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Abstract

The sustainability of agricultural systems is linked to soil organic carbon (SOC) and nitrogen
(N) dynamics, both of which are influenced by fertilization management. To investigate the
long-term effects of pig slurry, a 10-year field experiment was conducted in a Mediterranean
semi-arid rainfed cereal system. Four N treatments were compared: mineral fertilizer (MN),
slurry from fattening pigs (FS), slurry from gestating sows (SS), and a zero-N control.
Grain and straw yields, SOC and its fractions, microbial biomass and activity, and N
mineralization were measured after the final cropping season. Slurry increased grain
yield by 21% compared with MN. The FS treatment also increased SOC by 24% compared
with the MN treatment, mainly through the mineral-associated organic matter fraction
(<0.05 mm). Soil basal respiration dynamics (Gompertz model) and the N mineralization
rate (0.04382 day‘1 ; Stanford-Smith model) did not differ among N-fertilized treatments.
However, the potentially mineralizable N pool increased under N fertilization, from 19% in
MN to 51% in FS relative to the control. These results indicate that repeated applications of
pig slurry can replace mineral fertilizer while maintaining or improving crop productivity
and soil C storage. Incorporating N mineralization models into fertilization planning could
further optimize slurry application rates and timing.

Keywords: microbial activity; microbial biomass; mineral-associated organic matter;
nitrogen mineralization; organic fertilization; soil carbon storage

1. Introduction

Conservation of soil organic carbon (SOC) content, due to its role in the prevention of
soil degradation, has been included in the European Union strategic plans that Member
States are required to implement under the Common Agricultural Policy [1].

The influence of soil management on the maintenance or increase in total SOC stock [2],
as well as its influence on the amount of different SOC physical fractions, is of considerable
interest, i.e., to address global change [3]. Physical SOC fractionation separates pools
with contrasting stabilization mechanisms and turnover rates [4,5]: a labile pool and an
intermediate pool associated with coarse (2-0.2 mm) and fine (0.2-0.05 mm) sand-size SOC
fractions (mainly plant-derived compounds), and a mineral-associated fraction (<0.05 mm)
that turns over more slowly [6]. The outcomes of this decoupling in turnover rates need
not differ, since a lower decomposition rate can be offset by a larger pool size [7]. The
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application of livestock waste generally promotes greater SOC accumulation than the
application of equivalent nutrients as mineral fertilizers [8,9].

Soil respiration, measured as CO, evolution during incubation or field monitoring, is
widely used to assess microbial activity [10] and carbon mineralization, offering insights
into carbon availability and the functioning of soil microorganisms in response to agricul-
tural practices [11,12]. Soil carbon dynamics in the long-term have also been pointed out as
a matter of interest, particularly in pig and poultry manures [13].

Pig slurry is widely used in areas of intensive livestock production, being a source of
nutrients and organic matter. Spain is the leader of pig production among the 27 European
countries (with a total production of ~132 million heads in 2024) [14]. Thus, large quanti-
ties of slurry are generated annually, which are commonly recycled through agricultural
land application. Pig slurry composition varies according to animal type and production
system [15]. Differences in dry matter, organic carbon, and nitrogen (N) contents may
affect the quantity and quality of organic matter added to the soil. Soil microorganisms
play a central role in the transformation of slurry-derived carbon and N. Consequently,
indicators such as microbial biomass, soil respiration, and N mineralization can provide
valuable information on changes in soil quality and nutrient availability resulting from
long-term fertilization practices [16,17]. The N and C mineralization dynamics through
modeling may provide a quantitative approach for understanding N availability and C
release. Furthermore, as changes in soil carbon stocks occur slowly, long-term experiments
are required to assess the capacity of organic fertilization to enhance SOC stocks while
maintaining crop productivity [18].

Slurry is applied based on an N balance, which requires knowledge of N mineral
availability prior to sowing, usually accounted in nitrate form. However, in Mediterranean
rainfed systems, soil nitrate content measured at the end of the summer drought (just before
sowing) usually underestimates N availability. This occurs because drought temporarily
suppresses the activity of ammonia- and nitrite-oxidizing microorganisms, especially
in soils exposed to a single prolonged dry period [19]. This constraint may lead to N
overfertilization at sowing with the associated environmental problems.

In Spanish dryland areas, winter cereals such as barley (Hordeum vulgare L.) and wheat
(Triticum aestivum L.) are the main crops, although barley occupies the largest area [20].
Commonly, N fertilization in barley may have 50 kg N ha~! applied in the seedbed or shortly
after emergence, and the rest of the mineral N is applied in spring in one or two applications
up to the first node stage [21]. Currently, mineral N applications can be replaced by N of
organic origin, as it can improve the utilization efficiency and rate of fertilizer [22].

We hypothesized that under Mediterranean rainfed conditions, repeated applications
of pig slurry at the cereal tillering stage would maintain crop productivity, and they would
provide additional benefits compared with mineral fertilization by increasing SOC stock
and stimulating soil biological activity, although these effects would differ according to
slurry type due to its composition differences. In addition, the study of N mineralization
dynamics will allow more precise N fertilization planning. To test the hypothesis, a ten-
year field experiment was conducted in a semiarid Mediterranean rainfed cereal system
comparing mineral fertilization with applications of slurry from fattening pigs (FS) and from
sows (SS). The objectives were to (i) evaluate crop yields; (ii) evaluate the effects of long-
term slurry application on SOC fractions and microbial biomass; (iii) assess the influence of
fertilization treatments on soil carbon stock and mineralization; and (iv) determine their
effects on soil N dynamics through a laboratory incubation experiment.

This study aimed to contribute to a better understanding of the role of pig slurry
management in enhancing SOC sequestration, improving soil quality, and sustaining crop
productivity in semiarid Mediterranean agroecosystems.
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2. Materials and Methods
2.1. Study Site

The experiment was established in Oliola (41°52'29” N; 1°09'10” E; 443 m a.s.l.)
(Figure 1), Northeastern Spain, in 2002. The site has a semiarid Mediterranean climate,
with a mean annual precipitation (November—October) of 438 mm (10-year average; range:
328-590 mm), a mean annual temperature of 12.6 °C, and a mean maximum summer
temperature of 30.8 °C (Figure 2). During the sampling year, seasonal rainfall during the
winter cereal growing period amounted to 298 mm.

SR

Portugal

Figure 1. Geographical location of the experimental site in Oliola (Lleida, Catalonia, Spain), derived
from Google Earth imagery. The experimental area is marked by an arrow in the right image.
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Figure 2. Average monthly distribution (10-year period) of rainfall, reference evapotranspiration
(ETo, FAO Penman-Monteith equation [23]) and air temperature.

The soil was classified as Typic Xerofluvent [24]. The soil texture (0-0.3 m) was silty
loam (131 g kg~ ! sand, 609 g kg~ silt, 260 g kg~ ! clay), and illite and chlorite were the
dominant clay materials. The average bulk density was 1.65 Mg m™, as determined by
the core method after harvest. Soil water retention at —33 kPa (sieved samples, <2 mm)
was 0.269 cm3 cm™. Initial soil properties (0-0.3 m) were pH 8.2 (1:2.5; soil-water),
electrical conductivity 0.2 dS m~1 (1:5; soil-water), organic carbon 8.7 g kg~ (Walkley
and Black method, adapted by [25], and approximately 300 g kg~! CaCO; (Bernard'’s
calcimeter method).

2.2. Description of the Experiments and Treatments

The long-term field experiment was established to evaluate different fertilization
N treatments in a winter cereal rotation. Treatments were arranged in a randomized
block design with three replicates. The experiment was conducted over a ten-year period,
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comprising nine winter cereal cropping seasons and one fallow season (6th year). The
fallow season was excluded from the performed analyses.

Winter wheat rotated with barley: one year wheat and two years barley. The exception
to the sequence was the fallow year when barley was not sown, and in the last cropping
season (10th year) when barley was sown for the third time in the cropping sequence.
Both cereals were sown under rainfed conditions at a seeding rate of 200 kg ha~! in late
October—early November, and they were harvested in late June—early July. Straw was
removed, leaving approximately 38% of straw biomass as stubble. Before sowing (from
late September onwards), stubble was incorporated (~0.15 m depth) using a disk harrow.

In the last cropping season, four fertilization treatments were sampled: a control (CO),
mineral fertilization (MN), and two pig slurry treatments differing in origin (from fattening
pigs (FS) and sows (SS)). At sowing, phosphorus and potassium were applied to the CO
and MN treatments (42 kg P ha~! yr~! and 89 kg K ha~! yr~!). The control received no
N, whereas the mineral treatment received 120 kg N ha~! as ammonium nitrate (33.5% N).
The FS and SS treatments received slurry either from fattening pigs (30 t ha—! yr—!) or from
sows (80 tha~! yr~1!) and left on the surface of the soil. For slurries, average P and K rates
were inferred from earlier studies [15]. All N treatments were applied in early March before
stem elongation, at the cereal tillering stage.

Plot size was 137.5 m? (11 m x 12.5m) for slurry treatments and 87.5m? (7 m x 12.5 m)
for CO and MN treatments. The experiment included 12 plots in total.

Fertilization treatments (Table 1) were defined according to European regulations and
agronomic recommendations. The EU Nitrates Directive (91/676/EEC) [26] limits organic
N inputs to 170 kg N ha~! yr~! in vulnerable zones, although in non-vulnerable zones
under winter cereals a maximum of 210 kg N ha~! yr~! is allowed in Catalonia, a Spanish
region [27].

Table 1. Fertilization treatments ! and the associated average annual inputs (4-standard deviation,
SD) of total nitrogen (TN; organic plus mineral) 2 ammonium-N (NH4*-N), and organic carbon (OC)
applied to the experimental field, together with the corresponding inputs for the last cropping season
(9th cropping season, 10th year) 3.

Treatment Average of Fertilization Applied in Fertilization Applied in
Eight Cropping Seasons the Last Cropping Season
TN NH4*-N ocC TN NH4*-N ocC
(kgha-lyr1+SD)* (kg ha=1)
Cco 0 0 0 0 0 0
MN 120 0 0 120 0 0
SS 179 (£95) 108 (£54) 1135 (£855) 202 140 1241
FS 210 (£48) 139 (£31) 891 (+499) 216 146 1227

1 CO: control, no N applied; MN: mineral N applied as ammonium nitrate; FS: fattening —pig slurry; SS: sow
slurry. 2 The difference between the TN and the NH;*-N equals the organic N applied. 3 In the 6th cropping
season, the field was left fallow.  Numbers in brackets are standard deviation values (SD).

2.3. Pig Slurry Characteristics

Slurry samples were always collected from storage tanks before field application
and transported refrigerated to the laboratory and analyzed. Apart from N (NH;*-N
and organic N) by Kjeldahl method [28] and OC (by loss-on-ignition at 550 °C) analyses
(Table 1), the following properties were determined in the last cropping season (Table 2): pH
by potentiometry (1:5; slurry:water), electrical conductivity (EC) at 25 °C by conductimetry
(1:5; slurry:water). Total phosphorus (P) and potassium (K) were obtained after wet acid
digestion [29] and quantified by inductively coupled mass spectrometry (ICP-MS) in a
7700x analyzer (Agilent Technologies, Santa Clara, CA, USA), following the UNE-EN
17053 standard [30].
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Table 2. Additional chemical characteristics of slurries applied in the last cropping season.
pH EC (1:5,s:w) ! Dry Matter Total P Total K
Slurry Treatment (1:5, s:w) 1 (dS m~1) (g kg1 (gkg1)2 (gkg)?
Slurry from sows (SS) 8.7 2.1 35 24 25
Slurry from fattening pigs (FS) 8.7 6.3 97 22 44

1 EC: electrical conductivity; ratio of slurry (s) to distilled water (w). 2 Expressed on a dry matter basis.

2.4. Description of Sampling and Analytical Methodologies
2.4.1. Grain and Straw Biomass Yields

In each plot, just before mechanical harvest, two areas of 0.25 m? each were manually
harvested at ground level to measure grain and straw barley biomass and to calculate
the ratio of grain yield to total above-ground biomass. Straw height was also recorded.
Afterwards, a 3.0 m wide and 12 m long area was mechanically harvested in each plot.
Yields were adjusted to dry biomass (0% humidity). Grain moisture content was determined
from a 300 g sample collected from each plot using a GAC® II, DICKEY-john device, Auburn,
IL, USA. Straw was oven-dried at 65 °C to determine the dry matter content.

2.4.2. Soil Sampling

Soil samples (0-0.15 m) were collected at crop physiological maturity (2.5 months after
the fertilizer application) using a 7 cm-diameter stainless steel core. Three soil samples
were randomly collected from each plot and pooled to form a composite sample. Samples
were kept refrigerated until processing and then sieved (<2 mm) at field moisture content
(~9% g kg‘l) for soil microbial biomass carbon (MBC) analyses and incubation. The rest of
the sample was air-dried and sieved (<2 mm) for further analysis.

2.4.3. Soil Organic Carbon Fractions

Five granulometric-densimetric fractions were obtained from each of the 12 composite
samples. Three particle-size fractions were first separated (<0.05 mm, 0.05-0.20 mm, and
0.20-2.00 mm), and the latter two were subsequently subdivided into light and heavy
density fractions according to the NF X31-516 procedure [31]. Soil organic carbon was deter-
mined by dichromate oxidation followed by titration with ferrous ammonium sulfate [25].

Soil microbial biomass carbon was determined using the fumigation-extraction
method [32]. Carbon was extracted with K;SO, and quantified by dichromate oxidation
under acidic conditions [33]. MBC was calculated as the difference between extractable C in
fumigated and non-fumigated soil samples. An extraction efficiency factor (Kgc) of 0.38 was
applied [34]. All analyses were performed in triplicate for each of the 12 composite samples.

2.4.4. Soil Carbon Inputs and Relative Carbon Stock Evolution

Carbon inputs included the carbon contained in the stubble yield obtained in all
treatments, along with the carbon supplied through slurry applications in the SS and FS
treatments. Carbon from stubble was assumed to represent 48% of stubble dry biomass,
based on the composition of barley straw [35]. Carbon from roots was also estimated by
assuming that root biomass corresponds to 31.2% of grain yield and that carbon accounts
for 39.4% of its composition [36,37].

The evolution of C stock (kg C ha™) for each treatment () and 0-0.15 m depth (CSERf)
was calculated in relative terms, adopting the mineral treatment (MN) as a reference and
expressed in relation to the overall carbon input within the crop cycle (Equation (1)):

CSERT = (Cstock in soilt — Cstock in MN)/Ctotal inputr (1)

https://doi.org/10.3390/sul8157725
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For slurry treatments, the ratio was calculated again for SS and FS, adopting only the
C from the slurry as input (excluding stubble and root biomass).

2.4.5. Soil Respiration and Carbon Mineralization Kinetics

Soil respiration was determined following the method described by [38], by measuring
CO; evolved during the incubation period. In 2 L airtight glass jars, 140 g of soil were placed.
Soil moisture was adjusted to 65% of the water-holding capacity and maintained throughout
the incubation period (52 days). A vial containing 25 mL of 0.1 M NaOH was placed inside
the incubation jars to trap the released CO;. The incubation was conducted at 28 &+ 2 °C
in the dark, within the temperature range commonly used for laboratory soil respiration
assays [39]. Furthermore, the mean air temperature during the warmest month at the study
site is approximately 25 °C (Figure 2), while the average maximum temperature during the
summer period reaches 31 °C. Summer surface soil temperature in Mediterranean semi-arid
environments commonly exceeds air temperature. Recent studies have reported average
summer soil-air temperature differences of up to approximately 2.8 °C [40]. Moisture
losses were monitored by periodic weighing and corrected by spraying deionized water.
Measurements were taken after 2, 9, 16, 23, 30, 37, and 52 days of incubation, and the
vials were replaced at each sampling day. On each measurement day, 5 mL of 0.5 M BaCl,
and phenolphthalein indicator were added to the NaOH solution. The remaining alkali
was then titrated with standardized HCl (0.1 M and subsequently 0.05 M) to quantify the
amount of CO, released. Cumulative CO,-C emissions were calculated.
Carbon mineralization kinetics were described using a sigmoidal model: the Gompertz
model (Equation (2)).
C(t) = C - exp(—exp(—b-(t — t_m))) 2)

where C(t) is cumulative mineralized C (mg kg_l) at time t (days), C is the potentially
mineralizable C pool (mg kg~!), t_m (days) is the point at which the rate of mineralization
is at its highest (the inflection point of the curve), and b (days) controls the ‘sharpness’ of
the transition around t_m.

2.4.6. Soil Mineral Nitrogen and Nitrogen Net Mineralization Kinetics

A fresh soil subsample (<2 mm apparent diameter) was analyzed immediately after
sampling (day 0) to determine ammonium (NH4*-N) and nitrate (NO3™-N ) concentrations
in each plot. Another subsample was the one used for the incubation experiment (see
Section 2.4.5). Concentrations of NH; N and NO3;—N were also determined at 2, 9, 16,
23, 30, 37, and 52 days of incubation. Total mineral N was calculated as the sum of both N
forms. Mineral N (Nmin) was extracted with 1 M KCl using a 1:10 soil-to-extractant ratio
and shaken for 1 h, following UNE-ISO/TS 14256-1 EX standard [41]. Potential ammonia
and nitrous oxide losses during incubation were considered negligible based on previous
studies from similar incubation experiments with slurry-amended soils [42,43].

Nitrogen mineralization kinetics were described using the first-order model of Stanford
and Smith [44] (Equation (3)):

N@p=A-1-e™ 3)

where N(t) is cumulative mineralized N (mg kg~!) at time t (days), A is the potentially
mineralizable N pool (mg kg~!), and k is the mineralization rate constant (days~!).

2.5. Statistical Analysis

Fertilization effects on yields and SOC fractions were evaluated by analysis of variance
using the SAS statistical package, version 9.4 [45], and significant results were further
examined with the Duncan Multiple Range test (DMRT) (p = 0.05) for means separation.
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The R statistical package version 4.3.3 [46] was used to fit experimental data on N and
C mineralization dynamics to different decomposition models.

All analyses and parameter estimations for N mineralization kinetics were conducted
using a nonlinear mixed-effects (NLME) modeling framework [47-49], fitting all 84 obser-
vations simultaneously. Since measurements were taken repeatedly on the same exper-
imental units over time, the autocorrelation function of model residuals was examined.
A compound symmetry correlation structure (Rho = 0.25) was incorporated, which im-
proved model fit significantly over the base model (likelihood ratio test (LRT): x> = 5.07,
df =1, p = 0.024). An autoregressive AR(1) structure was evaluated but was not significant
(p = 0.701). Block was included as a random effect on A to account for spatial heterogeneity
among experimental units. To formally test whether treatments differed in their mineraliza-
tion kinetics, three nested models were compared: (i) a full model with treatment-specific A
and k; (ii) a reduced model with treatment-specific A and a common k; and (iii) a null model
with common A and k for all treatments. Likelihood ratio tests were used to compare nested
models with different fixed-effects structures (i.e., full vs. reduced vs. null models for A
and k) following [47]. Model selection was guided by the Akaike Information Criterion
and LRT p-values. Pairwise comparisons of the treatment-specific estimates of A for the
selected model were performed using approximate t-tests on the fixed-effects coefficients
(Wald-type tests), based on the model’s residual degrees of freedom. Residual diagnostics
were carried out using normalized residuals (that is, residuals scaled according to the esti-
mated within-group correlation structure) to account for the assumed compound-symmetry
correlation pattern. These diagnostics included the Shapiro-Wilk test to assess normality
and Bartlett’s test to evaluate homogeneity of variances.

Carbon mineralization kinetics were modeled independently for each treatment using
NLME, including block as a random effect on the C parameter. When the assumption of
normality was met, a 95% confidence interval was obtained for model parameters [50].

3. Results
3.1. Grain and Straw Biomass Yields
The unfertilized N plot produced an average grain and straw biomass yield of 2931

(4 249) kg ha~! and 917 (+ 78) kg ha~!, respectively, across the eight cropping seasons.
These averages were consistent with values obtained in the last cropping season (Table 3).

Table 3. Fertilization treatments ! and the associated average (+standard deviation) 2 of annual grain
and straw biomass yields (0% humidity) for the previous period of eight seasons of winter cereals,
together with barley yields in the last cropping season (9th cropping season, 10th year) 3.

Eight Cropping Seasons Last Cropping Season
Treatment Grain Yield Straw Biomass Grain Yield Straw Biomass
(kg ha—1) (kg ha—1) (kg ha—1) (kg ha—1)
CcO 2931 +249 ¢ 917 £ 78 ¢ 2258 + 543 ¢ 707 £169b
MN 3684 + 140 b 1153 £ 44b 3887 + 316 b 1217 £ 99b
SS 4159 + 433 a 1302 £ 136 a 4821 £ 116 a 1509 £ 36 a
FS 4445 £ 429 a 1391 £ 134 a 4862 £411a 1522 +£ 129 a

1 CO: control, no N applied; MN: mineral N fertilization; SS: sow slurry; FS: fattening—pig slurry. > Means with
different lower-case letters are significantly different according to DMRT (p = 0.05). 3 In the 6th cropping season,
the field was left fallow.

Grain and straw yields increased with N addition, except for straw biomass in the final
cropping season under the MN treatment. Overall, for the parameters studied, the MN
treatment consistently produced lower yields than the slurry treatments. No significant
differences were observed between the slurry treatments (Tables 3 and A1). In the final
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season, slurry applications doubled grain yield compared with the control and increased
grain and straw biomass by approximately 25% relative to the MN treatment (Table 3).

3.2. Soil Organic Carbon Fractions

The finest granulometric—densimetric fraction (<0.05 mm) accounted for approxi-
mately 60% of total SOC. Within this fraction (<0.05 mm), slurry-based N fertilization
increased SOC by 26% and 36% in the SS and FS treatments, respectively, compared with
the control. No differences were observed among treatments in the remaining SOC frac-
tions. The increase in cereal biomass and its partial incorporation into the soil under the
MN treatment (Table 3) did not clearly differentiate it from CO but resulted in similar
outcomes to SS. Microbial biomass carbon represented approximately 1.2% of total SOC
and was not affected by fertilization treatments (Tables 4 and A2).

Table 4. Fertilization treatments ! and the associated average (+standard deviation) 2 of soil organic
carbon (SOC), its granulometric-densimetric fractions, 3 and microbial biomass carbon (MBC).

LF HF LF HF

Treatment s0¢ @-02mm)  (-02mm) (02-0.05mm) (0.2-0.05mm) (<005 mm) MBC
(gkg™) (mgkg—1)

co 149 405¢ 11404  03+01 24409 18403  92+06b 181 +21
MN 168 +06bc 12403 03403 22408 22407  109+12ab 19 £5
s 181417b 19404  05+02 22409 19410  116+12a 208 +40
FS 208+16a 17403 07402 27405 32415  125+18a 247474

1 CO: control, no N applied; MN: mineral N fertilization; SS: sow slurry; FS: fattening-pig slurry. 2 Means with
different lower-case letters are significantly different according to DMRT (p = 0.05). 3 Densiometric fractions: light
fraction (LF) and heavy fraction (HF). Particle size fractions: 2—0.2 mm, 0.2—0.05 mm, <0.05 mm.

3.3. Soil Carbon Inputs and Relative Carbon Stock Evolution

Average C stock (£standard deviation) for a 0-0.15 m depth (Table 4) was 36.7 (£1.3),
41.6 (£1.5), 44.8 (£4.3) and 51.6 (+3.9) Mg ha™! for CO, MN, SS and FS, respectively.

Over the study period, average total C inputs were 7.3,9.9, 19.2 and 21.5 Mg ha™! for
CO, MN, SS and FS, respectively. Adopting MN as a reference treatment (Equation (1),
Figure 3), the CSERT ratio was negative in CO (—0.67 £ 0.25) and positive in SS (0.14 £ 0.17)
and FS (0.50 £ 0.18). Slurries differed significantly from CO (Table A4, Figure 3). When
only slurry-derived C was considered as input, the ratio increased to 0.31 and 1.19 (kg C
increase ha™! per kg C slurry input ha™) for SS and FS, respectively (Figure 3), and was
significantly higher in FS.

1

FS i i A
: -
A

ss —&— |
. e

B i

0 ——— :
1
1
]
1

-12 -0.8 -04 0.0 0.4 0.8 1.9 1.6 2.0

CSER; (kg AC soil / kg total C input or C slurry)

Figure 3. Carbon stock evolution ratio (CSERry) for three treatments (CO, control, no N applied; SS, sow
slurry; FS, fattening —pig slurry), compared with mineral-N (MN, reference value = 0.0). Values are
expressed relative to total C inputs (black lines) or slurry-derived C inputs (red lines) for one hectare

https://doi.org/10.3390/su18157725


https://doi.org/10.3390/su18157725

Sustainability 2026, 18, 7725

90f19

(0-0.15 m depth). Mean values represented by solid circles (black or grey) and labeled with different
uppercase letters (A, B) differ significantly according to DMRT (p = 0.05). Standard deviations are
shown as horizontal bars.

The CSER calculated with total C inputs (Equation 1, Figure 3, black lines) reflects the
overall capacity of each treatment system to accumulate C relative to total inputs and is
presented for descriptive context. The CSER calculated with slurry-derived C inputs only
(Figure 3, red lines) isolates the contribution of slurry carbon to soil C stock, correcting for
the confounding effect of differences in total C input between treatments, and is the version
used to compare C retention efficiency between the two slurry types.

3.4. Soil Respiration and Carbon Mineralization Kinetics

Carbon release through mineralization increased throughout the incubation period
in all treatments, although mineralization rate declined after the first two days (Figure 4).
After 52 days of incubation, cumulative carbon mineralization in slurry-amended soils was
approximately 47-58% higher than in the control (Figure 4), suggesting increased microbial
activity in these treatments (Table 5).
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Figure 4. Cumulative carbon mineralization (mg CO,-C kg~! soil) during a 52-day aerobic incubation
of soils under different fertilization treatments (CO: control, no N applied; MN: mineral N fertilization;
SS: sow slurry; FS: fattening-pig slurry.

Table 5. Estimated parameters of the Gompertz model C(t) = C - exp (—exp(—b - (t — t_m))) for the
different fertilization treatments ! over the incubation period (t = days). Confidence intervals (CI) B
and standard errors (SE) are provided.

C (mgkg1) b (day—1) t_m (Days) Average of SE
Treatment [CI 95%] [CI 95%] [CI 95%] (%)
o 453.80 0.0543 1536 10
[387.39;52021]  [0.0391;0.0695]  [11.94; 18.78]
938.06 0.0282 36.47
MN [611.00; 1265.12]  [0.0196;0.0368]  [23.62; 49.32] 158
. 910.29 0.0354 29.89 o7
[532.79;128779]  [0.0238;0.0470]  [20.25; 39.53] :
- 1054.23 0.0323 32.88 o1s

[564.26; 1544.20]  [0.0181; 0.0465]  [17.68; 48.09]

1 CO: control, no N applied; MN: mineral N fertilization; SS: sow slurry; FS: fattening —pig slurry. 2 Confidence
intervals were calculated as Parameter estimation =+ f (0.975, 16 df) x standard error (critical f ~ 2.12).
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The absence of overlap between the 95% confidence intervals is indicative of potential
differences among treatments. Accordingly, the CO treatment, compared with the N-
fertilized treatments, showed a smaller potential pool of mineralizable C (C), a faster
transition from the acceleration to the deceleration phase, a pronounced sigmoidal shape
(b), and an earlier inflection point (t_m) (Figure 4). In the N-amended treatments, confidence
intervals overlapped widely for all three parameters (Table 5), and therefore this approach
provided no descriptive evidence of clear differences among them.

3.5. Soil Mineral Nitrogen and Nitrogen Net Mineralization Kinetics

At crop maturity, Nmin content was similar for all treatments (2-4 mg N kg™!), except
for the MN, which tripled to approximately 10 mg N kg™ and was significantly higher than
the other treatments (Table A3). For the 0-0.15 m soil layer, this corresponds to values of 6
(CO), 8 (SS), 10 (FS) and 26 (MN) kg Nmin ha™l. At the end of incubation period, available
Nmin increased (Figure 5), and the final values (initial plus mineralized N) reached 68 + 4
(CO), 90 £ 19 (SS), 108 + 6 (FS), and 83 £+ 19 (MN) kg N ha™! in the 0-0.15 m depth interval,
with no significant differences among N-fertilized treatments (Figure 5, Table A3).
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Figure 5. Cumulative available N from net mineralization during the incubation period under
different treatments (CO: control, no N applied; MN: mineral N fertilization; SS: sow slurry; FS:
fattening-pig slurry).

A simple exponential model (Stanford-Smith model) was fitted to all treatments
(Equation (3), Table 6). The mineralization rate constant k did not differ significantly among
treatments (LRT: x? = 2.16, df = 3, p = 0.540), indicating a common mineralization rate
across treatments (k = 0.044 days—!). In contrast, the potentially mineralizable N pool (A)
differed significantly among treatments (LRT comparing the null and reduced models:
x? =50.38, df = 3, p < 0.0001). Pairwise comparisons relative to the control showed that MN
(p =0.008), SS (p < 0.0001), and FS (p < 0.0001) all increased A compared with the control.
The reduced model, including treatment-specific A values, a common k, and a compound
symmetry correlation structure, was therefore selected as the most parsimonious model
(AIC =482.3 vs. 486.2 for the full model). Estimated A values increased from the control
(CO: 27.3 mg kg~ 1) through the mineral fertilizer treatment (MN: 32.6 mg kg~ !) to the
sow slurry treatments (SS: 38.7; FS: 41.3 mg kg’l). The initial mineralization rate (A-k)
followed the same pattern: CO (1.20) < MN (1.43) <SS (1.70) < FS (1.81) mg kg’1 day’l.
Model residuals were normally distributed and exhibited homogeneity of variances among
treatments (Table A5).
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Table 6. Estimated parameters from NLME-CS 1 model following the equation (N(t) = A x (1 — exp
(—k t)) for the different N fertilization treatments 2 over the incubation period (t = days).

Treatment 2 A (mgNkg1) k (days—1)
CO 27.31 0.04382
MN 32.57 0.04382

SS 38.69 0.04382
FS 41.33 0.04382

1 Nonlinear mixed-effects model with a compound symmetry correlation structure (NLME-CS). 2 CO: control, no
N applied; MN: mineral N fertilization; SS: sow slurry; FS: fattening—pig slurry.

At the end of the incubation period, the ratio between cumulative C-CO; and N
mineralized was 14.5, 14.7, 14.3 and 15.9 for CO, MN, FS and SS, respectively, without
significant differences between them (one-way ANOVA, p = 0.941).

4. Discussion

In this study, pig slurry was evaluated as an N source enriched with organic com-
pounds in a long-term experiment which included repeated applications, and its effects
were compared with MN fertilization and a treatment without N fertilization.

Yields and straw biomass (Table 3) aligned with historical data from similarly man-
aged Mediterranean rainfed agricultural systems [51]. This indicates that the average N
extraction (grain and straw) was approximately 72 kg N ha—! when no N was applied [52].
It also indicates that MN, SS and FS treatments were not N-limiting (Table 3).

The management system maintained a relatively high SOC content (Table 4), com-
parable with organically managed systems with similar yields under higher rainfall
conditions [53]. Nevertheless, SOC concentration and its evolution over time differed
significantly among treatments with contrasting C inputs (Table 4, Figure 3). Mineral
fertilization did not differ from CO, which is consistent with other studies indicating that in-
organic N fertilizers do not, alone, increase SOC, and may even promote its mineralization
by stimulating microbial activity without supplying exogenous carbon [54]. The organic
carbon supplied by the slurry, together with stubble directly added with SS, increased
SOC in the SS treatment compared with CO, although no significant improvement was
observed relative to MN. The FS treatment showed the highest SOC values (Table 4), with
SOC increasing by up to 23.8% compared with MN at the end of the experimental period.
This increase was considerably greater than the 6.5% increase (slurry vs. mineral) after a
nine-year experimental period described by [55]. The effects of slurry on SOC reported in
the literature are inconsistent and largely depend on slurry composition and management
practices. For example, in a cold, humid region of Quebec (Canada), Ref. [56] found no
significant increase in soil C content after 19 consecutive years of pig slurry application at
rates of 60 and 120 m3 ha=! yr~! on a loamy soil. In contrast, Ref. [57] reported an increase
in soil C content with increasing pig slurry application rates (from 30 to 120 m3 ha=! yr—1;
total organic carbon: 29 kg m~3) after 14 years on silty loam soil.

In the present study, considering only aboveground stubble inputs (Table 3), the annual
SOC increase (0-0.15 m) in the MN treatment relative to control averaged 2.3 g C kg~ ! per
additional Mg ha~! of incorporated stubble. Despite this positive response in the rate of
SOC accumulation, no significant differences in final SOC concentration were observed
between MN and CO (Table 4). Assuming that the contribution of stubble-derived carbon to
SOC accumulation was similar across fertilization treatments, the additional SOC increase
observed in SS and FS treatments can be attributed to organic carbon supplied by the slurry
(excluding root biomass). Based on this approach, SOC increased by 0.28 and 0.68 g C kg ™!
soil (0-0.15 m) per additional ton of organic carbon (Mg ha~!) applied in the SS and FS
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treatments, respectively. These results suggest that the organic carbon supplied by FS
was retained more efficiently in the soil than that supplied by SS. This difference may
reflect compositional differences between the two slurries, with SS potentially containing
a higher proportion of readily decomposable organic compounds. Because root biomass
was not quantified, these estimates should be considered an approximation of the relative
contribution of slurry-derived organic carbon to SOC accumulation.

Regarding the distribution of organic carbon among particle size fractions, significant
treatment effects were only observed in the <0.05 mm fraction. Both slurry treatments
(SS and FS) showed significantly higher organic carbon concentrations in this fraction
compared with the control (Table 4). The <0.05 mm fraction is commonly used as a proxy
for mineral-associated organic matter (MAOM), which represents the most stable and
well-protected SOC pool [58] because organic compounds are adsorbed onto the surfaces of
mineral particles. Although plant-derived carbon can also contribute to MAOM formation
following microbial processing and transformation, the increase observed under slurry
application suggested that slurry-derived carbon was preferentially stabilized in mineral-
associated pools. However, pig slurry contains a significant amount of organic matter in
the fine fraction (<0.05 mm), c¢. 50%, with a lower C/N ratio than the bulk slurry [59],
which may indicate a high potential for degradability by microorganisms. Furthermore,
the higher potential C mineralization observed in the SS and FS treatments (Figure 4,
Table 5) suggests that the fraction <0.05 mm contributed to short-term SOC mineralization
despite its theoretical relative stability [60]. This pattern occurred without detectable
changes in microbial biomass or the short-term mineralization rate constant, indicating
that slurry amendments did not enhance overall microbial biomass nor accelerate overall
SOC turnover. In addition, it should be noted that the composition of the fine fraction
of pig slurry cannot be identical to that of the corresponding soil fraction. Consequently,
further analyses specifically targeting organo-mineral interactions would be required to
determine the extent to which the accumulated carbon was stabilized through organo-
mineral associations.

The light and heavy fractions within the 2-0.2 mm and 0.2-0.05 mm particle-size
classes mainly correspond to particulate organic matter (POM), which is generally consid-
ered the most labile and dynamic fraction of soil organic matter and is highly responsive
to agricultural management practices [58,61]. Despite this, no significant treatment effects
were detected in any of the POM fractions, possibly reflecting the high spatial and tem-
poral variability of these pools in agricultural soils. These findings suggest that, under
the edaphoclimatic conditions of the present study, fresh carbon inputs from pig slurry
are rapidly processed by the soil microbial community and did not accumulate as POM.
Instead, they were either mineralized or transformed into more stable SOC pools. This
interpretation is consistent with the soil carbon formation framework proposed by [62],
which predicts that organic materials with high solubility and a low C/N ratio, such as pig
slurry, preferentially promote the formation of mineral-associated organic matter rather
than the accumulation of POM.

Microbial biomass is recognized as an important component of the active or labile
soil carbon pool due to its rapid turnover. Pig slurry applications can increase MBC, likely
driven by its soluble carbon content, and the input of microorganisms contained in the
applied manure [63,64]. However, this response is typically short-lived, lasting only days
after application [56], which can explain the lack of significant differences in MBC in our
study (Table 4), as sampling was conducted several months after slurry application.

The potential maximum cumulative soil CO,-C emission was substantially higher
in all N-fertilized treatments than in the control, indicating enhanced carbon mineral-
ization (Figure 4, Table 5). Overall, the results suggest that N addition, regardless of its
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source, increased carbon turnover during the incubation period, likely through changes
in microbial activity and substrate utilization. Given that MBC did not differ significantly
among treatments (Table 4), the higher cumulative respiration observed in the N-fertilized
treatments cannot be attributed to an increase in microbial biomass. Instead, the results
suggest that these treatments primarily stimulated microbial metabolic activity and more
efficient substrate use. Microorganisms may have processed a greater amount of carbon
without a corresponding increase in biomass.

Carbon mineralization followed a sigmoidal pattern, consistent with substrate-induced
microbial growth and agreement with other authors [65]. The kinetic parameters provide
further insight into the temporal dynamics of carbon mineralization (Table 5). The control
treatment exhibited the highest rate parameter (b = 0.05 day ') and the earliest time of
maximum respiration rate (f_m = 15.36 days), indicating a rapid utilization of the limited
pool of readily available substrates. In contrast, the N-fertilized treatments showed lower b
values (approx. 0.03 day~!) and delayed t_m estimates (30-36 days), suggesting a more
prolonged respiratory response. This pattern may reflect sustained microbial activity
supported by improved nutrient availability and, in the slurry treatments, the progressive
decomposition of organic substrates with varying degrees of biodegradability. The overlap
among confidence intervals for C, b, t_m suggests that neither pig slurry type produced
a substantially different mineralization pattern compared with mineral N fertilization.
Considering that MN did not provide an external organic carbon source beyond the stubble
incorporated at sowing, this result may indicate that N availability potentially stimulated
the mineralization of native soil organic matter.

As described in the Section 2, a joint NLME model including treatment as a modifier
of all three Gompertz parameters (Equation (2)) was fitted and converged numerically;
however, the resulting estimates were not biologically interpretable due to severe over-
parameterization (standard errors exceeding the magnitude of several estimates; inter-
parameter correlations r > 0.95). For this reason, treatment-specific models were retained.
Consequently, differences among treatments should be interpreted as trends derived from
separate model fits rather than as formally tested differences in model parameters.

Carbon and N mineralization were closely coupled during incubation (Figures 4 and 5),
but their temporal dynamics were best described by distinct kinetic models (Tables 5 and 6),
highlighting fundamental differences in the processes governing C versus N turnover.

Nitrogen mineralization was adequately described by a first-order kinetic model
(Equation (3)), which assumes that the rate of mineralization is highest at the beginning and
decreases continuously [4]. The divergence in model structure suggests that C mineraliza-
tion was still in an active, growth-dependent phase during the incubation period, and that
the full transition to a deceleration phase may not have been completely captured within
the experimental timeframe. At the end of the incubation period, the ratio of cumulative
C-CO; to mineral-N did not differ substantially among treatments (14.3-15.9), suggesting
that the stoichiometry of C and N mineralization was governed by the common substrate
(soil organic matter and cereal straw), with a limited influence from fertilizer type.

The estimated value of k (0.04382 d7!) in the N first-order kinetics mineralization
dynamics is close to the average k value of 0.050 d™! (mean standard error = 0.005) reported
for Italian soils [44]. This model fit, together with the absence of differences among treat-
ments, suggests that potentially mineralizable soil N was assessed under near-equilibrium
conditions [44]. In the absence of fertilization, the asymptote approaches 28.01 mg N kg~ !,
corresponding to a final available Nmin pool of approximately 69 kg N ha™! (assuming
no N losses), which would support a potential maximum yield of 3.6 Mg ha™! [66]. In
soils amended with slurry, the asymptote (mineralization potential) increased to 38.69 and
41.33 mg N kg ! for SS and FS, respectively. This difference was not statistically significant
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(p = 0.156) and should therefore be interpreted with caution. However, the numerical
differences between slurries suggest a higher proportion of more slowly decomposable
organic compounds in FS, which may be related to differences in feed composition and/or
the higher apparent total tract digestibility of crude protein and gross energy in sows
compared with growing pigs [67], with consequent effects on fecal and urine composition.

At the end of the nutrient extraction period (crop maturity), Nmin values indicated
that potential N availability was similar among the N-based treatments, regardless of
whether the fertilizer source was mineral or pig slurry. This finding is consistent with
previous reports showing residual N effects following slurry application [68]. The main
difference among fertilizer types lies in the temporal alignment between N availability
and crop demand during the subsequent growing season. Whereas approximately 23% of
the potential Nmin in the MN treatment was already available at harvest, only about 8%
was available in the SS and FS treatments. This pattern may reduce the risk of N losses
through leaching during the erratic summer rainfall events characteristic of Mediterranean
environments. In this regard, pig slurries appear to combine the short-term behavior of
mineral fertilizers with the longer-term benefits of slow-release fertilizers. This supports
their application at cereal tillering rather than at sowing, improving synchronization
between N availability and crop demand while reducing management costs. In particular,
FS appears to be a promising option, as it provided a final N availability comparable to
that of MN while releasing a greater proportion of N more gradually.

The results should be interpreted within the framework of the proposed hypothesis, so
that the findings can contribute to improving N-fertilization planning. This interpretation
must also consider the leaching constraint, given that drainage losses are minimal (<20 mm)
and typically occur during the autumn-winter period [69]. Consequently, soil samples
were collected from the 0-0.15 m layer, corresponding to the soil depth most directly
affected by soil water replenishment from rainfall (Figure 2), slurry application and stubble
incorporation. The observed changes in C and N dynamics primarily reflect processes
occurring within the cultivated topsoil, where the effects of these management practices are
expected to be most pronounced. Furthermore, C and N mineralization were assessed under
controlled laboratory incubation conditions, facilitating comparisons among fertilization
treatments. However, these conditions do not fully reproduce the complex interactions
among rainfall variability and other field factors that regulate C and N turnover under
field conditions. Therefore, results provide valuable insights for scheduling fertilization
sufficiently in advance and improving its efficiency.

5. Conclusions

In the context of a Mediterranean rainfed cereal system, the results of this 10-year field
experiment indicate that pig slurry applied at authorized fertilization rates significantly
increased winter cereal yields compared with mineral fertilization.

Soil organic carbon levels increased following the application of slurry from fattening
pigs, mainly within the finest organic matter fraction (<0.05 mm), which also appeared to
be an important source of short-term SOC mineralization. For all treatments, the Gompertz
model adequately described the dynamics of SOC mineralization during the incubation
period, highlighting a pattern consistent with C mining in the control treatment.

Short-term aerobic incubation proved to be a useful tool for assessing N mineralization
from pig slurries. Incorporating the simple exponential model fitted in this study into
fertilization management plans could improve the selection of slurry application rates and
timing, thereby enhancing the synchronization between N availability and crop demand.

From a broader sustainability perspective, our findings demonstrate that the agricul-
tural reuse of pig slurry supports circular nutrient management, reduces dependence on
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mineral fertilizers, and contributes to climate change mitigation by increasing soil carbon
stocks. Therefore, when appropriately managed, pig slurry can play a key role in the
development of more sustainable, resilient, and resource-efficient cropping systems in
Mediterranean rainfed regions.
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Abbreviations

The following abbreviations are used in this manuscript:

CcoO Control, no N applied

CSERy  Carbon stock evolution ratio

FS Slurry from fattening pigs

MAOM  Mineral-associated organic matter

MN Mineral N applied as ammonium nitrate
Nmin Mineral N (NH4*-N + NO3;-N)

POM Particulate organic matter

50C Soil organic carbon

SS Slurry from sows

Appendix A

Table Al. Analysis of variance ! performed on grain yield and straw biomass (0% moisture content)
across fertilization treatments over the previous eight growing seasons of winter cereals, together
with barley yield in the final cropping season (9th cropping season, 10th year).

Grain Yield (kg ha—1) Straw Biomass (kg ha—1)
Eight Seasons Last Season Eight Seasons Last Season
Source df MSE p MSE P MSE p MSE p
Block 2 311,558 0.031 74,509 0.921 30,639 0.031 26,811 0.146
Treatment 3 1.31x 10°  <0.001  5.19x 10° 0.033 128,718 <0.001 435,968 <0.001
Residual 6 47,308 890,361 4648 9938

1 df: degrees of freedom; MSE: mean square error; p: probability.
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Table A2. Analysis of variance ! performed on total soil organic carbon (SOC), its granulometric—
densimetric fractions 2 (g C kg~! soil), and microbial biomass carbon (MBC, mg C kg~! soil) across
fertilization treatments in the final cropping season (9th cropping season, 10th year).

Source

LF

Soc (2-0.2 mm)

HF
(2-0.2 mm)

df MSE p

MSE p

MSE p

LF
(0.2-0.05 mm)
MSE p

HF
(0.2-0.05 mm)

(<0.05 mm)

MBC

MSE

p MSE p MSE p

Block
Treatment
Residual

2 294 0143
3 1878 0.002
6 1.07

0.17
0.41
0.09

0.24
0.06

0.02  0.60
0.13 0.10
0.04

1.97 0.01
0.15 0.56
0.19

1.57
1.90

0.18
0.23

3.69
5.87
0.94

0.812 1687.74 0.47
0.028 231743 0.39
1958.68

1 df: degrees of freedom; MSE: mean square error; p: probability. > Densiometric fractions: light fraction (LF) and
heavy fraction (HF). Particle size fractions: 2-0.2 mm, 0.2-0.05 mm, <0.05 mm.

Table A3. Analysis of variance 1 performed on NO3;™-N, NH4*-N, and total mineral N (Nmin) 2 (mg
kg*1 soil) at the start of incubation (Time 0) and on total Nmin accumulated after 52 days (Time 52).

Source

NO;-N

df MSE p

Time 0
NH,*-N

MSE p MSE

Nmin

NO;™-N

4 MSE P

Time 52
NH4*N
MSE p

Nmin
MSE p

Block
Treatment
Residual

2 2.75 0.506
3 41.99 0.006
6 3.61

0.05 0.230
0.007  0.840
0.03

2.48
40.98
3.69

0.545
0.007

54.27
180.10

0.111
0.008

16.78

0.23 0.025
0.09 0.127
0.032

55.54 0.105
177.22  0.008

16.53

L df: degrees of freedom; MSE: mean square error; p: probability. 2 Nmin was calculated as the sum of NO3-N
and NH4"-N.

Table A4. Analysis of variance 1 performed on carbon stock evolution ratio (CSERT). The evolution
of soil carbon stock for each treatment was quantified relative to the MN carbon stock and expressed
in relation to either total C inputs or slurry-derived C inputs.

CSERT (Total C Inputs)
df MSE p

Block 2 0.018 0.745 2 0.308 0.024
Treatment 2 1.092 0.009 1 1.153 0.007
Residual 4 0.056 2 0.008

1 df: degrees of freedom; MSE: mean square error; p: probability.

CSERT (C Slurry Inputs)

Source df MSE P

Table A5. Verification of model assumptions for the nonlinear mixed-effects model ! with a compound
symmetry covariance correlation structure (NLME-CS) applied to cumulative available N from net
mineralization during the incubation period under different fertilization treatments.

Test

Shapiro-Wilk
Bartlett
Likelihood Ratio Test (CS vs.
base model)

Assumptions Statistic p

W =0.983 0.315
K% =2.034 0.565

X2 =5.068 0.024

Residual normality
Homoscedasticity

Correlation structure

1p: probability.
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