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Abstract: Anaerobic digestion is a valuable process to use livestock effluents to produce green energy
and a by-product called digestate with fertilising value. This work aimed at evaluating the fertilising
value of the solid fraction (SF) of a digestate as an organic amendment and as a source of nitrogen
to crops replacing mineral N. A field experiment was done with two consecutive vegetable crops.
The treatments were: a control without fertilisation; Ni85 mineral fertilisation with 85 kg ha−1 of
mineral N; fertiliser with digestate at an increasing nitrogen application rate (kg N ha−1): DG-N85
DG-N170, DG-N170+85, DG-N170+170; fertilisation with digestate together with Ni: DG-N85+Ni60,
DG-N170+Ni60, DG-N170+Ni25. The results showed a soil organic amendment effect of the SF
with a beneficial effect on SOM, soil pH and exchangeable bases. The SF was able to replace part of
the mineral N fertilisation. The low mineralisation of the stable organic matter together with some
immobilisation of mineral N from SF caused low N availability. The fertilisation planning should
consider the SF ratio between the organic N (NO) and total N (TKN). Low NO:TKN ratios (≈0.65)
needed lower Ni addition to maintaining the biomass production similar to the mineral fertilisation.

Keywords: anaerobic digestion; circular economy; green energy; N use efficiency; short carbon cycle

1. Introduction

The anaerobic digestion of livestock effluents is considered valuable since it adds value
to slurries since the process provides biogas (45–85% CH4 and 25–50% CO2) as a renewable
energy source and digestate with fertilising value to agricultural soils. The anaerobic
digestion also contributes to the “short carbon cycle”, ensuring carbon removal from the
atmosphere. Thus, anaerobic digestion provides the carbon from the organic residues to
produce biogas and continues with reusing the carbon contained in the digestate, putting it
back in the soil. The whole carbon cycle is completed by valorising the carbon dioxide after
producing biomethane, obtained after removing the carbon dioxide and trace gases from
the biogas. The use of biogas and biomethane as renewable energy sources are essential
to accelerate the reduction of GHG emissions (e.g., CO2 and CH4), namely in agriculture
and livestock activities, meet the renewable energy demand by 2030 and achieve climate
targets in 2050 [1–3]. Europe is the largest producer of biogas and biomethane in the world
today [4]. Globally in 2040, over 1000 Mtoe of biomethane can be potentially produced, with
average costs falling by 15% in relation to costs in 2018 [3,4]. Therefore, the use of digestate
as a biofertiliser will increase in the near future, contributing to the circular economy in
agriculture, reducing demand for the carbon-intensive production of mineral fertilisers.
The agronomic role of digestate is well recognised in several works in which its effect as a
soil amendment increasing the level of the soil organic matter (SOM) [5–7] and also its role
as a source of nutrients, namely N, P and K [8–11] is reported. However, more profound
knowledge is needed regarding the agronomic behaviour of digestates as a source of N
to crops. In the EU, a low-cost and straightforward treatment of the digestate is widely
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used to achieve a solid/liquid (S/L) separation by press screw, allowing the production
of two fractions with different characteristics. After S/L separation, the liquid fraction
(LF) contain the majority of the total Kjeldahl nitrogen (TKN) of the digestate with values
around 87% [12] and with an average content (n = 11) of 97.5 g TKN kg−1 DM which is
mainly (61%) in the available N-NH4 (TAN) mineral form [13]. These authors concluded
that the LF could be used as a substitute for N mineral fertilisers, and the solid fraction
(SF) can be proposed as an NP-organic fertiliser. They also observed high variability in the
TKN and the TAN:TKN ratio of the solid fraction of the digestates reporting TKN values
(n = 13) between 124 and 73 g kg−1 DM and TAN:TKN ratio values between 72 and 39%.
Therefore, these results suggested that the SF can have a different ability to release N to
crops, resulting from the proportion between their mineral and organic N forms.

We hypothesised that the net N release to crops from the SF will be influenced not
only by its content in mineral N (TAN:TKN ratio) but also by the TKN partition between
mineral and organic forms causing differences in the balance between the immobilisa-
tion/mineralisation of the TKN.

This work aimed to assess the fertilising value of two digestates with different NO:TKN
ratios as organic amendments and as sources of N replacing N mineral fertilisers in a field
experiment with two successive vegetable crops.

2. Materials and Methods
2.1. Site Description and Experimental Design

The field study was conducted at an experimental area of vegetable crops on a farm
belonging to the Polytechnic Institute of Castelo Branco (39.823655, −7.451606 Decimal
Degrees, WGS 84 coordinates). The soil is a Dystric Cambisol [14] developed from granitic
rocks. The region has a temperate climate with dry summer (Csa, Köppen classification)
with a mean annual temperature of 15.0 ◦C, a mean maximum and minimum temperatures
of 21.5 and 9.4 ◦C, respectively, and mean annual rainfall of 735 mm [15].

This trial was conducted during 2020–2021 with two successive vegetable crops, lettuce
(Lactuca sativa L.) and kale (Brassica oleracea var. Winterborn). Lettuce is a salinity sensitive
crop with a high ability to uptake heavy metals accumulated in its leaves. So, it is an
appropriate crop to assess the entry of toxic elements in the food chain and changes in soil
fertility.

The experimental design for the two vegetable crops was completed randomised with
9 treatments, each one with 4 replicates with 36 plots. Each plot (replicate) had 1.08 m2

(1.20 × 0.90 m) with 12 lettuces. The lettuces had a row spacing of 0.30 m, and in the
row, the distance between two lettuces was 0.30 m. The lettuce seedlings were planted on
6 March 2020 and harvested on 7 May 2020 with a crop cycle of 62 days. In February, before
planting, the soil was harvested and milled, then the digestate was incorporated manually
into the soil, and the plots were watered. For 11 days, the soil with the digestate was left to
rest. The mineral nitrogen fertiliser was applied two days before seedling and incorporated
into the soil manually. The top-dressing nitrogen fertilisation using the mineral fertiliser
was done twice after 22 and 49 days after planting. During the lettuce crop cycle, the
average temperature was 13 ◦C and the rainfall 250 mm, and for the kale crop cycle was
10 ◦C and 500 mm, respectively. Concerning the kale experiment, the agricultural practices
were the same as the lettuce. However, the plants had a row spacing of 0.35 m and a distance
between two kale plants of 0.35 m. The kale seedlings were planted on 15 October 2020
and harvested on 16 March 2021 with a crop cycle of 152 days. The top-dressing nitrogen
fertilisation using the mineral fertiliser was done twice, 61 and 120 days after planting. In
the lettuce trial, ammonium nitrate (27% Ni) was used for the Ni basal fertilisation, and for
the first top-dressing and calcium nitrate (15.5% Ni) was used, in the second top-dressing
Ni fertilisation. In the kale trial, ammonium sulphate (20.5% Ni) was used for the Ni
basal fertilisation and for the first top-dressing and for the second top-dressing ammonium
nitrate (27% Ni) was used. The fertilisers with the ammoniacal form of N were used to
avoid N leaching whenever the probability of rain was high.
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The treatments were the same for the two crops. Since the soil had high levels of
phosphorus (149 mg P kg−1 evaluated by the method of Olsen et al. [16]) and of potassium
(530 mg K kg−1 evaluated by the method of Egnér et al. [17]), only the nitrogen mineral
fertilisation was done (Table 1).

Table 1. Treatments and fertilisation done during the field experiments with lettuce and kale.

Treatments Lettuce Kale

Before Planting 1st
Top-Dressing

2nd
Top-Dressing

Before
Planting

1st
Top-Dressing

2nd
Top-Dressing

February
2020

March
2020

April
2020

October
2020 December 2020 February 2021

kg N ha−1

Control 0 0 0 0 0 0
Ni85 Ni35 Ni25 Ni25 Ni35 Ni25 Ni25

CAN CAN CN AS AS CAN
DG-N85 DG-85 0 0 DG-85 0 0

DG-N170 DG-170 0 0 DG-170 0 0
DG-N170+85 DG-170+85 0 0 DG-170+85 0 0
DG-N170+170 DG-170+170 0 0 DG-170+170 0 0
DG-N85+Ni60 DG-85+Ni35 Ni25 0 DG-85+Ni35 Ni25 0

DG+CAN CAN DG+AS AS
DG-N170+Ni60 DG-170+Ni35 Ni25 0 DG-170+Ni35 Ni25 0

DG+CAN CAN DG+AS AS
DG-N170+Ni25 DG-170 Ni25 0 DG-170 Ni25 0

CAN AS

CAN—calcium ammonium nitrate (27% Ni); CN—calcium nitrate (15.5% Ni); AS—ammonium sulphate
(20.5% Ni).

The nine treatments done in the experiments were: a control without any fertilisation
(control); mineral N fertilisation with an N application rate of 35 kg N ha−1 before seedling
planting, and 25 kg N ha−1 in each top-dressing with a total application of 85 kg ha−1 of
inorganic N (Ni85). This amount of N is the reference fertilisation used for both crops [18];
application of an amount of digestate corresponding to 85 kg ha−1 of N (TKN) from
the solid fraction of the digestate before seedling planting (DG-N85); application of an
amount of digestate corresponding to 170 kg of N ha−1 before seedling planting (DG-N170);
application of an amount of digestate corresponding to 170+85 kg of N ha−1 before seedling
planting (DG-N170+85); application of an amount of digestate corresponding to 170+170 kg
of N ha−1 before seedling planting (DG-N170+170); application of an amount of digestate
corresponding to 85 of N ha−1 plus 35 kg of mineral nitrogen before seedling planting and
at the first N top-dressing, 25 kg Ni ha−1 (DG-N85+Ni60); application of an amount of
digestate corresponding to 170 of N ha−1 plus 35 kg of mineral nitrogen before seedling
planting and at the first N top-dressing, 25 kg Ni ha−1 (DG-N170+Ni60); application of an
amount of digestate corresponding to 170 of N ha−1 before seedling planting and at the
first N top-dressing, 25 kg Ni ha−1 (DG-N170+Ni25).

2.2. Analysis
2.2.1. Digestate

The digestate used in this work was obtained at a biogas plant from a mixture of
pig slurry and cereal straw during 30 days of retention time in mesophilic reactors with
3000 m3 of capacity. Then, the digestate slurry was pressed to separate the solid and the
liquid phases. In this work, we used only the solid fraction of the digestate.

The solid fraction of the digestate was characterised for moisture content by the
gravimetric method; pH was determined with a glass electrode (organic amendment to
water ratio of 1:5, CRISON micropH 2002, Barcelona, Spain) and electrical conductivity
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with a conductivimeter in a 1:10 suspension (SF:water ratio). Organic matter was quantified
by losing weight after ignition at 550 ºC for 16 h (Controller B 180, Naberthem, Lilienthal,
Germany). The Kjeldahl procedure evaluated total N (TKN) and organic (NO). Total P (PT)
was determined after ignition at 550 ◦C for 3 h and extracted with H2SO4 0.5 M, inorganic
P (Pi) was extracted with H2SO4 0.5 M and then quantified by molecular absorption
spectrophotometry (spectrophotometer Thermo Electron Corporation evolution 300 LC,
Waltham, MA, USA). Organic P (Po) was calculated as the difference between PT and Pi.
All the P in the extracts were centrifugated at 3000 rpm, and P in the supernatant was
quantified by the method of Murphy and Riley [19].

Total cations such as Fe, Mn, Cu, Pb, Cd and Cr were also extracted by the aqua regia
digestion and quantified by atomic absorption spectrophotometry. Total K, Ca, Mg and Na
were quantified by flame emission spectrophotometry (K and Na) and atomic absorption
spectrophotometry (Ca and Mg) (Thermo Scientific Series iCE 3000, Waltham, MA, USA),
from the hydrochloric acid solution of the ashes obtained by the organic amendment’s
ignition at 550 ◦C.

The chemical composition of the solid digestates used in the lettuce (DGL) and the
kale (DGK) experiments are shown in Table 2.

Table 2. Chemical composition of the solid fraction of the anaerobic digestates used in the field
experiments. DGL was the digestate used in the lettuce experiment, and DGK was the digestate used
in the kale experiment.

DGL DGK
1 DM g kg−1 282 248
2 OM g kg−1 637 761

pH 7.7 8.3
EC dS m−1 1.5 1.3

3 NO g kg−1 19.3 24.1
4 TKN 29.7 29.7

C:N 12 15
PT g kg−1 4.8 7.1
Pi g kg−1 4.5 6.8
Po g kg−1 0.3 0.3

WSP g kg−1 2 2.5
K g kg−1 17 20

All the parameters analysed in the digestate are expressed on a dry matter basis, excluding pH and CE. 1 DM—dry
matter; 2 OM—organic matter; 3 NO—organic N; 4 TKN—total N.

The standards of some European countries [20–22] specify for products to be consid-
ered as soil amendments (those that have a beneficial effect on soil OM) an OM content
between 20 and 90% on a DM basis; they should have a dry matter content higher than
30–50% [22,23] and a C/N ratio higher than eight [23]. So, overall the digestates meet these
standards except for the dry matter content slightly below the minimum threshold level
(29 and 25%). Additionally, the electrical conductivity (EC of 1.5 and 1.3 dS m−1) of the
digestate was within the normal range to prevent soil salinity, considering that 3 dS m−1 is
the threshold value [24]. Regarding the N content, DG had almost 3% of total N. However,
the proportion of N in organic forms is different between the DG used in the lettuce and
the kale experiments. In the lettuce experiment, the organic forms of N (NO) accounted
for 65% and in the kale accounted for 81% of the total N (TKN), the remaining proportion
being the mineral N (Nm) forms.

The treatments with DG that applied an amount of mineral N (Nm) similar to the
Ni treatment (85 kg ha−1; Table 3) were: for lettuce, the DG-170+85, DG-85+Ni60 and
DG-N170+Ni25 and for kale DG-N170+Ni60.
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Table 3. Amount of N applied to soil in the different treatments through mineral (Nm) and organic
(NO) forms.

Lettuce Kale

Treatment TKN TKN

Experiment Nm
kg N ha−1

NO
kg N ha−1

Nm
kg N ha−1

NO
kg N ha−1

Control 0 0 0 0
Ni85 85 0 85 0

DG-N85 30 55 16 69
DG-N170 59 111 32 138

DG-N170+85 89 166 48 207
DG-N170+170 119 221 65 275
DG-N85+Ni60 90 55 76 69
DG-N170+Ni60 119 111 92 138
DG-N170+Ni25 84 111 57 138

TKN—total nitrogen; Nm—mineral N from mineral fertilisers or DG; NO—N in organic forms from DG.

The total P content of the digestates (4.8 and 7.1 g kg−1) was within the range
(2–35 g kg−1) referred by other works [25–27]. The digestates had 94 and 96% of their total
P inorganic P forms. The WSP of DG (2.0 and 2.5 g kg−1) were lower than that referred by
García-Albacete et al. [28] for digestate obtained from municipal solid wastes (3.6 g kg−1).
The levels of other nutrients in DG such as Cu, Zn Fe and Mn and non-nutrient such as Cd,
Cr and Pb (data not shown) were below the threshold levels of the Portuguese legislation
for composts [22].

Concerning the microbiological analysis, the digestates were free of microorganisms
of faecal origin, such as Escherichia coli which had 6.5 × 102 CFU g−1 and Salmonella spp.,
which was not detected. These values are also in accordance with the legislation mentioned
above [22]. Overall, the digestates meet the quality requirements criteria defined by the
European Union [29].

2.2.2. Soil

Before the experiment in February 2020, an initial composite soil sample of the area
was taken. At the end of the experiments in May 2020 and in March 2021, composite soil
samples were taken from each plot from 0–0.20 m of depth. Soil samples were air-dried,
sieved (<2 mm) analysed for pH (H2O), electrical conductivity (EC), organic matter (OM),
textural class and Olsen P. The pH was measured using a pH electrode (CRISON micropH
2002, Barcelona, Spain) by taking 10.0 g of dried and sieved soil and 25 mL of distilled
water (1:2.5 soil:solution ratio) which were in contact for 1 h. The EC was measured with a
conductivimeter at a soil:water suspension ratio of 1:2 after 60 min of shaking. According
to the procedure described by Walkley and Black, the organic matter was analysed using
a potentiometric titration method (HI 901 C1, HANNA Instruments, Woonsocket, RI,
USA), [30]. The soil texture was evaluated by the particle size analysis using the pipetting
method [31]. Crop available potassium was quantified by Egnér et al. [17]. The Olsen
P [16] was used to evaluate the available soil P. The orthophosphate P in the solution
was determined by the molybdate blue method of Murphy and Riley (spectrophotometer
Thermo Electron Corporation evolution 300 LC, Waltham, MA, USA), [19].

The soil was sandy loam, and at the beginning of the experiment (Table 4), it was
slightly acidic, high in OM, high in P and very high in K, with a high capacity of exchange-
able cations, medium level of exchangeable Ca, low in Mg and very low in Na [18].
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Table 4. Background soil properties (February 2020, n = 3, average ± SD).

pH 1 OM 2 CEC Ca2+ Mg2+ Na2+ K+ Olsen P Pi Po

% cmolc kg−1 mg kg−1

6.4
(±0.04)

5.4
(±0.05)

36.9
(±3.81)

7.30
(±0.17)

0.90
(±0.02)

0.02
(±0.005)

1.37
(±0.17)

149
(±11)

663
(±59)

373
(±21)

1 OM—organic matter; 2 CEC—cation exchange capacity.

2.2.3. Vegetable Crops

Four lettuce or kale plants were cut in the central part of each plot (replicate) and
weighed to quantify the biomass production (fresh matter). Then they were dried at
65 ◦C for 48 h and weighed again to quantify crop yield on a dry matter production basis.
Nitrogen was quantified by the Kjeldahl procedure (Nk) before drying the lettuce or the
kale plants, and the result was expressed on a DM basis.

The nitrogen use efficiency (NUE) by the crops was evaluated by different indexes
such as the N recovery efficiency (NRE), the N agronomic efficiency (NAE) and the N
partial productivity (NPP). These indexes were calculated using the following equations:

N recovery efficiency (%) =
(NNuptake − N0uptake)

FN
× 100 (1)

N agronomic efficiency
(

g DMY g−1N
)
=

(DMYN−DMY0)
FN

(2)

N partial productivity
(

g DM g−1N
)
=

DMYN
FN

(3)

N uptake (g N m−2) is the amount of N uptake by the crops in the N fertilised plots,
and N0uptake is the amount of N uptake in the control plot (without N fertilisation). The
DMYN (g DM m−2) is the dry matter yield of the crops in the N fertilised plots, and DMY0
is the dry matter yield in the control plot. FN is the amount of N applied (g N m−2).

The NRE and NAE indexes were done with the amount of TKN applied to the soil
with the digestate and the amount of the N mineral applied with the digestate, as shown in
Table 3. In this last case, the indexes are NmRE and NmAE.

NUE was also evaluated by the biomass production (fresh matter, g m−2) and by the
N relative yield (RY) calculated by the following equation:

Relative yield (%) = [
FMY

FMYNi
] × 100 (4)

where FMY (g m−2) is the biomass (fresh matter yield) produced by each treatment with
digestate application or by the control treatment, and FMNi is the biomass (fresh matter
yield) produced by the treatment with only mineral nitrogen fertilisation (Ni85).

2.3. Statistical Analyses

Statistical analysis of the data was carried out with IBM SPSS statistics 26.0 software
(IBM SPSS Statistics for Windows, Version 26.0, Armonk, NY, USA). Data were tested for
normality using the Shapiro–Wilk test. The comparison of soil properties after the two
crop cycles were done by ANCOVA, using the general linear model/univariate analysis
with the treatments (nine treatments) as a factor and the year as the covariate variable. The
LSD test was used to compare means at 0.05 probability level. The results for each crop
cycle regarding the biomass production and the nitrogen use efficiency indexes, for the
comparisons between the treatments, were analysed by the one-way ANOVA. The Duncan
test was used to compare means at 0.05 probability level.
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3. Results
3.1. Biomass and Nitrogen Use Efficiency Indexes

The biomass production (fresh matter yield) of each vegetable crop showed significant
differences between the treatments (Figure 1a,b; p < 0.001). The biomass (FMY) of the
lettuce ranged from 3544 g m−2 in treatment C to ∼=6000 g m−2 in DG-N85+Ni60 and
DG-N170+Ni60. The biomass production of kale ranged between 1175 to 2157 g m−2 in C
and DG-N170+Ni60 treatments, respectively.

Figure 1. Biomass production of (a) lettuce (kg FMY m−2) and (b) kale (g FMY m−2). According
to Duncan’s multiple range test, different letters above the columns indicate statistically significant
differences among the treatments (p < 0.05). The data are presented as mean ± SE (n = 4).

Overall there is a decrease in the relative yield (Equation (4)) of both crops in the plots
with DG application as the only source of N. The two crops showed significant differences in
the RY between the treatments (p < 0.001). However, lettuce and kale responded differently
in their RY regarding the application of DG. In the case of the lettuce, the relative yield
ranged from 72–74% in DG-N85 and DG-N170+85 to 111–112% in DG-N85+Ni60 and
DG-N170+Ni60 treatments. The kale crop showed a more profound decrease of the RY in
the DG treatments compared with the lettuce crop. Thus, the relative yield of kale decreased
54–56% in DG-N85 and DG-N170 (in these two treatments, the RY was even lower than
in the control) but increased to 128% in the DG-N170+Ni60. We can also observe that the
lettuce biomass and RY of the DG-N85 and DG-N170+85 treatments showed statistically
similar values to the control and were significantly lower than the Ni85 treatment. The
same trend was observed in the DG-N85 and DG-N170 treatments of the kale experiment.
It is worth noting that for lettuce, the DG-N170+85 treatment applied same amount of
mineral N (Nm) to the soil as the Ni85 treatment (Table 3).

The N use efficiency indexes (NPP, NAE, NmAE, NRE and NmRE) also showed signif-
icant differences between the treatments of both crops (p < 0.001, Figure 2a–d). The NPP in
lettuce ranged between 25.21 gDMY g−1 N in Ni85 to 6.15 in DG-N170+170 gDMY g−1 N,
and kale ranged between 42.97 10.87 gDMY g−1 N in the same treatments. The NPP of Ni85
of both crops was significantly higher than the other treatments, and this treatment had
values similar to those referred to in other works [32]. The treatments with the significantly
lowest NPP were those with the highest amount of DG application, the DG-N170+85 and
the DG-N170+170. The NAE was a small proportion of the NPP of each treatment of both
crops; for lettuce, NAE was 33% of NPP in Ni85 treatment and 7% in DG-N170+85. For kale,
NAE ranged from 34% of NPP in Ni85 treatment to ∼=2% in the DG-N85. In lettuce, the
NAE of Ni85 (8.41) and of the DG-N85+Ni60 (6.60) was significantly higher than the NAE
of the other treatments. The significantly lowest NAE values of lettuce were observed in the
DG-N170+85 (0.50) and the DG-N170+170 (1.39). Regarding the kale crop, the significantly
higher NAE values were observed in the Ni85 (14.76), in the DG-N85+Ni60 (10.37) and
the DG-N170+Ni60 (9.75). The NmAE index showed the same trend as the NAE for both
crops. However, for lettuce, the best behaviour was observed for the treatments with the
application of DG together with inorganic mineral fertilisation and for kale in addition
to those treatments with higher application rates of DG DG-N170+85 and DG-N170+170.
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The more profound decrease of the NRE index observed in the DG treatments as the only
source of N occurred in both crops. The NRE of Ni85 treatment was significantly higher in
lettuce (29%), and kale (40%) compared with other treatments and were similar to those
found for cabbage in [33]. In both crops, the significantly lowest values were for lettuce in
the DG-N85 (−0.05%) and the DG-N170+85 (−0.58%) and kale in the DG-N170 (−2.22%)
and the DG-N85 (0.56%). For lettuce, the NmRE also had the lowest, and even negative
values in the DG treatments with Nm application rates (kg Nm ha−1) of 30 (DG-N85–NmRE
of −0.15%), 59 (DG-N170–NmRE of 4.27%) and 89 (DG-170+85– NmRE of −1.65%), while
the treatment with 119 kg Nm ha−1 (DG-N170+170–NmRE of 13.15%) showed a NmRE
higher and similar to the treatments with the DG and mineral N fertilisation (NmRE ranges
between 21.98 and 30.27) and also to the Ni85–NmRE of 29.10%. For kale, the NmRE showed
the same trend, but the lowest NmRE values were observed only in DG-N85–NmRE of
3.00% and in DG-170–NmRE of −11.77% and the highest in the DG-N170+Ni60–NmRE of
63.05%.
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Figure 2. Nitrogen partial productivity (NPP, g DMY g−1 N) and nitrogen agronomic efficiency
(NAE, and NmAE, g DMY g−1 N) of (a) lettuce and (b) kale, and nitrogen recovery efficiency (NRE
and NmRE, %) of (c) lettuce and (d) kale. The data are presented as mean ± SE (n = 4). According
to Duncan’s multiple range test, different letters above the columns indicate statistically significant
differences among the treatments for each nitrogen use efficiency indexes (p < 0.05).

3.2. Soil Properties

Overall, after the second crop cycle, the physical and chemical properties of the soils
changed significantly compared with the first crop cycle (Table 5). The pH increased from
6.1 to 6.3, the OM from 6.1 to 7.6%, and the total N from 2.7 to 3.2 mg kg−1. The soil
properties that decreased significantly after the second crop cycle were the EC from 0.13 to
0.09 dS m−1. The soil EC was low (<0.40 dS m−1, [18]) and was similar in the treatments
fertilised with digestates and with the N mineral fertilisation. The exchangeable bases also
decreased significantly at the end of the second crop cycle, K+ from 1.44 to 1.33 cmolc kg−1,
Ca2+ from 7.45 to 5.53 cmolc kg−1 and Na+ from 0.04 to 0.01 cmolc kg−1.
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Table 5. Changes in the soil properties after the lettuce and the kale crop cycles obtained by the
ANCOVA treatment.

pH EC MO Nt K Ca Mg Na
1 Year dSm−1 % cmolc kg−1

Lettuce-May_2020 6.1 0.13 6.1 2.7 1.44 7.45 1.22 0.04
Kale-March_2021 6.3 0.09 7.6 3.2 1.03 5.53 1.17 0.01

Significant p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p > 0.05 p < 0.001
1 Treatment

Control 6.2 cd 0.09 b 6.1 c 2.5 c 1.23 bcd 6.50 ab 0.95 de 0.020 d
Ni85 5.8 f 0.13 a 5.6 c 2.4 c 1.02 e 5.99 b 0.84 e 0.021 cd

DG-N85 6.3 c 0.09 b 6.1 c 2.8 bc 1.21 cd 6.79 a 1.09 cd 0.026 bcd
DG-N170 6.4 b 0.10 b 7.7 a 2.9 abc 1.35 abc 6.50 ab 1.23 c 0.030 ab

DG-N170+85 6.5 a 0.12 a 7.5 ab 3.4 a 1,43 a 6.76 a 1.51 b 0.034 a
DG-N170+170 6.5 a 0.13 a 7.6 a 3.3 ab 1.36 a 6.96 a 1.72 a 0.034 a
DG-N85+Ni60 6.0 e 0.09 b 7.2 ab 2.9 abc 1.10 de 6.01 b 1.07 cd 0.026 bcd

DG-N170+Ni60 6.1 d 0.10 b 7.7 a 3.4 ab 1.21 cd 6.04 b 1.14 c 0.028 abc
DG-N170+Ni25 6.3 c 0.10 b 6.4 bc 2.8 abc 1.21 cd 6.87 a 1.23 c 0.028 abc

Significant p < 0.001 p < 0.001 p < 0.01 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

Interaction
Year X Treatment p < 0.001 p < 0.001 p > 0.05 p > 0.05 p < 0.01 p < 0.01 p < 0.001 p < 0.001

1—ANCOVA treatment. Comparisons of the changes in soil properties between the two crop cycles and between
the treatments. According to LSD multiple range test, different letters in the columns indicate statistically
significant differences among the treatments for each soil property (p < 0.05).

All soil properties changed significantly regarding the changes between the treatments
(p < 0.001). The treatments with the application of digestate at an N rate of 170+85 and
170+170 kg ha−1 showed the highest values of pH (6.5), and on the contrary, the application
of mineral N (Ni85) gives the lowest pH value (5.8). The treatments Ni85, DG-N170+85
and DG-N170+170, showed the highest values of the EC (≈0.13 dS m−1), and in the other
treatments, the EC ranged between 0. 10 and 0.09 dS m−1. The soil OM showed the
highest value (7.7%) in DG-N170 and DG-N170+Ni60 and the lowest in Ni85 (5.6%) and
both the control and DG-N85 (6.1%) treatments. The content of total N in the soil was
higher in the treatments DG-N170+85 and DG-N170+Ni60 (3.4 mg kg−1) and DG-N170+170
(3.3 mg kg−1) and showed the lowest content in the Ni85 and control treatments (2.4 and
2.5 mg kg−1 respectively). The exchangeable bases K+, Ca2+, Mg2+ and Na+, showed
the lowest in the control and Ni85 treatments and the highest in the DG-N170+85 and
DG-N170+170. For K+, the soil content ranged between 1.02 and 1.23 cmolc kg−1 in Ni85
and the control treatments to 1.36 and 1.43 in the DG-N170+170 and DG-N170+85. The Ca2+

content (cmolc kg−1) in the soil was 5.99 in the Ni85 and increased to 6.96 (DG-N170+170),
6.87 (DG-N170+Ni25), 6.79 (DG-N85) and 6.76 (DG-N170+85). For the Mg2+, the lowest soil
content (cmolc kg−1) was observed in the Ni85 treatment (0.84) and the highest soil content
in the DG-N170+170 treatment (1.72). Na+ had the lowest soil content (cmolc kg−1) in the
control (0.02) and the highest in DG-N170+85 and DG-N170+170 (0.034). After the two crop
cycles, the amount of soil available P remained high and the crops showed adequate levels
of P, in all the treatments. Additionally, the soil content in heavy metals remained low and
similar to the control treatment (data not shown).

4. Discussion

The fertilisation with digestate had a positive effect on soil properties. The digestates
used in this experiment had a beneficial effect as an organic amendment by increasing the
content of the soil organic matter and increasing the soil pH and the exchangeable bases.
During the anaerobic digestion, the degradation of more labile fractions (e.g., carbohydrate-
like molecules) of the organic materials occurred, determining the relative concentration
of more recalcitrant organic molecules (lignin and non-hydrolysable lipids). These mod-
ifications of the ingested organic material caused a higher degree of biological stability
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of the digestate regarding the starting mixture [2,34]. So, after two crop cycles, the input
of this stable organic matter originates an increase of around 26% in SOM regarding the
control treatment. The changes in pH after fertilisation can be explained, on the one hand,
by the increasing effect on soil acidity of the mineral N fertilisation and the other hand
by the decreasing effect on soil acidity provided by the exchangeable bases such as K, Ca
and Mg from the digestate. The lowest pH value observed in the mineral N fertilisation
was probably due to the application of ammonium-based fertilisers. The ammonium salts
acidify soils mainly through nitrification in which the NH4

+ is oxidised into NO3
− with

the release of H+. However, if the NO3
− is taken up by crops, there is no net acidification

because the nitrate takes up protons. Acidification only occurs when NH4
+ is nitrified and

NO3
− leached [35,36] or if NH4

+ is taken up by the plant before nitrification occurs and
in quantities greater than the accompanying anion. In this case, the soil acidity will result
from proton release from roots [37]. Both crops were done in the cold and rainy seasons
in our experiment. Thus, some NO3

− leaching must have occurred in relation to the Ni
treatment, and the crops might have absorbed some NH4+. On the contrary, the increase in
soil pH of the digestates treatments, from 0.1 to 0.3 pH units, compared with the control
treatment, can be achieved not only by the primary effect of the Ca and Mg content of
the digestates but also by the low N mineralisation rate of the digestates putting into soil
solution low amounts of NH4

+.
Since the experiments were done in a high fertility soil but with N provided through

different sources, the changes of biomass and RY observed in both crops will be a conse-
quence of the differences in N availability provided through different sources: mineral
fertilisation or digestate application. The decrease of biomass and the relative yield of
lettuce and kale with the application of digestate as the only source of N can be explained
by the low mineralisation of the digestate. As referred above, the high stability of the OM
in the digestate caused a low mineralisation rate and, therefore a low rate of mineral N
release. Therefore, the organic N (NO) ratio in relation to the total N (TKN) in the digestate
is a relevant index to evaluate its N availability. The ratio NO:TKN of DGL was 0.65, and
DGK was 0.81. High NO:TKN values indicate lower N availability from the digestates
since more N is in organic forms with a low mineralisation rate.

So, the higher NO:TKN of DGK compared with DGL and a low mineralisation rate of
both digestates can explain the more profound decrease observed in the kale biomass and
RY compared with the lettuce. Thus, the net N release of the digestate was related to their
intrinsic properties, such as the mineral N content and size of the mineralisable fraction, as
also observed by Rigby and Smith [38]. These authors also observed that the capacity of
the soil type to process and turnover digestate N is also a factor affecting soil N availability.
The N efficiency indexes NPP, NAE and NmAE also showed that the soil and the mineral
fertiliser provided the primary source of N to crops uptake. The proportion of the NAE
regarding the NPP showed a decrease in the DG treatments compared with the Ni and the
DG-N+Ni treatments. So, the N availability from the digestate should be impaired by both a
low mineralisation rate of the digestate (stable organic matter) and soil N immobilisation of
the Nm from the DG. The significant decrease of the NmAE and NmRE in the DG treatments
as the only source of N to crops strengthens the hypothesis of a net soil immobilisation
of the N mineral fraction released by the digestates. This immobilisation will impair the
N uptake by the vegetable crops and the NH4

+ nitrification and can partially explain the
increase in the pH values in the DG treatments. In addition, the NmRE showed the higher
values in the Ni and DG+Ni treatments and the lowest, even negative values, in the DG
treatments. Our hypothesis highlights the poor uptake/availability of the mineral N of
the DG even in treatments with the same amount of Nm applied as in the treatment with
mineral fertilisation (85 kg ha−1). The fact that the two vegetable crops were done in rainy
and cold months can also contribute to the decrease of the mineralisation rate of the DG.
Albuquerque et al. [8] also observed a decrease in the fertilising capacity of the digestate
in autumn–winter compared with spring–summer horticultural crops. They observed
that the available N fraction of the digestate in the winter crops could be easily lost by
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leaching, and the low temperature slows the rate of microbially mediated processes. For the
reasons mentioned above, the low N availability for the vegetable crops, provided by the
digestate, advises the need of supplemented its use with a mineral N fertiliser to maintain
the crop yields. This experiment showed that the amount of mineral N fertiliser needed is
dependent on the ratio NO:TKN of the digestate. Higher ratios needed more mineral N to
maintain the crop yields similar to those obtained through the mineral N fertilisation. The
fertilisation with a digestate low in available N, supplemented with mineral N, was also
reported by Sienkiewicz et al. [39]. These authors observed a significant increase in the N
content of the crop biomass compared with the treatments with the digestate as the only
source of N. Moreover, the combination of digestate and mineral N is advisable mainly
for crops with short-term N demand [40], as is the case of the vegetable crops used in this
experiment. Additionally, the results of this experiment are in accordance with other works
reporting that the combination of organic and mineral fertilisers, contribute to achieving
the goals of maintaining or increasing the yields and at the same time built-up the soil
organic matter, e.g., [41].

As future remarks, the evaluation of the soil microbial communities and the activities
of the enzymes, namely those of the carbon cycle in the different treatments, will allow for
a better understanding of the SF behaviour in soils.

5. Conclusions

The digestate used in the fertilisation of the vegetable crops showed a beneficial effect
as a soil organic amendment increased the soil’s carbon stock. The digestate contributed not
only to the increase of the soil organic matter but also to raising the soil pH and increasing
the exchangeable bases, giving better conditions for crop growth. However, digestate as the
only source of nitrogen to crops proved to have constraints. After the anaerobic digestion
of the bio-waste, the organic matter composition of the digestate changed to a more stable
composition in relation to the initial mixture. Consequently, the solid fraction of the
digestates had a high proportion of N in organic forms, which also had low mineralisation
rates. In addition, the net release of N to crops was also impaired by soil immobilisation
of the mineral N released by the digestate. So, for autumn–winter vegetable crops, we
observed that the fertilisation with digestate should be done together with the application
of mineral N. The content of the digestate in organic N (NO) in relation to total N (TKN)
can be an index to assess the N efficiency used by the crop. In order to maintain the same
biomass production as the mineral N fertilisation (85 kg Ni ha−1), the following fertilisation
can be advised: (1) when the ratio NO:TKN is around 0.65, the fertilisation can be done
with 170 kg N ha−1 provided by the digestate plus 25 kg N ha−1 provided by the mineral N
fertilisation, however, (2) when the ratio is higher, around 0.80, the fertilisation can be done
with 85 kg N ha−1 provided by the digestate plus 60 kg N ha−1 provided by the mineral
N fertilisation. In both cases, the anaerobic digestion provided a digestate with a positive
fertiliser effect, not only as an organic amendment but also saving mineral N fertilisers and
at the same time provided green energy through biogas production, saving fossil energy
consumption.
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