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Abstract: The untapped potential for carbon sequestration in agricultural soils represents one of the
most cost-effective tools for climate change mitigation. Increasing soil organic matter also brings
other agronomic benefits such as improved soil structure, enhanced water-and-nutrient-retention
capacity, and biological activity. Broadly, soil organic carbon storage is achieved by increasing carbon
inputs (plant residues and organic amendments) and reducing carbon outputs (soil loss mechanisms,
decomposition). With a focus on carbon inputs—more specifically, organic amendments—as leverage
to increase soil organic carbon, we compared the respiration rates and carbon storage of incubated soil
cores amended with maize straw, manure, two digestates and the solid fraction of digestate. Using
the variation in the natural 13C abundance found in C4 and C3 plants as a tracer, we were able to
partition the CO2 emissions between the exogenous organic matter materials elaborated from maize
(C4) and native soil organic carbon (C3). The addition of digestate resulted in an additional 65 to 77%
of remaining organic carbon after 92 days. The digestate-derived CO2 was fitted to a second-order
kinetic carbon model that accounts for the substrate C that is assimilated into the microbial biomass.
The model predicted a carbon sequestration potential of 56 to 73% of the total applied organic carbon
after one to two years. For the solid fraction, the results were higher, with 89% of the applied organic
carbon after 92 days and a sequestration potential of 86%. The soil priming ranged from −19% to
+136% in relation to the unamended control soil, highlighting a surprisingly wide spectrum of results
that warrants the need for further research on soil–digestate interactions.

Keywords: stable carbon isotope; priming effect; soil organic carbon; nitrates directive

1. Introduction

Digestate is the leftover organo-mineral material following the anaerobic digestion
(AD) of organic feedstocks (manure, municipal waste, crop residues) to produce biogas. In
reason of its high content of nutrients in mineral form, primarily nitrogen (N), phosphorus
(P) and potassium (K) [1,2], digestate can be used directly as a fertiliser, all the while
increasing the share of recycled nutrients recovered from organic waste streams in the
context of a circular economy model [3]. In the frame of the European Union’s (EU’s)
objective to reach climate neutrality by 2050, embodied in the Green Deal, the biogas
sector has been picking up steam in recent years as a rapidly deployable solution for
renewable energy. The recent REPowerEU Plan to rapidly phase out European dependence
on fossil fuels further accelerates the rollout of renewable energy. These measures, aimed
at ramping up biogas production, imply that larger volumes of digestate need to find
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a suitable outlet [4]. The further biorefining of digestate to isolate nutrients offers one
such solution [5,6]; however, the most common use for digestate remains direct land
spreading [7].

While many studies have focused on the N-fertilising properties of digestate as an
alternative to synthetic fertilisers [8–10], an interesting aspect worth considering for agricul-
tural soils is that digestate also carries carbon (C). The 4 per 1000 initiative, instigated by the
French government at the COP21 Paris Climate Summit in 2015, underpins the importance
of increased soil C storage as a climate mitigation strategy to reduce atmospheric CO2
and improve soil health, water retention, resilience, and, in turn, food security [11]. As
a possible input of C, the physicochemical properties of digestate can vary considerably
in reason of the composition and different ratios of the input feedstocks [12] and of the
specific parameters of the AD process (retention time, temperature), both of which have
been shown to affect digestate C and N mineralisation [13,14]. Recalcitrant forms of C
concentrate in digestate as a consequence of the labile C contained in the feedstocks being
more favourably converted into biogas by the microbial consortia during the AD pro-
cess [14–16]. Consequently, digestate may hold promise as an input of C for increasing soil
organic carbon (SOC) stocks, as also underlined in several studies [17–21]. Nevertheless,
the addition of digestate has also been reported to have no discernible effects [22]. Either
way, there is little information on the interactions between digestate and native soil organic
matter (SOM) via so-called priming effects (PEs), a key component of global C cycling [23],
which can be defined as a change in SOM decomposition in response to fresh organic matter
(OM) input to soil [24]. The overarching objective was to benchmark the mineralisation
rates of digestate next to common exogenous organic matter (EOM) materials and shed
new light on the potentially sequestered C and agronomic implications of using digestate
as C-input for soils. Limited insight into digestate behaviour in soil results particularly
from the difficulty in resolving SOM from digestate C mineralisation, as the production
of digestate with a contrasting stable C-isotopic composition is unstraightforward and,
moreover, contains inorganic carbon, which contributes to the overall soil CO2 efflux. To
bridge this knowledge gap, the variation in the natural 13C abundance found in C4 and
C3 plants was used as a tracer to effectively allocate soil CO2 emissions between EOM
materials, including digestate, elaborated from a C4 plant (Zea mays L.), on one hand,
and soil that bore C3 plants, on the other. Because differences in natural abundance are
relatively limited, we accounted for the dynamics in isotopic fractionation during soil C
mineralisation and CO2 efflux in a soil incubation experiment.

2. Materials and Methods
2.1. Materials Collection and Experimental Design

Two subsoils, chosen for their low SOC contents of 6 and 1 g kg−1 (Table 1), were
collected in the East Flanders province of Belgium. For ease of reference, the soils (S) were
named after their SOC contents, namely, S0.6 and S0.1 (Table 1). The former was sampled
from arable land in Kruisem (50◦55′ 43.3′ ′ N, 3◦32′55.4′ ′ E) at a depth of 0.2–0.4 m, and the
latter was sampled at a depth of 0.5–1.0 m from a permanent pasture located in Merelbeke
(50◦59′43.9′ ′ N, 3◦45′38.9′ ′ E). The soils are characterised, respectively, as loamy sand and
sand [25,26]. The soils were air-dried, sieved through a 2 mm mesh and stored at room
temperature. Any gravel and plant debris were carefully removed by hand. For the sake of
clarity, the mention of control soil hereafter (labelled CL, described further below) refers
exclusively to the use of S0.6 (Table 1). The S0.6 soil was used for the main experiment,
which lasted 92 days. The S0.1 was used in a parallel, shorter incubation experiment of
21 days, to assess isotopic fractionation during EOM mineralisation as detailed hereafter
(Section 2.4).
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Table 1. Soil main physicochemical characteristics.

Parameter Unit Loamy Sand
(S0.6)

Sand
(S0.1)

pHKCl / 6.5 ± 0.0 4.1 ± 0.0
pHH2O / 6.8 ± 0.1 5.5 ± 0.0

EC mS cm−1 0.03 ± 0.00 0.06 ± 0.00
TN g kg−1 0.63 ± 0.06 0.12 ± 0.02
TC g kg−1 5.9 ± 0.0 1.0 ± 0.1

SOC g kg−1 5.8 ± 0.0 1.0 ± 0.0
Sand % 84 92
Silt % 13 6

Clay % 3 2
δ13C ‰ −25.2 −26.4
C/N / 9.4 8.5

EC = electrical conductivity; TN = total nitrogen; TC = total carbon; SOC = soil organic carbon; δ13C = 13C isotope
analysis of dry substrate. For additional soil physicochemical data, see Table S1.

The EOM-amending materials used in this experiment consisted of maize straw (MZ),
cattle manure (MN), two digestates (DG1 and DG2) and the solid fraction of digestate (SF).
The maize straw (Zea mays L.), composed of dry maize shoots and leaves, was roughly
chopped into 1 to 2 cm long pieces. The MN was collected from a cattle farm in Hondeghem,
Hauts-de-France, France, where cows received 56% fresh maize in their daily feed intake.
A full-scale biogas plant in Neuried, Baden-Württemberg, Germany, provided DG1 and the
SF, where the AD temperature was kept at 48 ◦C with a total retention time of 29 days. This
is a two-stage AD process featuring a hydrolysis reactor (1200 m3) and a methanogenesis
reactor (550 m3). The SF corresponded to the dewatered fraction of DG1, obtained by
pouring DG1 onto the greenhouse floor to reach a thickness of 15–20 cm, after which it was
heated to 50–80 ◦C (depending on weather conditions) for four weeks with the thermal
energy generated from the combined heat and power unit. The DG2 was obtained from a
full-scale biogas plant located in Titz, Düren, Germany (ADRW NaturPower GmbH & Co.
KG). It came from a single-stage AD maintained at 52 ◦C in a 2500 m3 digester tank with
a hydraulic retention time of 72 days. All digestates (DG1, DG2 and SF) contained >95%
maize as feedstock. All samples were collected in polyethylene sampling bottles and stored
at 4 ◦C until further use.

The five EOM treatments—MZ, MN, SF, DG1, DG2—were each prepared in triplicate,
and, serving as control (CL), unamended soil without EOM was prepared in quintuplicate,
totalling 20 tubes. As previously stated, the soil that served as CL was S0.6 (Table 1). The
EOM materials were thoroughly mixed with 254.2 g of dry soil at an equivalent rate of
2.5 t total organic carbon (TOC) ha−1, which corresponded to 1.19 gMZ, 7.65 gMN, 1.19 gSF,
10.82 gDG1 and 16.26 gDG2 of added fresh matter, respectively. As a first step, the soil
was preincubated in a dark room at a constant temperature of 20 ◦C for 10 days at 35%
water-filled pore space (WFPS). After that, the EOM materials were mixed into the soil
and gently packed to reach a height of 5 cm and a bulk density of 1.4 g cm−3 in polyvinyl
chloride (PVC) tubes measuring 6.8 cm in diameter and 7 cm in height. For the semi-solid
EOMs (MN, DG1, DG2), a magnetic stirrer was used to homogenise the materials prior to
their addition to the soil. The water content of each EOM material was considered to reach
50% WFPS in the final soil cores. Each mesocosm was placed inside a leakproof glass jar
(1 L). In each jar, a vial (120 cm3) containing 30 mL of 1 M sodium hydroxide (NaOH) was
included. Although the glass jars were sealed shut once inside the incubation cabinet, the
NaOH traps were inserted as an extra precaution to avoid any CO2 cross-contamination
between treatments. The jars containing the mesocosms were then randomly positioned
inside an incubation cabinet at a constant temperature of 20 ◦C during the 92 days of the
experiment. At regular intervals, the NaOH solutions were changed, and the glass jars
were individually opened and placed in front of a fan at full speed for about 20′ under a
fume hood to ensure complete air renewal. Each soil core was taken out and placed back
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inside the incubation cabinet one at a time to ensure that no open soil core was ever in
close contact with another. The gravimetric water content was registered at 50% WFPS and
readjusted with demineralised water every 2 to 5 days.

At the end of the incubation (day 92), a series of destructive analyses was performed on
each of the 20 incubated soil cores, i.e., the quintuplicate control soils and the triplicates of
the five EOM treatments. In this way, the microbial biomass carbon (MBC), the gravimetric
water content, pHKCl and residual mineral N were all determined in homogenised samples
taken from each of the fresh soil cores on day 92 (Section 2.3).

2.2. Measurement of CO2 Fluxes

For the CO2 measurements, an airtight static flux chamber was fastened to the rim
of the PVC tube containing the soil core. The flux chamber was fitted with two bulkhead
connectors and PTFE tubing connected in a closed loop to an external vacuum pump, itself
connected to a calibrated cavity ring-down spectroscopy analyser (G2201-i CRDS isotopic
CO2/CH4 analyser, Picarro, Santa Clara, CA, USA). This setup allowed us to measure the
build-up of CO2 in the headspace (370 cm3) and the variations in 12CO2 and 13CO2 efflux
rates from the mesocosms over time. The duration of measurement was never inferior to 8′

per mesocosm and was adapted for each treatment according to the velocity of the observed
cumulative CO2 build-up in the headspace. In all instances, excessive CO2 build-up in
the headspace leading to non-linear efflux was avoided. Measurements were taken on
twelve separate occasions over the course of the 92-day experiment: on days 1, 3, 7, 9, 13,
15, 21, 28, 37, 48, 64 and 92. After a measurement was taken on a soil core, and before
measuring the next, enough time was allowed for the CO2 readings to return to ambient
levels (±416 ppm CO2). The measurements of soil cores were systematically carried out in
a completely randomised pattern.

A linear model was fitted to the measured CO2 build-up as a function of time to
determine the CO2 effluxes (ppm s−1). These volumes of CO2 were then converted to
mass (mg CO2-C h−1) using the ideal gas law. The Keeling plot method was applied [27],
which considers the isotopic δ13C signature of emitted CO2 as the y-intercept of the linear
regression function of the measured δ13C values as a function of the inverse of the CO2
headspace concentration.

2.3. Physicochemical Characterisations

Total carbon (TC), TOC and total nitrogen (TN) were measured using a PRIMACS100
Analyser series (Skalar Analytical BV, Breda, The Netherlands). The pHKCl was determined
using an Orion Star A211 pH electrode (Thermo Fisher Scientific, Waltham, MA, USA)
placed in a 1/5 ratio (w/v) of fresh sample to 1 M potassium chloride (KCl). For pHH2O, the
sample was prepared in the same ratio with demineralised water instead. The suspension
was mixed for 60′ on an orbital shaker and left to settle overnight before taking the reading.
Electrical conductivity (EC) was measured with an Orion Star A212 conductivity meter in a
1/5 ratio (w/v) of fresh sample to demineralised water. The suspension was placed on an
orbital shaker for 60′ and filtered (Whatman No. 43, Maidstone, UK) prior to the reading.
Dry matter (DM) was determined using the gravimetric difference between the fresh
and oven-dried samples at 105 ◦C. The residual ammonium N (NH4

+−N) and nitrate N
(NO3

−−N) in the incubated soil cores were measured from filtrates, prepared in a 1/5 ratio
(w/v) of fresh sample to 1 M KCl, on a Skalar SA 1050 flow injection analyser. For measuring
NH4

+−N content in the EOM materials, the samples were prepared in a 1/5 ratio (w/v)
of fresh sample to demineralised water, to which magnesium oxide (MgO) was added.
The samples were then distilled in a Vapodest 20 distillation unit (Gerhardt, Gemini BV,
Apeldoorn, The Netherlands). The distilled NH4

+ was trapped in a 2% boric acid solution
(H3BO3) titrated with 0.05 M hydrochloric acid (HCl) on an automatic 718 Stat Titrino
titrator (Metrohm, Herisau, Switzerland). The δ13C isotope signature of the materials was
measured with EA-IRMS using an ANCA-SL (Automated Nitrogen Carbon Analyser-Solids
and Liquids) interfaced with a SerCon 20–22 IRMS (SysCon electronics, Cheshire, UK).
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Soil texture was determined using the pipette sedimentation method [28]. The MBC was
determined using the chloroform fumigation-extraction method on 30 g of soil [29]. The
potassium sulphate (K2SO4) 0.1 M filtrates were measured using a FormacsHT-I TOC/TN
analyser (Skalar Analytical BV, Breda, The Netherlands). The difference in extractable
C between the fumigated and non-fumigated samples was considered as the MBC. A
correction coefficient of 0.45 was factored into account for the fraction of the fumigated
C-biomass that was mineralised to CO2-C [30]. Total P, sulphur (S), K, sodium (Na),
magnesium (Mg), calcium (Ca), aluminium (Al), iron (Fe), cadmium (Cd), copper (Cu)
and zinc (Zn) were determined in 0.1 g of dry, ground sample (<250 µm) with nitric acid
digestion (HNO3 65%) using a Varian Vista MPX Simultaneous ICP-OES (Varian Inc.,
Palo Alto, CA, USA). Dissolved organic carbon (DOC) was determined following the
Macherey–Nagel protocol reference 985,093 [31] using a filter pore size of 0.45 µm. Acid
detergent fibre (ADF) and acid detergent lignin (ADL) were analysed to determine the
contents of lignin and cellulose, respectively, following the Van Soest method [32]. The
DOC and Van Soest characterisations were performed by a certified laboratory (Innolab,
Oostkamp, Belgium). Additional physicochemical properties of the exogenous organic
matter materials are presented in Table S2.

2.4. Calculations

The different fractions of CO2-C emitted from a particular mesocosm were calculated
based on the following mixed model equation [33], which takes into consideration δ13C of
CO2 emissions from the EOM treatment and the control soil (CL):

CO2 − CEOM = CO2 − C ×
δ13C− CO2 (EOM0.6)

− δ13C− CO2 (CL)

δ13C− CO2 (EOM0.1)
− δ13C− CO2 (CL)

(1)

where CO2-CEOM is the amount of CO2-C derived from the added EOM (mg CO2-C kg−1

soil 24 h−1); CO2-C represents the total amount of evolved CO2-C from the mesocosm (mg
CO2-C kg−1 soil 24 h−1); δ13C-CO2(EOM0.6) is the isotopic δ13C signature of CO2 emitted
from the EOM-amended mesocosm determined with Keeling plots using the S0.6 soil
(Table 1); δ13C-CO2(CL) is the estimated isotopic δ13C signature of CO2 emitted from the CL
soil (corresponding to unamended S0.6, Table 1) resulting from SOC mineralisation only;
and δ13C-CO2(EOM0.1) is the estimated isotopic δ13C signature of emitted CO2 assumed to
derive from EOM only, i.e., with EOM added in a large amount in the low SOC S0.1 soil
(Table 1). Indeed, to better account for isotopic fractionation, a parallel experiment was set
up with the exact same parameters, conditions and treatments (Section 2.1), but with S0.1
soil instead of S0.6 (containing 0.1% instead of 0.6% SOC, Table 1). The measurements of
CO2 effluxes from the EOM treatments using S0.1 soil were taken on the same days (1, 3, 7,
9, 13, 15, 21) as the main experiment. This experiment lasted 21 days, which corresponded
to the moment when the cumulative mineralised C from the 92-day experiment with S0.6
exhibited a linear trend (Figure S1). Hence, from days 1 to 21, the value of the endmember
δ13C-CO2(EOM0.1) (Equation (1)) was taken from the estimated isotopic δ13C signature of
CO2 emitted from the EOM treatments using S0.1 soil on each of those days (days 1, 3,
7, 9, 13, 15, 21). From day 21 onwards, it was assumed that the δ13C value measured on
day 21 was representative of all biological activity after that point and that only one pool
of C was contributing to CO2 emissions, as indicated by the linear trend in cumulative
C mineralisation showcased over the 92-day incubation. Consequently, from days 21 to
92, the endmember δ13C-CO2(EOM0.1) was locked on the isotopic δ13C signature of CO2 of
day 21.

Subsequently, the fraction of CO2-C emitted from the EOM-amended soil (CO2-Csoil,
Equation (2)) was calculated as the difference between CO2-CEOM and the total amount
of evolved CO2-C from the mesocosm (as defined in Equation (1)), expressed in mg CO2-
C kg−1 soil 24 h−1:
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CO2 − Csoil = CO2 − C− CO2 − CEOM (2)

From that point, the intensity and direction of the PE were expressed as a percentage
of cumulative CO2 emitted by the treatment soil (CO2-Csoil) relative to the amount of
cumulative CO2 emitted by the unamended control soil (CO2-CCL) [34] on day 92:

PE (%) =
CO2 − Csoil − CO2 − CCL

CO2 − CCL
× 100 (3)

The EOM-derived CO2-C was expressed as a percentage of added TOC from the EOM
materials. A second-order kinetic model [35] was fitted to the results of the cumulative C
mineralised from the EOM materials to extrapolate the amount of unmineralised TOC after
1 to 2 years as a proxy for the potentially sequestered C (TOCseq-EOM hereafter):

C(t) = CA −
CA

1 + k2a(1− a)CAt
(4)

where C(t) is the cumulative amount of C mineralised at time t; CA is the amount of
mineralised C; k2 is the second-order mineralisation rate; a is the amount of mineralised
substrate C that becomes part of the microbial biomass itself and further influences the
mineralisation process. Variables k2 and a are expressed as a single variable k2a(1 − a) (see
Table S3 for parameters from the second-order kinetic model).

2.5. Statistical Analyses

All experiments and physicochemical characterisations were performed in triplicate,
with the exception of the untreated control soil (CL), which was prepared in quintuplicate.
The data are presented as the mean ± standard deviation. One-way ANOVA and Tukey’s
post hoc test at p < 0.05 were used to highlight differences in C and N mineralisation rates,
MBC and pH between the different EOM treatments. The Shapiro–Wilk test was used
to check the normal distribution of the continuous variables. The equality of variances
between EOM treatments was checked using Levene’s test. In the cases where assumptions
of a normal distribution and equal variance were violated, the data were analysed using
the nonparametric Kruskal–Wallis one-way analysis of variance, followed by Dunn’s post
hoc test with Bonferroni correction. Correlation coefficients between treatment results and
physicochemical properties of EOM materials were determined using Pearson’s correlation.
A one-sample T-test (p < 0.05) was carried out to determine if the PE (Equation (3)) of
the treatments was significantly different from that of the control soil (test value of 0).
All statistical analyses were carried out on SPSS 27.0 software 64-bit edition (IBM Corp,
Armonk, NY, USA) for Windows.

3. Results
3.1. Cumulative Total CO2 Emissions and EOM-Derived Emissions

The addition of all EOMs resulted in a significant increase in cumulative CO2-C
emissions (p < 0.05) (Table 2). On day 92, the total CO2-C emissions from the mesocosms
were as follows, from lowest to highest: CL < SF < DG1 < DG2 = MN = MZ. Comparatively,
the MZ treatment emitted sixteen times more CO2 cumulatively than the CL soil, MN
emitted twelve times, DG2 eleven, DG1 seven and SF four times the amount of the CL.
Emissions from the MN and DG2 treatments amounted to 74 and 70%, respectively, of
the total CO2-C emissions from MZ (Table 2). The slopes of cumulative CO2-C emission
from DG1 and DG2 were very close until day 28, after which point, a sharp increase was
observed for DG2 from day 37 to 48, followed by a slower increase up to day 92, by which
time it had almost caught up with the MN treatment (Table 2 and Figure S1).
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Table 2. Cumulative CO2-C emissions after 92 days (mg CO2-C kg−1 soil).

Parameter CL MZ MN SF DG1 DG2

CO2-CEOM / 901 ± 72 b 661 ± 167 ab 194 ± 36a 393 ± 26 ab 565 ± 46 ab
CO2-Csoil 63 ± 11 ab 90 ± 10 ab 77 ± 4 ab 63 ± 23ab 51 ± 8 a 149 ± 29 b

CO2-CEOM = the cumulative CO2-C derived from the EOM on day 92; CO2-Csoil = the cumulative CO2-C derived
from the soil on day 92. MZ: maize; MN: manure; DG1 and DG2: digestate; SF: the solid fraction of digestate; CL:
control soil with no addition of fertiliser. Treatments with the same letters are not statistically different (p < 0.05).

Emissions from the CL were on average 0.73 mg CO2-C 24 h−1 over the course of the
experiment and, on day 92, the cumulative CO2-C had reached 63 mg kg−1 soil. After
48 h, MZ had rapidly set itself apart with 206 mg cumulative CO2-C kg−1 soil, while MN
reached 154 mg CO2-C kg−1 soil. In contrast, DG1 and DG2 had emitted, respectively,
52 and 87 mg CO2-C kg−1 soil. The SF was the lowest of all EOM treatments at 19 mg
CO2-C kg−1 soil, whereas the CL had reached a cumulative 3.29 mg CO2-C kg−1 soil after
48 h.

The results of the EOM-derived cumulative CO2-C emissions (Equation (1)) on day
92, expressed as a percentage of added TOC (TOCmin-EOM, Table 3), were as follows:
11%SF~23%DG1~35%DG2~38%MN < 50%MZ. A second-order kinetic C model (Equation (4))
was fitted to the experimental data (p < 0.0001) and allowed to estimate the amount of
remaining TOC after 1 to 2 years (TOCseq-EOM, Table 3), which was considered as the
sequestrable fraction. From highest to lowest, the TOCseq-EOM from the EOMs was as
follows: SF > DG1 > MN > DG2 > MZ. Regarding MZ, ranges of 50–60% of mineralised
C derived from maize have been reported in year-long soil incubation experiments [36],
which fall in line with the 56% of mineralised TOC from MZ after 1 year predicted using
the second-order kinetic model. On the opposite side of the spectrum, TOCseq-EOM from
the SF was the highest at 86%, almost double the value of MZ. The SF was tailed by DG1
(Table 3). The second-order model indicated that CO2-C from DG2 would have caught
up with MN by day 221, the tipping point at which both EOMs would contain 59.1% of
residual TOC. After this point, DG2 would overtake MN, as could be anticipated from the
data trend (Figure 1a), and as confirmed by the final results of the model, which indicated
56 and 58% TOCseq-EOM, respectively, for DG2 and MN (Table 3).

Table 3. Cumulative CO2-C expressed in relation to total organic carbon applied (% TOC).

Parameter MZ MN SF DG1 DG2

TOCmin-EOM 50.5 ± 4.1 b 37.6 ± 9.5 ab 11.0 ± 2.1 a 23.2 ± 1.5 ab 34.6 ± 2.8 ab
TOCseq-EOM 43.9 58.3 85.9 73.2 56.2

TOCmin-EOM = the percentage of mineralised total organic carbon derived from the added exogenous organic
matter on day 92; TOCseq-EOM = the percentage of remaining total organic carbon after 1 to 2 years calculated
with the second-order kinetic model. MZ: maize; MN: manure; DG1 and DG2: digestate; SF: the solid fraction of
digestate. Treatments with the same letters are not statistically different (p < 0.05).

For MZ, MN, DG1 and DG2, the EOM-derived CO2-C emission was the highest on the
first day with, respectively, 79.3; 56.3; 17.0 and 35.7 mg CO2-C kg−1 soil 24 h−1 (Figure S2a).
For SF, the peak came later, on day 9, with 6.6 mg CO2-C kg−1 soil 24 h−1. Once the peak
had been reached (day 9 for SF and day 1 for other EOMs), the general trend was that
of a decrease in the CO2-C derived from EOM materials over time, as could be expected.
However, in the case of DG2, as a departure from the blueprint described above, 2.5 mg
CO2-C kg−1 soil 24 h−1 were measured on day 28, after which a pulse was observed,
reaching its peak on day 48 with 8.1 mg CO2-C kg−1 soil 24 h−1, followed by a progressive
decline to eventually reach its lowest point by day 92 at 2.3 mg CO2-C kg−1 soil 24 h−1

(Figure S2a). In spite of these pulses, all emissions gradually converged on the last day,
ranging between 0.7 and 2.3 mg CO2-C kg−1 soil 24 h−1 (against 0.67 mg for the CL). By
that time, the values were no longer significantly different (Table S4).
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Figure 1. Evolution of the cumulative (a) EOM-derived CO2-C and (b) native SOC-derived CO2-C
over 92 days. MZ: maize; MN: manure; DG1 and DG2: digestate; SF: the solid fraction of digestate;
CL: control soil with no addition of fertiliser. Treatments with the same letters denote no statistical
difference (p < 0.05) in the 92-day cumulative CO2-C emissions.

3.2. Native SOC-Derived CO2 Emissions and SOC Priming

The CL had emitted a cumulative 63 mg CO2-C kg−1 soil by day 92 (Table 2) with an
average emission rate of 0.73 mg CO2-C 24 h−1, which was linear throughout. Expressed
relatively, this corresponded to 4.3% of mineralised native SOC on day 92. On day 92, the
differences in SOC-derived mg CO2-C kg−1 soil 24 h−1 between treatments had become
negligible (Table S4). The SF soil had the highest SOC-derived CO2 emission rate during the
first 9 days (Figure S2b). From day 28 onwards, the SF SOC-derived CO2 emissions were
closely aligned to those of the unamended CL soil, and no net cumulative SOC-derived
emissions were observed on day 92 (Figure 1b), resulting in a cumulative PE (Equation (3))
of 0.5% relative the cumulative emissions from the CL soil, which was not significantly
different. With MZ, SOC mineralisation surpassed that of the CL soil from day 13 onwards
(Figure 1b) and, overall, although not significantly different, cumulative SOC-derived
emissions were higher than the CL by 27 mg CO2-C kg−1 on day 92 (Table 2). The PE
from MZ-SOC was 43% higher than the CL soil, which resulted in it being significantly
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different (p < 0.05) (Figure 2). The mineralisation of the SOC-derived MN treatment was
inferior to the CL until day 64 (Figure 1b), at which point the cumulative amount of SOC
overtook that of the CL treatment to reach a net positive difference of 14 mg CO2-C kg−1

by day 92 (Table 2). The final cumulative PE from MN-SOC amounted to a significant
difference of 23% compared with the CL soil (Figure 2). As for DG1, SOC-derived CO2
emissions were lower than the CL treatment from the onset until the end (Figure S2b), and
the cumulative SOC-derived emissions after 92 days were lower than the CL soil by 12 mg
CO2-C kg−1 but not significantly different (Table 2, Figure 1b). The PE of DG1 was −19%,
this result was not significantly different from the CL soil (value of 0) according to the
T-test. In stark contrast, DG2 started off with a similar trend but set itself apart from day
13 onwards, showcasing the highest SOC-derived emissions (Table 2, Figure 1b) and the
highest positive priming of all EOMs by the end of the experiment (Figure 2). By day 92,
the two digestates thus delineated the two ends of the priming spectrum with a negative
PE of −19% from DG1 and +137% from DG2 compared with the basal respiration of the CL
(Figure 2). Overall, when comparing the EOMs against one another, the PEs (Equation (3))
were only significantly different (p < 0.05) between DG1 and DG2 (Figure 2): −19%DG1 ~
+0.5%SF = +23.2%MN = +43.4%MZ < +136%DG2.
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Figure 2. Cumulative priming after 92 days expressed in relation to the CO2 emissions of the native
soil organic carbon from the control soil (Equation (3)). MZ: maize; MN: manure; DG1 and DG2:
digestate; SF: the solid fraction of digestate. Treatments with the same letters are not statistically
different (p < 0.05) according to Tukey’s HSD test. * Treatments that are statistically significantly
different from the unamended control soil according to the T-test (p < 0.05).

3.3. Microbial Biomass Carbon

In the case of DG1 and DG2, the relative increase in MBC was not significantly different
from the CL (Table 4). Compared with the 39 mg C kg−1 soil of the CL, the DG1 and DG2
EOMs had statistically similar effects in terms of MBC gains and were responsible for
the lowest increase from the EOMs vs. CL, representing roughly a 60–65% increase (an
additional 26 and 25 mg C kg−1 soil, respectively). The SF resulted in an additional 52
mg C kg−1 soil (or 133% increase), while MZ and MN led to the highest turnover with,
respectively, an additional 87 and 67 mg C kg−1 soil (Table 4), which represented an increase
of 223% for MZ and 172% for MN.
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Table 4. Main results from post-incubation analyses carried out on soil cores on day 92.

Parameter Unit CL MZ MN SF DG1 DG2

pHKCl / 6.6c ± 0.0 6.8d ± 0.0 6.5bc ± 0.0 6.9e ± 0.0 6.4b ± 0.1 6.3a ± 0.1
MBC mg C kg−1 soil 39a ± 10 126c ± 9 106cd ± 22 91bc ± 11 65ab ± 23 64ab ± 10

Mineral Nresidual mg kg−1 soil 28a ± 1 26a ± 1 99b ± 3 37c ± 2 136d ± 10 175e ± 11

MBC = microbial biomass carbon on day 92; Mineral Nresidual = the residual mineral nitrogen in the soil cores
calculated as the sum of NH4

+−N and NO3
−−N on day 92. MZ: maize; MN: manure; DG1 and DG2: digestate;

SF: the solid fraction of digestate; CL: control soil with no addition of fertiliser. Treatments with the same letters
are not statistically different (p < 0.05).

3.4. Residual Mineral N

With the exception of the CL and MZ mesocosms, some significant differences in
recovered residual mineral N (defined as the sum of NH4

+−N and NO3
−−N at the end of

the experiment) were observed between treatments (p < 0.05, Table 4). When considering
the forms of N contained in the different EOMs at the onset of the experiment, MZ was
the only one that already contained a small amount of 0.9 g NO3

−−N kg−1, while it also
contained an almost equivalent quantity of NH4

+−N of 1.1 g kg−1 (Table 5). It is a widely
held view that digestate usually contains a higher ratio of NH4

+−N than undigested
feedstocks [37,38], and this assumption was confirmed in this study (Table 5). It follows
that the highest NH4

+−N-containing EOMs were DG2, DG1 and MN with, respectively, 39,
22 and 21 g NH4

+−N kg−1 (Table 5). The lower content of NH4
+−N (2.4 g kg−1) in the SF

of digestate was expected, as most of it would have volatilised during the drying/heating
process that this EOM was subjected to (Section 1). Turning to the residual NH4

+−N in the
amended mesocosm on day 92, trace amounts were found, which ranged from 0.39 (DG2)
to 1.04 (MZ) mg NH4

+−N kg−1 soil (Table S6), and nearly all mineral N in the soil was in
the form of NO3

−−N. Soil mineral N content at day 92 was as follows: MZ = CL < SF <
MN < DG1 < DG2 (Table 4).

Table 5. Main physicochemical properties of the exogenous organic matter materials. Results are
expressed on a dry matter basis.

Parameter Unit MZ MN SF DG1 DG2

δ13C (‰) −12.9 −17.8 −14.4 −13.5 −13.7
pHKCl / 6.1 ± 0.0 8.5 ± 0.0 9.6 ± 0.0 8.1 ± 0.0 8.0 ± 0.0

EC (mS cm−1) 1.5 ± 0.0 3.9 ± 0.0 10.3 ± 0.0 4.1 ± 0.0 4.9 ± 0.0
TC (g kg−1) 408 ± 9 432 ± 14 420 ± 13 458 ± 21 365 ± 22

TOC (g kg−1) 408 ± 9 425 ± 13 414 ± 16 435 ± 22 334 ± 26
DOC (g kg−1) 143 154 32 231 129
TN (g kg−1) 20.8 ± 0.2 46.9 ± 3.6 33.3 ± 1.0 62.2 ± 2.7 81.1 ± 2.7

NH4
+−N (g kg−1) 1.1 ± 0.2 20.6 ± 0.1 2.4 ± 0.3 22.2 ± 0.2 38.8 ± 0.3

NO3
−−N (g kg−1) 0.9 ± 0.3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

Lignin (g kg−1) 35 124 133 131 144
Cellulose (g kg−1) 235 291 162 186 274

C/N / 19.6 9.2 12.6 7.4 4.5
DOC/TC / 0.35 0.36 0.08 0.46 0.33

NH4
+−N/TN / 0.05 0.44 0.07 0.36 0.48

MZ: maize; MN: manure; DG1 and DG2: digestate; SF: the solid fraction of digestate. δ13C = 13C isotope analysis
of dry substrate; EC = electrical conductivity; TC = total carbon; TOC = total organic carbon; DOC = dissolved
organic carbon; TN = total nitrogen; NH4

+−N = ammonium nitrogen; NO3
−−N = nitrate nitrogen

3.5. pH Measurements

Some slight shifts in pH were observed at the end of the experiment, revealing sig-
nificant differences (p < 0.05) between some of the treatments (Table 4). Mesocosms that
were amended with MN, DG1 and DG2 led to acidification compared with the CL, with
pH values of 6.5, 6.3 and 6.4, respectively. In contrast, the MZ and SF EOMs induced an
alkalinisation of the soil with pH values of 6.8 and 6.9, respectively.
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4. Discussion
4.1. Nitrogen Budget and Dynamics

During nitrification, two H+ cations are generated with each newly formed NO3
−−N

molecule. In a plant–soil system, along with the uptake of NO3
−−N, the plant neutralises

one of the two H+ cations by releasing HCO3
−. Under the controlled conditions of the

present study, in the absence of plants, the generated H+ ions were left unchecked, as a
result of which, they accumulated as permanent soil acidity [39]. This explains the drop in
pH observed with MN, DG1 and DG2—all NH4

+−N-heavy EOMs—as a result of which, it
is reasonable to assume that nitrification was the predominant biological driver behind the
observed drop in NH4

+−N and the concomitant increase in NO3
−−N [40]. Similar trends

from nitrification-induced acidification have been reported [41], whereas the accumulation
of organic acid intermediates and amino acids in digestate has also been put forward as a
possible reason for the drop in pH [42]. Thus, the expected liming effect of the NH4

+-rich
DG1 and DG2, owing to the presence of carbonates, was eclipsed by the acidification
from the excess H+ that was released upon nitrification, which the significantly negative
relationships between pH KClday92 and the mineral Nresidual (p < 0.01), on one part, and pH
KClday92 and the amount of added NH4

+−N (p < 0.05), on the other, appeared to co-explain
(Table S7).

As an indication of the mineral N released by EOMs, we compared the balance
between the original inputs of NH4

+−N from the MN, DG1 and DG2 materials (Table S5)
and the residual mineral N extracted from the soil cores on day 92, after subtracting the
amount of N mineralised in the CL (Table S6). In the case of MN, the initial input was on
average 85 mg NH4

+−N kg−1 soil (Table S5) for 71 mg NO3
−−N kg−1 extracted on day

92 (Table S6). For DG1, 87 mg NH4
+−N kg−1 soil was added and 109 mg NO3

−−N kg−1

was retrieved on day 92, showcasing a surplus of 22 mg NO3
—N, which would attest to

the mineralisation of the DG1 Norg pool and/or native SOM. For DG2, 190 mg NH4
+−N

kg−1 soil was added and 147 mg NO3
−−N kg−1 was extracted on day 92, leaving 43 mg

or 23 % of the initial NH4
+−N unaccounted for. This represented the highest apparent

loss, followed by MN, for which a 14 mg N kg−1 deficit (17%) between the initial NH4
+−N

and recovered NO3
−−N was observed. In laboratory mesocosms, there are three principal

pathways for losses of minerals: (1) net N-immobilisation into microbial biomass and
thereafter into necromass, (2) denitrification losses and (3) NH3-volatilisation. Regarding
immobilisation, by assuming an overall MBC/MBN ratio of 8.6 [43], we inferred the MBN
based on the measured MBC results (Table 4). More specifically, the MBN for the two
treatments that showcased an N-deficit, or apparent loss, would have been 12 and 7 mg
MBN kg−1 soil for MN and DG2, respectively. It follows that the apparent loss of 14 mg
N kg−1 from MN would have been largely offset by MBN immobilisation. For DG2, an
estimated 7 mg of immobilised N would result in 36 mg of unaccounted N (or a 20%
apparent loss). If reduction of NO3

− had occurred, its effects would have been negligible
under the predominantly aerobic conditions provided at 50% WFPS, which are highly
supported by the observed nitrification. Thus, the apparent N loss from DG2 could be
ascribed to volatilisation, which digestate has been shown to be prone to [44,45]. In effect,
the unaccounted NH4

+−N expressed over the amount of TN supplied by the DG2 EOM
would result in a loss of 9%, which is in general accordance with the range of 15% reported
by [12].

The MZ material was characterised by ratios of 0.94 Norg/TN, 0.35 DOC/TC and
19.6 C/N (Table 5). Therefore, MZ would have carried substantial amounts of labile C,
increasing microbial demand for N, in which case, N mining could have occurred [46,47].
However, the residual mineral N on day 92 in the CL and MZ mesocosms were almost
identical (Table 4), indicative of an equilibrium state between N mineralisation and im-
mobilisation that is also typical for OM with a C/N ratio between 20 and 30 [48]. The
SF product displayed an even higher Norg/TN ratio of 0.99, but a net positive balance of
9.8 mg mineral N kg−1 compared with the CL suggests that a slow net N mineralisation
took place, probably favoured by a lower C/N ratio in comparison with MZ (Table 5).
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4.2. EOM-C Mineralisation and Priming Effect

Looking at the physicochemical properties of the EOMs, the best predictors for EOM-C
mineralisation were the contents of lignin, for which a marginally negative correlation was
established, and cellulose, for which a marginally positive relationship was established
(Table S7). Hence, the recalcitrance of lignin to biological degradation was partly reflected
in this study (p < 0.05, Table S7). A similar negative relationship was reported between
the mineralised C and the lignin content in incubation experiments with digestates and
manures [49]. The only study to our knowledge that used the natural 13C abundance tracer
technique with a focus on digestate reported 63% C sequestration from digested maize
after a 178-day incubation [50], whereas we found 60% and 75% of stored C (Figure 3) from
DG2 and DG1, respectively, in this study. So, while at least for one of the studied digestates,
the reported sequestration range was similar, it also highlights that when studying several
digestates, the range of results can be quite different, which points to the heterogeneity in
such products.
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Figure 3. TOC budget from the EOMs at the end of the experiment resulting from the addition of
2.5 t TOC ha−1. The upper half (above the dotted line) shows the fraction of mineralised (respired)
TOC, the lower half (below the dotted line) shows the amount of unmineralised (stored) TOC that
still remained after 92 days. The fractions of TOC (respired and stored) are expressed as a percentage
of TOC applied and in resulting tonnes of TOC ha−1. The priming percentages are for additional
illustrative purposes, they show the amount of CO2 emitted relative to the unfertilised control soil.
MZ: maize; MN: manure; DG1 and DG2: digestate; SF: the solid fraction of digestate.

In terms of PE, the only two treatments that were significantly different were DG1,
associated with negative priming, and DG2, associated with the highest positive prim-
ing (p < 0.05, Figure 2). The three remaining treatments, namely, MZ, MN and SF, fell
somewhere in between and were not significantly different to either DG1 or DG2. The SF
provided comparable amounts of mineral N to the MZ treatment (Table S5), whereas no PE
was observable on the last day of the experiment. It can be assumed that the higher amount
of stabilised C from the SF—which supplied the lowest quantities of DOC—meant that
little energy was available for soil microorganisms; hence, its addition to the soil elicited
a low microbial response [24] probably dominated by k-strategists [51]. Similar trends in
increased MBC from soils amended with SF were also observed by [52], who also reported
a significant increase in the fungi-to-bacteria ratio as a probable reaction to the higher
concentrations of lignified compounds contained in the SF. With the highest MBC of the
three digestates, it can be hypothesised that the SF is prone to leave behind higher amounts
of necromass, which has been shown to be the primary precursor of stable soil organic
matter [53].
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Ref. [54] proposed that the amount of easily available OC added could influence the
direction of priming to the effect that exogenous C exceeding 200–500% of the MBC could
result in a neutral or negative PE. Considering that the initial MBC usually does not exceed
5% TOC [55,56], a conservative value of 2% was used, resulting in an estimated initial
amount of 117 mg MBC kg−1 soil. Accordingly, quantities of added DOC, taken as the most
easily degradable fraction of C, were calculated as a percentage of the initial MBC. The ratios
of DOC to MBC were as follows: 530%MZ; 544%MN; 117%SF; 768%DG1; 537%DG2. In other
words, with the exception of the SF, all treatments were in the 200–500% range or beyond.
While the thresholds in the present study did not quite match the theorised blueprint [54], it
could be noted that DG1, the only treatment behind negative priming, provided the highest
amounts of DOC alongside easily accessible NH4

+−N. According to the ‘preferential
substrate theory’, the addition of a substantial quantity of easily degradable C alongside
mineral N would have induced microbes to shift from the SOC to the DG1 substrate as a
primary source to acquire energy (C) and nutrients (N) [57,58] as a consequence of which,
mineralisation of the native SOC would be lower than in the control soil. On the same
topic, [59] reported neutral and negative priming linked to preferential substrate utilisation
after applying a high rate of glucose corresponding to 8 times the amount of the MBC in the
soil (compared with 7.7 times in the case of DG1) with high N supplementation. The authors
proposed that under such conditions of easily accessible C and N in excess, competition
between r- and k-strategists is negligible, while k-strategists—typically associated with
SOM decomposition—would switch to these readily available sources. Along this line of
thought, DG1 provided the largest amount of DOC (Table 4) and a high supply of mineral
N, and thus, the microbial community would have switched its uptake to the large DOC
pool supplied by DG1.

In one of the very few studies that used the natural 13C abundance tracer technique to
infer PE using digestate [50], the PE from digestate and maize treatments were measured at
−18% and +57%, respectively, which generally match the direction and intensity of some
of the observed PE in this study (−19% for DG1 and +43% for MZ). The authors ascribed
the negative PE of their digestate treatment to a probable higher presence of aliphatic
molecules [60] and other complex aromatic compounds derived from lignin materials [61],
which are recalcitrant fractions usually found in higher concentrations in digested, rather
than undigested, feedstocks [62]. It is also worth noting that the presence of such C
compounds in digestate (identified using spectroscopic analysis in the studies referenced
above) tends to vary according to specific digestion parameters. In this light, the contrasting
hydraulic retention times, 29 days for DG1 and 72 days for DG2, and the different AD
processes, two-stage digestion for DG1 and one-stage for DG2 (Section 2.1), could have
had an impact on the macromolecular composition and concentrations of such recalcitrant
compounds and therefore might also have played a part in the highly contrasted PE of DG1
(−19%) and DG2 (+136%).

In the case of DG2, another possible priming mechanism might have been at play.
Indeed, almost half of the N it contained was in the form of NH4

+−N, while its low C/N
ratio (Table 4) meant that the added C carried close to 400 mg TN kg−1 soil, of which
190 mg NH4

+−N kg−1 soil represented more than double the second highest treatment
(Table S5). Ref. [63] found that the addition of NH4

+−N at a rate of 200 mg kg−1 enhanced
the decomposition of native SOM three- to fourfold in different soils treated with glucose
and maize after 28 days. In this study, the PE from DG2 was 2.4 times that of the CL
(Figure S2b) with 190 mg NH4

+−N kg−1 supplied by the EOM. Therefore, the profusion
of NH4

+−N might have driven microorganisms to switch to native recalcitrant SOC for
metabolic needs since easily accessible N was not a limiting factor, as suggested by [63].

At any rate, the current theoretical frameworks and proposed mechanisms to explain
soil priming remain somewhat controversial [54,64] and can lead to seemingly contradic-
tory results. The linear relationship between the input of labile C and the magnitude and
direction of priming has been found to be positive in some instances [65] and negative in
others [66], whereas both negative and positive priming were observed in the presence
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of added labile C in this study. This can also be the consequence of the theorised under-
lying mechanisms occurring simultaneously [57,67]. To summarise, it appears that the
initial addition of MN, DG1 and DG2 supplied labile C in excess of the MBC, alongside
non-limiting provisions of N at the beginning, which appear to have triggered an initial
negative PE (Figure S2b) as SOM decomposers turned preferentially to the labile EOM-C.
A posteriori, it can be hypothesised that the main difference in the observed cumulative PE
was probably that the pool of labile C became depleted before the available N in the case of
DG2 and MN treatments; hence, the fresh EOM decomposers switched, in those cases, to
SOM [68]. To elucidate the underlying mechanisms that were at play, an analysis of soil
enzyme activity, which goes beyond the scope of this study, might have been instrumental
in identifying the active microbial community structures in the different treatments.

4.3. C Input from Digestates and Agronomic Implications

The soil C cycle is a dynamic balance between C inputs (litter, photosynthesis) and
outputs (decomposition, erosion and leaching mechanisms) [69]. Globally, soil is the largest
terrestrial pool of OC holding an estimated 1500 Pg in the first 100 cm [70]. Should it switch
from sink to source (increased CO2 emissions into the atmosphere); a small change in this
large pool could lead to a C cycle feedback loop that could significantly accelerate climate
change [71]. Projected changes in SOC rely on a complex mosaic of regional parameters
(temperature, rainfall, moisture, soil type, land use, changes in net primary production)
and a sensitive balance between C losses and gains [72,73].

Regional specificities aside, cropland is seen as the largest actionable sink for C se-
questration [70,74] in view of the fact that it is already under active management (no land
use change strategy required) and is typically already C-depleted [75]. Under this scenario,
the addition of the digestate EOMs—DG1, DG2 and SF—would yield high fractions of
remaining particulate C (Figure 3). To further home in on the estimated portion of soil-
sequestrable OC, the second-order kinetic model (Equation (4)) allowed us to estimate
the unmineralised fraction after 1 to 2 years (TOCseq-EOM, Table 3) with a high degree of
confidence (p < 0.0001). With 86 and 73% of TOCseq-EOM, respectively, the SF and DG1
demonstrated the highest C potentials for sequestration, corresponding to 2.2 and 1.8 t
TOC ha−1, respectively, when added at 2.5t OC ha−1.

To increase SOC, a multi-dimensional approach is usually recommended that includes
management practices such as reduced or no tillage, the use of cover and catch crops,
the input of organic materials, the integration of crop rotations [76], the inclusion of field
margins, buffer strips and hedgerows [77]. Drawing attention to the inputs, a recent study
highlighted that under the current levels of OC inputs to German croplands, the modelled
SOC would drop by a staggering 10 to 18% by the end of the 21st century [78]. They further
stated that to counterbalance the climate change-induced losses and maintain the current
SOC levels, predicted OC inputs would need to increase by as much as 51 to 93% (1.3 to 2.3 t
OC ha−1 y−1) [78]. With this in mind, the studied digestates would make for interesting
C inputs with additional C ranging from 1.6 to 2.2 t OC ha−1 (Figure 3). Nevertheless,
this potential for SOC build-up must be nuanced to some extent. In the present study, an
equal share of C at a rate of 2.5 t TOC ha−1 was used (Section 2.1). In this circumstance, the
amount of N applied with each treatment was at times widely different as a result of the
varying C/N properties of each EOM (Table 4). In practice, the 2.5 t TOC ha−1 carried an
associated 199 and 339 kg N ha−1 in the cases of SF and DG1, respectively, and a soaring
556 kg N ha−1 for DG2. In other words, these N regimes are not directly transferable to field
conditions. In the frame of the Nitrates Directive (91/676/EEC), to protect surface waters
and groundwater from nutrient pollution arising from agricultural sources, N from animal
manure is limited to 170 kg N ha−1 y−1 in nitrate vulnerable zones (NVZs), whereas in
certain regions such as Flanders, it represents the limit by default. Of course, this provision
extends to the use of digestates (or other products) that contain manure of animal origin
as feedstock [79]. While the digestates in this study were elaborated from maize and,
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therefore, technically do not contain any materials of animal origin, the associated N values
mentioned above call for caution at the very least.

In most cases, the use of digestates (and other organic inputs such as animal manure)
will require specific checkmarks, which can somewhat limit the room for manoeuvre in spite
of an interesting potential in terms of C input. Continuing with the example of Belgium,
agricultural land (including permanent grassland) covers approximately 1.36 million ha,
with croplands accounting for approximately 63% [80]. From 1960 to 2006, high soil C gains
were secured in the sandy croplands of Flanders, stemming from the liberal use of manure
in these livestock-intensive regions until 1990 [81], that is, until the implementation of the
Nitrates Directive. Nowadays, most agricultural soils in Flanders are nutrient-rich and
exhibit surpluses of N and P, whose origins can in most cases be traced back to intensive
livestock husbandry activities [82,83]. On the other hand, in recent decades, C levels in
croplands along the loess belt, which sits across the regions of Flanders and Wallonia, have
dropped critically to less than 1%. This situation has led to a decline in soil aggregate
stability and has left those soils vulnerable to surface crusting and muddy floods after
heavy rainfall [84,85]. This area, which covers roughly a third (0.26 million ha) of Belgian
croplands, has been pinpointed as having the greatest potential for C sequestration, while,
on average, a value of 0.88 t C ha−1 year−1 has been put forward to achieve a 4 per
1000 increase in topsoil (0–30 cm) sequestration in Belgian croplands [85]. Thus, while
in principle this target could be met using digestate-mediated solutions (Figure 3), an
important caveat is that it can only be performed proportionally to the amount of nutrients
(N, P) that these C-impoverished soils can take on. In this respect, if we zoom out and
consider the European landscape as a whole, NVZs cover approximately 61% of agricultural
areas [86]. This state of affairs imposes a predominantly nutrient-driven rationale, implying,
as a corollary, that the C-input from digestate will logically take a back seat in the face of
water quality imperatives delineated in the Nitrates Directive.

Irrespective of the fertilisation strategies and the understandable focus on responsible
nutrient stewardship and budgeting, SOC loss is of increasing concern [75]. While these two
facets have no reason to be mutually exclusive, in the case of digestate (and manure), more
often than not, the margin of action will be defined by a soil’s pre-existing nutrient balance.
Globally, there is an estimated 4900 Mha of agricultural land where SOC sequestration is
feasible and where an increased input of EOM-C is needed to outweigh SOC losses from
erosion and mineralisation [87]. That is to say, the field of action is wide, but as is normal
practice, digestate is used primarily for its N-fertilising properties, and the nutrients it
contains tend to restrict its scope of application as an input of C, expressly in ‘nutrient
hotspots’. In return, soils that are capable of accommodating a higher load of nutrients from
digestate will reap maximum benefits also in terms of added C. Hence, its higher load of
nutrients in relation to C makes digestate a fertiliser with C-loss compensating properties,
rather than a C-centred amendment. By focusing on C dynamics, the present study has
the merit of highlighting tangible collateral benefits, in terms of C input to the soil, that
digestate can impart. In line with the observations made by [88] in a 3-year field experiment,
we can conclude that even under nutrient-restrictive conditions (e.g., the Nitrates Directive
in the European context), the application of digestate would be suitable to compensate C
losses over time while maintaining crop productivity via its N-fertilising attributes.

5. Conclusions

At an application rate of 2.5 t OC ha−1 equivalent, 11% (SF), 23% (DG1) and 35% (DG2)
of the applied OC from the digestates was mineralised after 92 days, against 50% for maize
and 38% for cattle manure, showcasing an overall higher stability for digestates. The two
liquid digestates (DG1 and DG2) had a sequestration potential of 56 and 73%, respectively,
of the total applied OC after 1 to 2 years in comparison with 50% from maize. For the
solid fraction of digestate (SF), this potential reached 86%. From an agronomic perspective,
the use of digestate to increase OC input to soil can be considered as a secondary benefit
after its main asset as an N fertiliser. Over a period of 92 days, in comparison with the
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control soil, the PE of DG1 was negative (−19%) and the SF had no effect (0%), while DG2
exhibited positive priming (+136%), overall displaying a surprisingly contrasting range of
microbial responses to the different digestate qualities.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy13102501/s1, Figure S1: Evolution of the total cumulative
CO2-C from the soil treatments over 92 days; Figure S2: Emissions from (a) the EOM-derived CO2-
C and (b) SOC-derived CO2-C expressed as mg CO2-C kg−1 soil 24 h−1 over 92 days; Table S1:
Additional soil physicochemical properties; Table S2: Additional physicochemical properties of the
exogenous organic matter materials; Table S3: Main parameters of the 2nd order kinetic model;
Table S4: Exogenous organic matter and soil-derived CO2-C on last day (92) expressed as mg CO2-C
kg−1 soil 24 h−1; Table S5: Amounts of N added with each treatment on first day of experiment;
Table S6: Amounts of residual N measured in the soil cores on last day of experiment; Table S7: Main
results of Pearson’s correlations.
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