.1 95+25  421+65 19.1+23 22
Glycine max Soybean Main crop 38+32  62+2.1 349 + 8.5 122+34 386+2.2 143+14 450+6.2 11.7+x34 38
Helianthus annuus Sunflower Main crop 30+42 6151 322425 79 +£3.7 485+7.8 11405 428+79 96+28 45
Hordeum vulgare Barley Main crop 50£33 50£2.0 271 +£3.5 260 + 6.6 407 £8.7 62 +£4.5 441 +£0.7 53+08 83
Triticum aestivum Wheat Main crop 42+41 58+33 326+11.2 257 +£10.2 356 £3.5 61+£6.3 437+£0.8 49+45 89
Zea mays Maize Main crop 26+36 74+39 141 £6.3 323+£9.5 469 + 10.1 67 +£0.7 452+24 43%55 105
Avena strigosa Black oat Cover crop 48+£20 52+27 290+ 54 246 £ 8.2 417 £ 12.1 47+0.3 447+£43 122443 37
Crotalaria spectabilis Showy rattlebox Cover crop 30+3.1 70+x3.1 417 £2.6 90+24 408 £8.9 85+1.9 445+£5.1 224+42 20
Stizolobium niveum Gray mucuna Cover crop 42+36 58+29 464 +7.9 119+13.2 318+ 6.6 99 +3.6 451+£33 294=+1.1 15
Vicia sativa Vetch Cover Crop 62+1.8 38+35 571+39 88 +£3.7 272 +2.3 69 +1.1 453+1.6 352+6.1 13

*Proportion of leaves and stems in the total dry matter of shoots determined at flowering for cover crops and harvest for main crops .

® SOL: Soluble fraction (Van Soest); HEM: Hemicellulose; CEL: Cellulose; LIG: Lignin; C: Total organic carbon; N: Total nitrogen; Csw

carbon; Nsw: Water-soluble nitrogen; C:N ratio is the ratio between Total C and Total N. Means (n = 3) + standard deviation (S.D.).

: Water-soluble



Table 2. Statistical analysis (RMSE) of default parameter values and of parameters after optimization

using four scenarios with the STICS decomposition module.

Optimization Parameters optimized RMSE (©° RMSE (N
. ptimize
Scenarios % added C mg N kg'soil
Default - 13.05 18.81
1 k, 2, CNbio and CNhum 3.00 2.28
2 k, A, CNbio, CNhum and h 2.40 2.00
3 k, A, CNbio, CNhum, h and Y 2.03 1.83

“mean of the 40 incubations dataset.





