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Abstract: Improving the assessment and prediction of soil organic nitrogen (N) mineralization is
essential: it contributes significantly to the N nutrition of crops and remains a major economic and
environmental challenge. Consequently, a network of 137 fields was established in Brittany, France, to
represent the wide diversity of soils and cultivation practices in this region. The experimental design
was developed to measure net N mineralization for three consecutive years, in order to improve the
accuracy of measuring it. Net N mineralization was quantified by the mineral N mass balance, which
was estimated from March to October for a maize crop with no N fertilization. The effect of climate
on mineralization was considered by calculating normalized time (ndays) and, then, calculating the
N mineralization rate (Vn) as the ratio of the mineral N mass balance to normalized time. Strict
screening of the experimental data, using agronomic and statistical criteria, resulted in the selection
of a subset of 67 fields for data analysis. Mean Vn was relatively high (0.99 kg N ha−1 nday−1) over
the period and varied greatly, from 0.62 to 1.46 kg N ha−1 nday−1 for the 10th and 90th percentiles,
respectively. The upper soil layer (0–30 cm) was sampled to estimate its physical and chemical
properties, particulate organic matter carbon and N fractions (POM-C and POM-N, respectively),
soil microbial biomass (SMB), and extractable organic N (EON) determined in a phosphate borate
extractant. The strongest correlations between Vn and these variables were observed with EON
(r = 0.47), SMB (r = 0.45), POM-N (r = 0.43), and, to a lesser extent, the soil N stock (r = 0.31). Vn was
also strongly correlated with a cropping system indicator (r = 0.39). A modeling approach, using
generalized additive models, was used to identify and rank the variables with the greatest ability to
predict net N mineralization.

Keywords: field experiment network; soil nitrogen mineralization; soil properties; cropping system;
modeling; STICS model

1. Introduction

The balance sheet method is widely used to predict nitrogen (N) fertilization of crops [1–5]. With
this method, a balance sheet is drawn up, in which fertilizer requirements are calculated as
crop N requirements minus soil N availability. The accuracy of this method, thus, depends
on that of estimating N mineralization, which if overestimated can lead to yield losses, or if
underestimated can lead to N losses through leaching.

Certain soil properties, soil conditions (especially water content and temperature),
and cropping practices are known to determine mineralization of organic N in the soil [6].
Laboratory incubations are widely used to identify and rank the soil physical and chemical
parameters that strongly influence mineralization, especially the organic N content, tex-
ture [6–11], calcium carbonate content [12], and pH [5,12,13]. More recently, researchers
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have focused on the particle-size fractions of organic matter, particularly particulate organic
matter (POM). POM is sensitive to management [14,15], and its turnover is significantly
higher than that of the heavy fraction of organic matter [16]. POM is known to be an
organic matter compartment that is rapidly biodegradable [17–20], but which has, how-
ever, contrasting results for the mineralization of its N (POM-N). Some studies observed a
positive correlation between N supply and POM-N [14,21], while others tended to observe
that mineralization resulted more from the biodegradation of the heavy fraction of organic
matter [17]. Nonetheless, there is a consensus on the utility of considering POM when
studying mineralization [22].

Laboratory experiments can also assess effects of cropping practices studied in long-
term field experiments, revealing the significant influence of crop rotations [23–26], inter-
crops [27], introduction of legume crops, the type of soil tillage, and mineral and organic
fertilization on mineralization [28,29]. Laboratory experiments are ultimately useful for
evaluating the many extractable organic N (EON) indicators of mineralization, based on
chemical extraction of a fraction of the total N in a soil sample [30–32]. The meta-analysis
of Ros et al. [31] identified indicators with a greater ability to predict mineralization than
the organic N content of the soil.

Laboratory experiments are, ultimately, useful for evaluating the many extractable
organic N (EON) indicators of mineralization based on the chemical extraction of a fraction
of the total N in a soil sample [30–32]. The meta-analysis of [31] identified indicators with a
greater ability to predict mineralization than the organic N content of the soil.

However, these laboratory data are poor predictors of mineralization under field
conditions, due to the lack of considering (i) interactions between microorganisms and
mesofauna, which are active in decomposition [33]; (ii) mineralization in deep soil layers;
and (iii) plant effects on N mineralization–organization processes stimulated by rhizodepo-
sition, which strongly influences net mineralization under crops. In addition, fluctuations
in the environmental conditions that drive these processes also help to understand why
laboratory experiments can only partially explain mineralization under field conditions.

These factors justify studying N mineralization under field conditions and quanti-
fying it, which requires a modeling approach to estimate losses from nitrate leaching
and assess the influence of weather conditions. An initial approach, developed by Mary
et al. [34], was based on frequently measuring the water and mineral N contents of the
soil (divided into several layers), calibrating the LIXIM model with these data, and pre-
dicting net mineralization and leaching for each time step. This approach was applied to
many experimental sites in France, to create reference values for mineralization in French
soils under contrasting soil and cropping conditions [12,35]. However, it has the disad-
vantage of being labor intensive and limited in the number of fields to which it can be
applied. A second, simpler approach consists of estimating net mineralization using the
N mass balance of a crop, which is based on measuring the N taken up by the crop and
the difference between the initial and final contents of soil mineral N [4,5,36,37]. This
method has the advantage of being based on the functioning of the soil–plant system
under field conditions.

Mineralization estimated from these field experiments depends on the dynamics
of soil water content and temperature, which are influenced by the weather conditions
during each experiment. Consequently, it is necessary to control for the influence of
weather to be able to assess the effects of the cropping system and soil properties [34],
thus, converted “true time” into normalized time, which is calculated as the product of a
temperature function and a water-content function, using the parameters developed by
Rodrigo et al. [38]. Mineralization during a measurement period is, thus, estimated as a
daily normalized mineralization rate (Vn) multiplied by the normalized time calculated
during the period.

Applying the N mass balance method in France led to a compartment approach [39],
in which one estimates, separately, the mineralization of residues of the previous crop,
recent applications of organic waste, recent plowing of grassland, and the “baseline miner-
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alization” of soil organic N (SON). Experiments to measure baseline mineralization based
on the N mass balance in the field are rendered more complicated by this coexistence of
flows from other compartments. Consequently, some studies have used models to subtract
mineralization of residues of the previous crop [4,5], thus adding uncertainty to estimates
of basal mineralization.

To create the best conditions possible for quantifying mineralization of organic N
in the field, we developed an original experimental design, supported by five years of
monitoring, of a network of 137 fields in Brittany, in western France. Net N mineralization
(Mn) was quantified by field measurements of the mineral N mass balance of a maize
crop that remained unfertilized for all five years, and whose aboveground biomass was
completely removed from the field at harvest, in order to minimize the amount of crop
residues returned to the soil. Only data from the last three years were analyzed, in order to
limit biases resulting from inputs of fertilizers and crop residues incorporated into the soil
before the experiment began. The innovations of this experimental approach were, thus,
(i) to create the best possible conditions for estimating these N flows and (ii) to measure these
flows frequently over a long period to obtain more accurate estimates of mineralization.

2. Materials and Methods

For more details on the methods, see Morvan et al. [40].

2.1. Network Presentation

Experiments were performed in a network of 137 cultivated fields located throughout
Brittany (Figure 1). The soil was sampled in each field to determine its depth, layers, and
textural class. In the upper layer (0–30 cm), most soils had a silty loam (n = 81) or loamy (n = 33)
texture. The other soils were sandy loam (n = 15), clay loam (n = 4), silty clay loam (n = 3), and
silty clay (n = 1).

Figure 1. Locations of experimental fields in the network in Brittany, France (red points indicate the
67 fields selected).

Before the experiments, 82 fields had annual crop rotations, 30 fields had grassland
in their rotations, and the remaining 25 fields were summer fallow or cultivated with
vegetables. Animal waste was regularly applied to half (n = 65) of the fields, especially on
maize crops; of these fields, 26 received manure every year, with one or two applications
per year. Fifty-seven fields received at least one application every four years of cattle
manure (n = 36), pig slurry (n = 14), cattle slurry (n = 8), or poultry manure (n = 5).
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2.2. Climate

The climate in Brittany is mild oceanic temperate, with a pronounced east-west rainfall
gradient. The weather differed among the three experimental years analyzed. The year
2012 was variable, with dry periods in winter (January and February), rainy periods in
April and June, and rainfall close to the mean observed from 1994–2014 in July (Figure 2).
In contrast, 2013 was dry, especially in summer, with monthly rainfall that was much lower
than the mean, while 2014 was rainy, especially in winter (January and February) and in
summer (July and August). In addition to this inter-annual variability, the weather varied
greatly among fields within a given year.

Figure 2. Monthly rainfall and mean air temperature from March-October for the 3 years of
the experiment.

2.3. Experimental Design

The objective of the experiment was to quantify the “baseline” mineralization of soil
organic N, since the N mass balance used in this experiment included N mineralization not
only from this compartment, but also from other compartments, including animal waste
and annual crop or grassland residues recently incorporated into the soil. To this end,
(i) the 137 experimental fields were cropped with silage maize for four (since 2011) or five
(since 2010) consecutive years without any mineral or organic fertilization, and (ii) only
mineralization data for 2012, 2013 and 2014 were considered, to exclude N flows resulting
from inputs of fertilizers and crop residues incorporated into the soil before the experiment
began. The experimental design was, thus, based on estimating N mineralization for
three consecutive years. Experimental monitoring was performed on an area of 1485 m2

(33 m × 45 m), divided into three subplots of 45 m2 (6.0 m × 7.5 m) in the middle for
replicate measurements.

2.4. Calculating Net Soil N Mineralization

Mn was calculated from the end of winter to the beginning of autumn from the mineral
N mass balance of a maize crop not fertilized with N, as follows:

Mn = Nf − Ni + N uptake + Nleached (1)

with Ni and Nf corresponding to the soil mineral N content in the 0–90 cm soil profile
in March and October, respectively; Nuptake corresponding to N uptake by the plant
(kg N ha−1); and Nleached corresponding to nitrate leaching that may occur in spring,
after measurement of Ni (kg N ha−1).

Ni, Nf, and Nuptake were measured in triplicate. Nleached was estimated using the
STICS model [41], which was parameterized with the soil properties of each field, and ini-
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tialized at the measurement date of Ni. Equation (1) is a simplified approach for estimating
the mineral N mass balance, but it is valid in situations without N fertilization. Gaseous N
losses can be assumed to be very low and compensated by atmospheric deposition and
symbiotic fixation of N.

Since N mineralization depends strongly on weather conditions, we controlled for the
influence of weather on mineralization by converting true time into normalized time (nday),
using functions integrated into STICS [41], in order to model the effects of temperature and
soil water content on N mineralization. The effect of soil temperature on mineralization is
described by a logistic function, which is roughly exponential from 0–25 ◦C. This function
is similar to an Arrhenius function, with an activation energy of 78 kJ mol−1 K−1 from
0–35 ◦C, and also equivalent to a Van ’t Hoff function, with a Q10 coefficient of 3.15 from
0–35 ◦C from 0–25 ◦C. The effect of soil water content on mineralization is described by a
linear function. Mineralization in temperate soils peaks when soil water content equals
field capacity and stops when the ratio of soil water content to field capacity is less than
0.3 [38]. The Mn estimated from the N mass balance for each year and field was then
divided by the normalized time for each year, which gives a daily “normalized” rate of
mineralization Vn (kg N ha−1 nday−1). Mean Vn (Vnmean) was calculated for each field by
averaging Vn for all three years of measurements.

2.5. Data Screening

Data were screened to exclude the fields in which agronomic or measurement problems
had occurred. They were represented in a decision tree with three nodes (Figure 3):
(i) the presence of weeds, which can compete with maize and bias estimates of Mn; (ii)
non-homogeneous maize cover at harvest, which can bias measurements of Nf and N
uptake and, thus, estimates of Mn; and (iii) excessively high variability in Mn among the
three subplots. We considered, as outliers, fields whose coefficient of variation of Mn was
greater than or equal to 25% (i.e., the 95th percentile) in 2012, 2013, or 2014. To retain the
most consistent data and, thus, decrease uncertainty in estimates of Mn, we excluded these
fields from further analysis and modeling.

Figure 3. Decision tree used to filter the data from each field. Conditions had to be true for 2012, 2013,
and 2014 to pass to the next step. CV: coefficient of variation, Mn: soil net nitrogen mineralization.

2.6. Soil and Plant Analysis

Initial soil mineral N content (Ni) was measured at the end of winter (March), and final
soil mineral N content (Nf) was measured at the beginning of autumn (October), before
resumption of nitrate leaching. A composite sample of 10 soil cores was created for each
subplot, for three layers (0–30, 30–60 and 60–90 cm). Soil mineral N was extracted in a 1M
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KCl solution using a soil/KCl ratio of 1:2, and the NH4
+ and NO3

− contents of the soil
extracts were then determined by continuous flow colorimetry by the methods developed
by [42] and [43], respectively.

The soil of the upper layer was sampled in March 2013 to estimate soil properties.
Samples consisted of 10 cores, which were pooled. Total carbon (C) and N were determined
by the Dumas dry-combustion method. Cation exchange capacity was established using
the Metson method [44], and pH was obtained in water [45]. Soil texture was based on
measuring the particle size of five fractions: clay (<2 µm), fine silt (2–20 µm), coarse silt
(20–50 µm), fine sand (50–200 µm), and coarse sand (200–2000 µm) [46]. POM was deter-
mined using a simple fractionation method, by wet sieving under water with a 50 mm
sieve [16]. POM was recovered on the sieve, dried, weighed, and finely ground before
analyzing the C and N contents by the Dumas dry-combustion method using a Thermo
Finnigan Flash EA 1112 Series analyzer.

The fumigation-extraction method was used to estimate soil microbial biomass
(SMB) [47], using 40 g of an oven-dried equivalent of soil, shaken in 200 mL of 0.025M
K2SO4 for 45 min. Non-fumigated soils were also extracted in the same way. Oxidizable C
in the fumigated and non-fumigated K2SO4 was determined using a V-WS SHIMADZU
TOC analyzer. A kEC conversion factor of 0.38 was applied to convert the flush of oxidizable
C into SMB. EON was determined using the method of [48]: 4 g of soil were steam distilled
in 40 mL of phosphate borate extractant (buffered at pH 11.2) for 8 min, and ammonium in
the distillate was back titrated using 0.0025 M H2SO4. The amount of organic N hydrolyzed,
which corresponded to EON, was obtained by subtracting the total NH4-N extracted from
native NH4-N. Mean soil properties, POM-N, SMB, and EON are summarized in Table 1.

Table 1. Measured mean (±1 standard deviation) soil variables for the 137 fields of the network and
the 67 fields selected. Physico-chemical properties of the 0–30 cm soil layer include texture, C and
N contents, pH, Metson cation exchange capacity (CEC), soil microbial biomass (SMB), extractable
organic N (EON), particulate organic matter (POM-N), and soil organic nitrogen (SON) stocks.

Variable Unit 137 Fields 67 Fields

Clay g kg−1 194 (±52.0) 183 (±36.0)
Fine Silt g kg−1 247.8 (±87.5) 237.4 (±73.7)

Coarse Silt g kg−1 268.3 (±118.8) 264.9 (±112.4)
Silt g kg−1 516 (±135.0) 502 (±132.0)

Fine Sand g kg−1 125.6 (±53.6) 129.8 (±52.0)
Coarse Sand g kg−1 164.5 (±129.3) 185.0 (±136.4)

Sand g kg−1 290 (±145.0) 315 (±145.0)
C content g C kg−1 19.8 (±6.5) 20.2 (±6.1)
N content g N kg−1 1.8 (±0.6) 1.8 (±0.5)

pH 6.1 (±0.5) 6.0 (±0.5)
CEC Metson meq 100g−1 9.8 (±2.5) 9.9 (±2.2)

SMB mg C kg−1 171.3 (±45.3) 168.4 (±38.2)
EON mg N kg−1 27.3 (±8.4) 27.7 (±7.4)

POM-N t N ha−1 0.67 (±0.24) 0.68 (±0.24)
SON t N ha−1 6.5 (±1.5) 6.5 (±1.5)

Bulk density was measured once, in triplicate, in 2011, for each experimental field and
each of the three soil layers (0–30, 30–60 and 60–90 cm), using an 8 cm diameter root auger,
which cored undisturbed samples of a known volume. The bulk density of the fine-earth
fraction calculated from the dry mass and the core volume was used to convert the mineral
N content of the samples to kg N ha−1 and to calculate the stocks of SON and POM-N
(t N ha−1), as well as those of EON and SMB (kg N ha−1).

Aboveground biomass and N content of the maize crop were quantified at harvest,
when maize plants were harvested and weighed in all subplots. Total N uptake of maize
was calculated by multiplying N in the aboveground biomass by 1.15 to estimate its
belowground N at harvest [49].
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2.7. Calculating an Indicator of the Cropping System

An indicator of the cropping system (I_Sys) was calculated to integrate the diversity
of field management (i.e., crop rotation and organic waste application) among fields,
considering a period of 15 years before the year of interest. I_Sys was calculated by
summing an indicator of the effect of the N returned to the soil in crop residues and an
indicator of the effect of repeated applications of organic waste on soil mineralization.
See [40] for details on calculation of the indicator. To assess the influence of I_Sys on
the N mass balance and soil N mineralization, we classified its values into three levels
using k-means clustering: low (≤63 kg N ha−1), moderate (63–98 kg N ha−1), and high
(>98 kg N ha−1). These three classes contained 32%, 53%, and 15% of the fields, respectively.

2.8. Statistical Analysis

All statistical analyses were performed with R, v 4.1.0 [50]. Pearson correlations were
used to assess relations between variables. Analysis of variance (ANOVA) was used to
compare means when data were normally distributed (according to the Shapiro–Wilk test)
and had homogenous variances (Levene’s test); if not, the Kruskal–Wallis test was used.

Generalized additive models (GAMs) were used to predict Vn [51]. This innovative
method consists of selecting soil properties for a given GAM, which can best explain the
variation in N dynamics [51,52]. GAMs can distinguish the relative effects of covariates
by allowing for nonlinear relations between them and the variable studied (i.e., Vnmean).
Variables were chosen to obtain models with the smallest mean square error of prediction
(MSEP) [53]. This criterion was calculated by applying a “leave-one-out” strategy, which
represented an internal validation of the model and avoided over-fitting the model to the
data. The agreement between predictions and observed Vnmean was evaluated statisti-
cally by calculating the coefficient of determination (R2) and the root mean squared error
(RMSE) [53]. Additionally, the ratio of performance to inter-quartile distance (RPIQ) was
calculated as the ratio of the inter-quartile range to the square root of the MSEP [51,54].
RPIQ represents the degree to which the dispersion of the response variable exceeds the
model’s prediction error. We also calculated the indicator dMSEP, which represents the
proportional increase in prediction error (MSEP) when a given variable is removed from
the model, as a metric of the relative importance of the variable.

3. Results
3.1. Accuracy of the Dataset

The criteria applied using the decision tree (Figure 3) led to the final selection of
67 fields (26, 22, and 19 fields were excluded at the 1st, 2nd, and 3rd nodes of the tree,
respectively). The selection was severe because a given field had to avoid problems all
three years (2012, 2013, and 2014). The 67 fields selected remained representative of the
diversity of soil characteristics, cropping systems (Table 1 and Figure 4) and geography of
the initial network (Figure 1). To ensure that screening the data had not introduced bias, we
verified that the distribution and mean of Mn had remained similar. Mn varied little among
subplots over the three years (mean standard deviation of 15 kg N ha−1, with a mean CV
of 10% for the 67 fields), which illustrates the high precision of the N mass balance in the
selected dataset.

3.2. Soil N Mineralization: Mass Balance Components and N Rates

Mean, minimum or maximum Mn from March to October were similar for the
67 fields in all three years (e.g. mean Mn was 162, 146 and 154 kg N ha−1 in 2012, 2013 and
2014, respectively) (Table 2). Mean N uptake by maize was the main component of the N
mass balance, particularly in 2014, when it repesented 95% of Mn vs. 88% in 2012 and 73%
in 2013 (Table 2). Lower N uptake in 2013 was explained by the weather conditions, with
low rainfall from June to September that induced hydric stress. Mean predicted nitrate
leaching in early spring was low in 2013 and 2014 but was a significant component of the N
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mass balance in 2012 (21 kg N ha−1) (Table 2); this difference can be explained by higher Ni
due to less leaching during the preceding winter and high rainfall in April (138 ± 32 mm).

Figure 4. Boxplots of (a) soil organic nitrogen (SON), (b) extractable organic nitrogen (EON), and
(c) soil microbial biomass (SMB) for all 137 fields and for the 67 fields selected from the network.
Whiskers extend to 1.5 times the interquartile range.

Table 2. Mean, minimum, maximum, and standard deviation (SD) of the mass-balance components
and nitrogen (N) mineralization rates for the 67 fields selected. N uptake is N taken up by maize
plants, Ni and Nf are, respectively, the initial and final amount of mineral N in the soil profile
(0–90 cm), N leached is N leached out of the soil profile predicted by the STICS crop model, Mn is net
N mineralization, ndays is normalized time between initial and final N measurements, and Vn is
normalized N mineralization rate.

Year Metric
N Uptake Ni Nf N Leached Mn tn Vn

kg N ha−1 kg N ha−1 kg N ha−1 kg N ha−1 kg N ha−1 nday kg N ha−1

nday−1

2012 mean 144 47 46 22 162 165 0.99
min 50 6 7 1 53 112 0.28
max 292 145 155 63 302 202 1.68
SD 47 29 30 14 52 16 0.31

2013 mean 106 36 71 9 146 139 1.06
min 39 12 17 1 66 102 0.41
max 257 82 167 30 326 181 2.3
SD 41 13 30 6 60 16 0.45

2014 mean 147 34 38 6 154 172 0.92
min 73 10 8 0 75 122 0.39
max 334 116 168 27 454 213 2.39
SD 56 17 28 5 71 20 0.44

Although the fields were unfertilized and soil N mineralization was the main source
of N for plants, the mean N Nutrition Index (NNI) [55] was high for unfertilized crops,
particularly in 2012 (0.88) and 2014 (0.92) (vs. 0.73 in 2013), reflecting high availability of
N during the crop cycle. Mean Vn was similar in 2012, 2013, and 2014 (0.99, 1.06, and
0.92 kg N ha−1 nday−1, respectively), in agreement with the hypotheses on which the
experimental design was developed (Table 2).

3.3. Correlations between Vn, Soil Properties, EON, and I_Sys

Vnmean correlated most strongly with EON (r = 0.47), SMB (r =0.45), POM-N
(r = 0.43), and, to a lesser extent, SON (r = 0.31) (Table 3). Texture, particularly clay
content, can influence N mineralization strongly, and Vnmean had a significant but weak
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negative correlation with clay content (r = −0.19), yet a stronger positive correlation with
the coarse sand content (r = 0.32). Vnmean also correlated strongly with I_Sys (r = 0.39),
which was highlighted by a significant effect of I_Sys class on Vnmean (p < 0.05) (Figure 5b):
mean Vnmean of the high I_Sys class was 29% higher than that of the low I_Sys class (1.11 vs.
0.86 kg N ha−1 nday−1, respectively). This difference was due to much lower Vn measured
in fields with low I_Sys, which corresponded to fields without grassland in their rotation
and without organic manure application. SON was strongly correlated with EON (r = 0.64)
and POM-N (r = 0.75), while POM-N was also correlated with EON (r = 0.50).

Table 3. Correlation coefficients (r) between Vn for the years 2012, 2013, 2014, Vnmean, the cropping
system indicator (I_Sys), and soil properties for the 67 fields selected. (p < 0.05 for r > 0.24, p < 0.01
for r > 0.31, and p < 0.001 for r > 0.39). F: fine, C: Coarse.

Vn12 Vn13 Vn14 Vnmean I_Sys SON EON SMB POM-
N Clay F

Silt
C

Silt Silt F
Sand

C
Sand Sand pH CEC

Vn12 1.00 0.63 0.53 0.81 0.37 0.38 0.34 0.45 0.45 −0.12 −0.08 −0.10 −0.13 −0.21 0.24 0.15 0.06 0.26
Vn13 1.00 0.56 0.88 0.38 0.27 0.40 0.36 0.45 −0.07 −0.17 −0.16 −0.23 −0.10 0.28 0.23 −0.03 0.16
Vn14 1.00 0.84 0.25 0.17 0.44 0.35 0.21 −0.25 −0.20 −0.04 −0.15 −0.18 0.28 0.20 −0.14 −0.03

Vnmean 1.00 0.39 0.31 0.47 0.45 0.43 −0.17 −0.19 −0.12 −0.21 −0.19 0.32 0.23 −0.05 0.14
I_Sys 1.00 0.14 0.12 0.20 0.17 0.07 −0.09 0.11 0.04 −0.05 −0.04 −0.06 0.04 0.01
SON 1.00 0.64 0.07 0.75 0.16 0.15 −0.48 −0.33 −0.16 0.33 0.26 −0.18 0.78
EON 1.00 0.14 0.50 0.07 0.02 −0.23 −0.19 −0.15 0.22 0.15 −0.40 0.42
SMB 1.00 0.25 0.25 0.18 −0.11 0.01 −0.08 −0.04 −0.07 0.10 −0.04
POM-

N 1.00 0.05 0.18 −0.45 −0.29 −0.15 0.32 0.25 −0.02 0.57

Clay 1.00 0.54 −0.04 0.27 −0.15 −0.46 −0.49 0.04 0.25
F Silt 1.00 −0.05 0.52 −0.48 −0.46 −0.60 0.06 0.09
C Silt 1.00 0.83 −0.09 −0.76 −0.74 0.32 −0.47
Silt 1.00 −0.34 −0.90 −0.97 0.31 −0.35

F Sand 1.00 −0.01 0.35 −0.08 0.05
C Sand 1.00 0.93 −0.28 0.25
Sand 1.00 −0.29 0.25
pH 1.00 −0.11

CEC 1.00

Figure 5. Boxplots of Vnmean as a function of (a) soil organic nitrogen (SON) class (class_1: SON
< 5.7 t N ha−1; class_2: [5.7; 7.15]; class_3: [7.15; 8.2]; class_4: >8.2 t N ha−1) and (b) I_Sys class.
Whiskers extend to 1.5 times the interquartile range.

3.4. Modeling Normalized N Mineralization Rate

A model that predicted Vnmean using only soil properties and the I_Sys indicator
(model 1) explained only 47% of the variance in mineralization (Table 4, Figure 6a). The soil
properties selected were SON, clay, coarse sand and coarse silt. A quadratic relation was
observed with coarse sand and clay, with a negative effect of clay contents that exceeded
22 g kg−1. A positive linear relation was observed with I_Sys, which was the most influen-
tial variable after coarse sand (Table 4). The model’s RPIQ value of 1.8 was moderate.
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Table 4. Assessment of the models, covariates selected, and dMSEP values. Relation indicates the
type of relation selected: L, linear; P2, 2nd-degree polynomial.

Model R2 MSEP RPIQ Covariates Relation dMSEP

1 0.47 0.075 1.82 I_Sys L 0.214
Coarse
Sand P2 0.244

Clay P2 0.100
SON L 0.053

Coarse Silt L 0.024

2 0.67 0.05 2.25 SMB L 0.320
EON L 0.245

Coarse
Sand P2 0.250

Clay P2 0.200
I_Sys L 0.159

Coarse Silt L 0.090

Figure 6. Comparison of observed Vnmean to that predicted by (a) model 1, whose covariates were
the basic soil parameters and I_Sys, and (b) model 2, with SMB and EON as additional variables.
Solid lines are 1:1 lines, while dashed lines indicate ± 0.2 kg N ha−1 nday−1 around each 1:1 line.
(RMSE: Root Mean Square Error).

We then developed a model with EON, SMB and POM-N as additional input variables
(model 2). The same soil physical properties as in model 1 were selected, as was the I_Sys
indicator, and they had similar relationships (Table 4). The additional variables selected
were EON and SMB, which significantly increased the proportion of variance explained
(R2 = 0.67) (Figure 6b) but increased the RPIQ value only moderately (2.2). EON and SMB
were selected because they were the two variables most correlated with Vnmean but not
correlated with each other (r = 0.14). Because they provided complementary information,
it was useful to include them both in the model. SON was not selected due to its strong
correlation with EON.

4. Discussion
4.1. Soil N Mineralization and N Rates

The approaches used to estimate Mn in crop fields agree that crop N uptake is the
main component of the N mass balance [5,9,37,56,57]. Nonetheless, we observed relatively
high variability in the contribution of N uptake to the mineral N mass balance among the
three years: 95% in 2014, but only 73% in 2013 [40]. This can be explained by differing
weather conditions between years, with high hydric stress in summer 2013, which may
have decreased both soil N mineralization and plant growth. In addition, this drought
period was followed by strong rainfall events at the end of summer, which could have
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created favorable conditions for N mineralization just before Nf was measured [58,59]. This
can explain why the mean difference between Nf and Ni equaled 24% of Mn in 2013, and
why Nf was higher that year. Calculating the N mass balance from March to October, thus
including mineralization at the beginning of autumn, explains why mean Mn was similar
among the three years. Mn likely would have differed even more if Nf had been measured
immediately after harvest, as illustrated by the large inter-annual variability observed by
Delin and Linden [9].

Comparing the Mn measured in the field to data from the literature is difficult because
measurement periods can vary from 5–8 months depending on the crop (e.g., wheat,
spring barley, maize, sugar beet), which has a huge influence on mineralization [36,37].
Comparisons must, thus, be made with daily Vn, either provided directly by studies (which
is rare) or estimated later from their data. Delin and Linden [9] reported mean daily rates
of 0.34 ± 0.12, 0.50 ± 0.17, and 0.69 ± 0.16 kg N ha−1 day−1 in a field experiment with
34 cereal fields studied for three consecutive years. Vnmean estimated from data of Engels
and Kuhlmann [36] equals 0.37 ± 0.17 under wheat and 0.67 ± 0.23 under sugar beet,
while those estimated from data of [37] and [60] under maize equal 0.71 and 0.68 ± 0.19 kg
N ha−1 day−1, respectively, which lie in the same range as those we measured in our
network (Table 2). These reference values show the high variability in Mn among fields.

Expressing Vn in normalized time is the best basis for comparison, since it controls
for the influence of weather, but it has rarely been used in the literature. From a database
of 65 soils, Clivot et al. [12] report a range of 0.17–1.67 kg N ha−1 nday−1 (mean = 0.72
± 0.32 kg N ha−1 nday−1). Oorts et al. [35] calculated normalized Vn of 0.57 and 0.62 kg
N ha−1 nday−1 at two experimental sites with field crops,. The normalized Vn that we
calculated from the network (mean = 0.99 kg N ha−1 nday−1), thus, lie near the top of the
range reported in the literature.

4.2. Effect of Cropping System on Net N Mineralization

Many studies of data from long-term experiments have demonstrated the influence
of crop rotation and management practices on soil N availability [20,26,61–65]. The wide
variety of cropping systems studied in the network confirmed this influence (Figure 5b) via
the I_Sys indicator, which integrated the influence of the crop rotation and organic waste
application only over the medium term, since the experiment was designed so that no
organic waste had been applied or grassland had been plowed within the previous three
years. I_Sys values varied widely, ranging from 14–185 kg N ha−1 and integrated the effects
of crop rotation well, especially the presence of grassland in the rotation and the frequency
of organic waste application [40]. I_Sys values were low for forage maize monocultures and
even lower in fields in which no organic waste had been applied. In contrast, I_Sys values
were highest for rotations with grazed grassland and increased as the age of grassland
increased; it is well known that grassland age influences mineralization, since soil N
mineralization increases as the age of temporary grassland increases and decreases for
the annual crops planted for one–three years after a grassland [66]. I_Sys values were
intermediate for common rotations, such as grain maize/wheat/rapeseed/barley (with
maize and rapeseed fertilized with pig slurry) or grain maize/wheat/three years of grazed
grassland (with maize fertilized with cattle manure).

Regular application of organic waste increases stocks of C and N over the medium
term, which influence POM [26], SMB, and mineralization activity over the long term [67].
However, this influence depends greatly on the type of waste, the amount applied, and
the frequency of application; frequent application of solid waste (e.g., manure, compost)
has more influence on mineralization than that of liquid waste [29,68], which justifies the
choice of a model that integrates these driving factors into the I_Sys indicator [40].

4.3. Correlations between Vn, Soil Properties, EON and I_Sys

The study confirms the significant correlation between Vnmean and SON, which has
long been identified as an important variable that influences mineralization [9,12,28,69–71].
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However, SON explained much less variance in Vnmean in our dataset (R2 = 0.10) than in
the study of Clivot et al. [12] (R2 = 0.26) or the meta-analysis of Ros et al. [31] (R2 = 0.40).
This difference may be explained by the non-linear relation between SON and Vnmean,
in which mineralization plateaus at high SON (Figure 5a), due to a larger proportion of
stable organic matter in soils in the network. In fact, Vnmean was much more strongly
correlated with SMB than with SON, thus confirming that SMB is a valuable indicator of
soil N availability [23,72] and is more important for nutrient turnover and availability to
plants than SON [73].

Vnmean was also more strongly correlated with POM-N than with SON, thus con-
firming the utility of measuring POM-N to estimate mineralization, since POM-N can
be considered an unprotected potential source of N. Some studies identify POM-N as a
strong predictor of mineralization [14] or one of its main drivers [21], while other studies
indicate only that the N available from it depends greatly on its chemical composition and
C:N ratio [17].

Among important soil properties, soil texture has often been observed to influence
the availability of substrate for mineralization, since high clay content decreases SON
decomposition by better protecting SON chemically and physically [9,10,74]. We observed
a weakly significant negative correlation between Vn and clay content; the correlation itself
was also weak, perhaps due to a relatively small range of clay contents in the soils studied.
In contrast, we observed a stronger positive correlation between Vnmean and the coarse
sand content, since the soils with higher SON also had higher coarse sand contents.

Finally, our results confirm the utility of the EON method we used, since its corre-
lation with Vnmean was much stronger than that between SON and Vnmean. However,
the variance explained by EON (R2 = 0.23) was much lower than that observed by Gi-
anello and Bremner [48] (R2 = 0.81), Schomberg et al. [75] (R2 = 0.58), and Ros et al. [31]
(R2 = 0.50). This can be explained in part by the fact that these strong correlations were
observed from laboratory measurements of mineralization, while mineralization and
these indicators usually have weaker correlations when mineralization is measured under
field conditions [31].

4.4. Modeling the N Mineralization Rate

Evaluation of six process-based models of European cropping systems led Yin et al. [76]
to conclude that all of the models had difficulties predicting both the mean of and variance
in soil N mineralization. It is clear that predicting Mn remains a challenge, due to the
complexity of N cycling, which demonstrates why even the best models can explain only
65–80% of the variance [12,77]. Model 2, calibrated with our dataset, lies in this range. We
also observed that a model parameterized only with soil properties and the I_Sys indicator
was less accurate than the “soil” model of Clivot et al. [12] (R2 = 0.61). It confirms, in the
present study, the utility of using mineralization indicators as input variables of models,
obtained either by measuring EON [69] or by incubation measurements [5,77].

SMB is rarely used to predict mineralization because it is relatively labor intensive,
and few laboratories measure it routinely. Clivot et al. [12] concluded that SMB improved
prediction of mineralization little, if SON had already been included as an input variable;
this can be explained by the weaker correlation between the mineralization rate and SMB
in their study than that with SON (r = 0.54 vs. 0.62, respectively), even though both were
highly significant. In contrast, Vnmean and SMB were more strongly correlated in our
dataset than Vnmean and SON (r = 0.48 vs. 0.31, respectively), thus replacing SON with
SMB increased the accuracy of the GAMs.

The I_Sys indicator significantly increased the accuracy of mineralization predictions
and represents an original contribution of this study. The selection of I_Sys in the final
GAM confirms the influence, in the medium term, of crop rotations and the application of
organic waste on mineralization, while also providing information that complements that
provided by SMB and EON. The lack of correlation between I_Sys and these two variables
leads to the hypothesis that EON is relatively insensitive to the cropping history over the
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medium term but is strongly influenced by the geochemical background and the cropping
history over the long term, as shown by its strong correlation with SON (r = 0.64).

5. Conclusions

The experimental design of this study, based on repeatedly measuring Mn for three
consecutive years after two years of unfertilized maize, ultimately placed it in the best
possible conditions for estimating mineralization of SON. The measurements confirmed
the high variability in mineralization, which lay near the top of the range reported in
the literature. It can be explained by the combined effects of soil types, with variable
but generally high SON content; cropping systems representative of livestock-production
regions, with regular application of organic waste and the frequent presence of grassland
in rotations; and the semi-oceanic climate, which favors mineralization.

The drivers of mineralization were those identified in the literature: SON, POM-N,
SMB, EON, and soil texture. Original results of this study include (i) experimental evidence
of the influence of cropping history in the medium term on mineralization, and (ii) the
fact that the I_Sys indicator provides information complementary to EON. This result
strengthens the hypothesis of Ros et al. [31] that mineralizable N cannot be predicted from
a single soil test alone, but instead requires a combination of components including EON
and site-specific information, such as land-use and soil properties.

The modeling approach identified the most influential measured variables and showed
that the proportion of variance explained by a model based only on basic soil properties
and the I_Sys indicator (R2 = 0.47) was not sufficient to consider the model operational.
The accuracy of the model increased greatly when SMB and EON were included, but the
proportion of the variance explained by model 2 remained relatively moderate, despite
the supplemental information provided by the model’s covariates: basic soil properties,
chemical and biological indicators, and a land-use indicator.
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