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Abstract: In many countries, livestock slurry must be injected or incorporated into the soil to reduce
nitrogen losses. However, when the injection is not feasible, farmers adopting conservation practices
discard the use of slurry as fertilizer. New approaches related to slurry treatment or application
management can stimulate the use of slurry in conservation agriculture (CA). This study aimed to
evaluate the agronomic effects of some new management strategies to use dairy slurry for fertilization
of ryegrass grown on stubble-covered soil, using as reference standard practices (slurry injection
and mineral fertilizer application). The following treatments were considered: (i) bare soil: control
(CB), mineral fertilizer (MB), injection (IN); (ii) stubble: control (CS), acidified dairy slurry (ADS),
raw dairy slurry (RDS), irrigation following RDS (IR), mineral fertilizer (MS), RDS placed under the
stubble (US), raw slurry applied 16 days after sowing (RDS T16). Effects on ryegrass yield, apparent
nutrient recovery (ANR) and soil chemical properties were assessed. ADS reached 94% equivalence
to MS and performed similarly to IN for productivity, ANR and soil parameters showing to be a
sustainable alternative to replace mineral nitrogen and a potential solution to enable dairy slurry
application in CA without injection or incorporation into the soil.

Keywords: acidified slurry; mineral fertilizer; nitrogen; nutrient use efficiency; no-tillage; conservation
agriculture; ryegrass; ARN; N-MFE

1. Introduction

The growing global demand for food, fibres and biofuels, in parallel with new priorities
such as climate change and optimization of natural resources use, constitute a complex
challenge: to increase crop yields while maintaining the focus on reducing pressures on the
environment [1–3]. Therefore, new models of crop production must be based on solutions
that preserve or increase soil health and productivity and enable the reuse of residues to
stimulate nutrient recycling [4]. Additionally, the adoption of technologies able to increase
crop resilience to climate change (e.g., more frequent droughts, high-intensity rainfall)
is paramount.

Conservation agriculture (CA) practices (e.g., no-tillage, orchard row-middle sod main-
tenance) contribute to the sustainability of the agricultural system, helping to cope with and
having the potential to increase land productivity [5–10]. By avoiding soil disturbance and
by maintaining soil cover, CA has been promoted to increase the soil organic matter content,
improve soil physical structure [5,7,11,12], maintain the soil moisture [7–10,13] and protect
soil from erosion [12,14–16]. Preventing soil erosion is fundamental for southern Europe
due to episodic heavy precipitation events typical of the autumn and winter seasons in
Mediterranean-type climates [17,18].
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Livestock slurry application to soil provides nutrients to crops and is also a source
of organic matter and useful microorganisms, determining factors for the health and
productivity of the soil [19,20]. However, due to the potential nitrogen (N) losses, mainly
by ammonia emission, field slurry application has to be carried out using loss-mitigating
practices, and slurry injection is the recommended technique in most countries of the
European Union [17]. Nevertheless, because of the farmland characteristics or to avoid
strong machinery investments, in countries from southern Europe as well as in South
America, the slurry is mostly applied by broadcast, followed by incorporation into the
soil [21–23] given that, if the slurry is left on the soil surface, a substantial nitrogen loss by
ammonia emission could be expected [24].

As soil disturbance is undesirable in conservation crop systems, slurry incorporation
into the soil should be avoided. Therefore, to promote the use of livestock slurry together
with CA practices, it is necessary to develop and spread strategies that can achieve re-
sults similar to those obtained with the slurry injection or mineral/synthetic fertilizers
application. Other strategies related to slurry fertilization, some of which have already
been assessed in conventional crop systems, should be evaluated in stubble-covered soil in
search of solutions that allow exemption from injection or incorporation into the soil. Slurry
acidification is a well-studied technology, with the ability to reduce ammonia emissions,
already in use on a farm scale [21,22]. The transport of the total ammoniacal nitrogen
downward into the soil, by irrigation water, might also reduce the N lost from slurries ap-
plied to the soil surface [25]. Applying slurry only after plants’ emergence allows nutrients
supply to plants when required, reducing the risk of N losses also, this strategy allows to
extend the slurry application window, alleviating work overload of planting times [26].
Besides, if the slurry is placed under the stubble layer, protected from solar radiation and
airflow, the ammonia emissions might be lessened and such a field-scale operation would
require much less effort than injection. Therefore, we hypothesize that the potential of these
strategies to reduce N losses in stubble-covered soil can lead them to reach levels of nutrient
recovery and ryegrass productivity similar to those provided by the slurry injection and by
mineral fertilizer.

The animal slurry application might be a solution to improve economically and envi-
ronmentally the conservation agriculture system. However, studies on solutions able to
obviate slurry injection and incorporation into the soil and minimise N losses are scarce.
Thus, this study aimed to evaluate the agronomic effects of some new management strate-
gies for dairy slurry fertilization in stubble-covered soil. These strategies were compared
with raw dairy slurry and standard practices (slurry injection and mineral fertilizer) on the
ryegrass productivity, nutrient recovery and soil physicochemical properties, expecting
that our results can serve to update regulations for the use of manure in conservation
agriculture systems, thus promoting the valorisation and proper use of livestock residues
in agriculture.

2. Results
2.1. Ryegrass Aboveground Biomass

The total and partial (for each harvest) ryegrass DM yield, as well as the percentage
contribution of each harvest of aboveground biomass to the total productivity, are presented
in Table 1.

The time elapsed from the emergence of the plants to the first harvest was 59 days,
and the interval from the beginning of regrowth to the next harvest was, respectively, 28,
25 and 83 days for the second, third and fourth harvests. The results showed an increasing
trend in the ryegrass yield until the third harvest, more intense for the fertilized treatments
than for Controls. The total DM yield of fertilized treatments was significantly greater than
in CS and CB (Controls). ADS achieved the highest total DM yield, significantly greater
(~40%) than RDS T16, but statistically similar to the other fertilized treatments. Regarding
ryegrass productivity, fertilization with slurry or mineral fertilizer behaved similarly, as
well as the application of fertilizers to stubble or bare soil (Table 1).
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Table 1. Ryegrass aboveground DM yield and as a percentage of total yield (%) obtained at each
harvest. Values presented are arithmetic means of three replicates. For each parameter, values
followed by different letters in the same column, are significantly different based on the Tukey test
(p < 0.05).

Treatment

Harvest Total
Yield1 2 3 4

DM
g Pot−1 % DM

g Pot−1 % DM
g Pot−1 % DM

g Pot−1 % DM
g Pot−1

CB 0.92 ab 16.77 1.10 c 20.18 1.30 d 23.84 2.14 c 39.21 5.47 d

CS 1.04 ab 12.64 1.87 bc 22.72 1.51 d 18.31 3.81 bc 46.33 8.23 c

IN 0.92 ab 4.69 2.63 ab 13.37 9.55 ab 48.52 6.58 ab 33.42 19.69 ab

MB 0.92 ab 4,22 3.03 ab 13,90 9.15 abc 41.93 8.72 a 39.95 21.82 ab

MS 1.30 a 5.54 3.67 a 15.67 9.48 ab 40.49 8.97 a 38.30 23.42 ab

RDS 0.91 ab 4.60 1.95 bc 9.82 8.65 abc 43.53 8.35 a 42.05 19.86 ab

ADS 1.21 ab 4.94 3.19 ab 13.01 10.65 a 43.45 9.46 a 38.60 24.52 a

IR 0.83 ab 3.80 2.52 ab 11.61 9.40 ab 43.26 8.98 a 41.33 21.74 ab

US 1.15 ab 5.52 3.04 ab 14.61 7.69 bc 36.91 8.95 a 42.96 20.83 ab

RDS T16 0.69 b 3.96 1.92 bc 11.05 6.41 c 36.83 8.38 a 48.15 17.40 b

Treatments: Unfertilized bare soil (CB), unfertilized stubble-covered soil (CS), Injected slurry into bare soil (IN),
Mineral fertilizer applied on bare soil (MB), Mineral fertilizer on the stubble (MS), Raw slurry on the stubble
(RDS), Acidified Slurry on the stubble (ADS), Irrigation just after raw slurry applied on the stubble (IR), Raw
slurry applied under the stubble (US), 16-day raw slurry delayed application on the stubble (RDS T16). Different
lowercase letters within the same column indicate significant difference at p < 0.05.

2.2. Nutrient Recovery

The nutrient export reflects the amount of nutrients recovered from the soil by har-
vested ryegrass aboveground biomass throughout the experiment, as an effect of each
treatment. The recovery of the different nutrients presented a similar pattern among the
treatments, as seen in Figure 1. Organic fertilizers performed comparably to mineral fertil-
izers when applied to stubbles or bare soil. The results were also similar between surface
application without incorporation and slurry injection into the soil. Overall, fertilizers
allowed greater nutrient recovery than controls, except for iron. ADS should be highlighted
as it promoted the greater recovery of P despite being significantly greater only than RDS
T16. Nitrogen recovery in ADS was greater than in RDS T16 and equivalent to MS and MB.
Furthermore, RDS T16 presented the lowest value of nutrient recovery among the fertilized
treatments, although in most cases, no significant differences were observed.

The nutrient export rates were also useful to assess the nutrient use efficiency of the
treatments. The apparent nutrient recovery efficiency for N, P and K, is shown in Table 2.
The highest N-ANR was reached by MS, MB, ADS and IN, with values significantly higher
than RDS T16 but similar to IR, US and RDS. MB led to the highest value of P-ANR, but it
was only significantly greater than RDS T16. There were no differences among treatments
for K-ANR.

Through the N-ANR of the treatments, it was possible to access the nitrogen mineral
fertilizer equivalent (N-MFE) shown in Figure 2. The N-MFE may be used to describe
how efficient certain manure, or management strategy of manure use, is in providing
available nitrogen for the plants compared with a mineral/synthetic source of nitrogen [27].
Ammonium sulphate was the mineral fertilizer used in this study due to its efficiency in
providing nitrogen to plants [28–31]. The higher the equivalence, the greater the ability of a
given organic fertilizer (treatment) to replace mineral fertilizer, as a nitrogen source.
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Figure 1. Nutrients recovered by aboveground ryegrass biomass harvesting (Means of three repli-
cates). Nitrogen (A), Phosphorus (B), Potassium (C), Calcium (D), Magnesium (E), Sulphur (F),
Zinc (G), Boron (H), Iron (I), Manganese (J), Copper (K). Different letters on the columns indicate
significant differences at p < 0.05 for treatments, according to the Tukey test.

IN and ADS were the treatments that most efficiently (~94%) replaced ammonium
sulphate as a nitrogen source for ryegrass production. On the other hand, RDS T16 had
the lowest performance for the replacement capacity of ammonium sulphate, with close to
63% of efficiency. Lastly, IR, US and RDS equivalences to ammonium sulphate achieved,
respectively 88%, 84% and 80%, although, without significant differences from IN and ADS.
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Table 2. N, P and K apparent nutrient recovery efficiency (ANR) of evaluated treatments, means of
three replicates. For each parameter, values followed by different letters in the same column, are
significantly different based on the Tukey test (p < 0.05). The absence of letters in the column indicates
non-significant differences.

Treatment N
(g g−1 Applied N)

P
(g g−1 Applied P)

K
(g g−1 Applied K)

MB 0.53 a 0.26 a 0.90
MS 0.53 a 0.22 ab 0.82

ADS 0.50 a 0.24 ab 0.84
IN 0.50 a 0.22 ab 0.74
IR 0.46 ab 0.21 ab 0.77
US 0.44 ab 0.20 ab 0.72

RDS 0.42 ab 0.18 ab 0.71
RDS T16 0.33 b 0.15 b 0.55

Treatments: Mineral fertilizer applied on bare soil (MB), Mineral fertilizer on the stubble (MS), Acidified Slurry
on the stubble (ADS), Injected slurry into bare soil (IN), Irrigation just after raw slurry applied on the stubble
(IR), Raw slurry applied under the stubble (US), Raw slurry on the stubble (RDS), 16-day raw slurry delayed
application on the stubble (RDS T16). Different lowercase letters within the same column indicate significant
difference at p < 0.05.

Figure 2. Nitrogen mineral fertilizer equivalence (Means of three replicates). Different letters on the
columns indicate significant differences at p < 0.05 for treatments, according to the Tukey test.

2.3. Effects on the Soil

The effect of treatments on the soil’s chemical properties is presented in Table 3.
Significant differences among treatments were observed only for soil pH and electrical
conductivity (EC). There was a wide variation in pH among treatments, although, excluding
CB and CS, no significant differences were observed among the treatments. Fertilizers
affected the soil EC, with the fertilized treatments presenting values significantly greater
than Controls.
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Table 3. Final soil properties, mean of three replicates. For each parameter, values followed by
different letters in the same column, are significantly different based on the Tukey test (p < 0.05). The
absence of letters on the column indicates non-significant differences.

Treatments pH EC OM P K Ca++ Mg++ K+ Na+

H2O µS cm−1 g Kg−1 mg Kg−1 cmolc Kg−1

CB 7.44 a 142.5 c 25.8 153.41 193.75 34.54 10.09 0.24 0.47
CS 7.28 ab 158.1 bc 28.5 158.47 211.67 32.96 9.63 0.25 0.52
IN 7.02 abc 552.3 ab 23.8 155.78 172.90 35.82 10.34 0.24 0.64
MB 6.64 c 758.3 a 28.3 148.71 192.64 34.61 10.73 0.27 0.66
MS 6.82 bc 842.3 a 27.5 136.21 183.58 33.94 10.40 0.28 0.53
RDS 7.05 abc 618.3 a 27.6 154.40 208.86 34.46 9.93 0.26 0.58
ADS 6.86 bc 588.3 a 32.3 142.66 182.28 34.96 10.71 0.25 0.67

IR 6.84 bc 603.6 a 28.3 156.95 188.61 34.35 10.62 0.26 0.70
US 7.11 abc 611.6 a 25.4 151.99 207.54 34.19 10.46 0.26 0.54

RDS T16 7.01 abc 543.8 ab 28.2 142.49 182.07 33.81 10.48 0.25 0.63

Treatments: Unfertilized bare soil (CB), unfertilized stubble-covered soil (CS), Injected slurry into bare soil (IN),
Mineral fertilizer applied on bare soil (MB), Mineral fertilizer on the stubble (MS), Raw slurry on the stubble
(RDS), Acidified Slurry on the stubble (ADS), Irrigation just after raw slurry applied on the stubble (IR), Raw
slurry applied under the stubble (US), 16-day raw slurry delayed application on the stubble (RDS T16). Different
lowercase letters within the same column indicate significant difference at p < 0.05.

3. Discussion
3.1. Ryegrass Yield

A trend of increasing ryegrass aboveground biomass productivity, more intense in
the fertilized treatments, was observed mainly from the first to the third harvest (Table 1).
The low ryegrass yield at the beginning of the trial might have been an effect of the low
temperatures (Figure 3) and weak luminosity, typical of late autumn and early winter
in Portugal. These abiotic factors, as stressors, may have impaired nutrient and water
uptake to some degree and thus affected plant growth. The optimum temperature for
ryegrass production is around 18 to 20 ◦C and tillering is maximized at temperatures of 13
to 25 ◦C [32,33]. A slight increase in temperature after the first harvest had positive effects
on the growth rate of the plants, accelerating plant development during the second and
third ryegrass growing periods. On the other hand, after the third harvest, the reduced soil
moisture and the absence of new fertilization reduced the growth rate and enlarge the time
until the next harvest, as reported by [34,35].

Figure 3. Daily temperatures in the agricultural greenhouse during the trial period.
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The performance of the controls in the first harvest was possibly due to the high soil
fertility but, on the other hand, this might also be an indication that some immobilization
of nutrients occurred after fertilizers application, thus representing another stressor to
impair the initial growth of plants in treatments that received fertilization. The 16-day
delay in the slurry application led to a reduction in ryegrass productivity in the first harvest
contributing to the lowest total yield of RDS T16 among the fertilized treatments, even
if only significantly different from ADS. Such a decrease in production might be due to
the absence of fertilization in the first 16 days followed by a possible period of nutrients
immobilization, during a phase of increasing demand by the plants [36].

The better performance of ADS, MB and MS might be related to their influence on
the slight reduction of soil pH (Table 3). The acidic soil pH, close to neutrality, tends to
promote the greater availability of nutrients to plants [37]. Many plants prefer slightly acidic
soil conditions, such as annual ryegrass, which requires a soil pH range between 5.3 and
7.0 [38]. Additionally, it is noticeable that the different slurry application strategies achieved
ryegrass aboveground biomass yield similar to that of mineral fertilizer applied to stubble.
Furthermore, the ryegrass yield promoted by MB and IN did not differ significantly from
the dairy slurry treatments applied on the soils covered by wheat residues. In summary,
regarding ryegrass yield, the strategies evaluated in this study showed similar behaviour
to the dairy slurry injection into the soil and fertilization with ammonium sulphate. Even
though the main goal of the present study was not to compare conventional tillage and
no-tillage systems, it is noteworthy that the ryegrass yield obtained in CS was higher than
in CB, likely as a result of stubble’s ability to hold soil moisture. Stubble-covered soils
usually keep the moisture for longer than bare soils, favouring the absorption of water and
nutrients [5,39].

3.2. Nutrients Use Efficiency

The recovery of nutrients by plants makes it possible to infer the availability of the
nutrients in the soil, which influences crop production as well as the nutrient concentration
in plants. The general pattern of nutrients exported through the harvests demonstrated that
fertilized treatments led to greater nutrient recovery than Controls (Figure 1). ADS, IR, IN,
US and RDS presented nutrient recovery rates similar to MS, MB and IN, for macronutrients
and micronutrients, except for iron. Experimental data are not sufficient to explain exactly
the causes of variation in the iron export rates among the treatments. Interestingly, the
treatments deployed on bare soil presented higher levels of exported iron than those on
stubble-covered soil. The lower iron uptake by plants can be related to several factors,
for instance, the interactions with P, Zn, Mn, Cu, neutral or alkaline soil pH, high soil
moisture and low temperatures [40,41]. Thus, as less temperature variation at the soil
surface occurred in stubble-covered soils [42], it is possible that, especially on colder days,
the night-time temperatures of the soil surface covered by stubbles remained below than
in bare soil, leading to a lower iron uptake by plants. However, it is important to note
that there were no symptoms of iron deficiency or toxicity in plants of any pot. RDS T16
presented lower phosphorus export than ADS and lower nitrogen export than ADS, MS
and MB. In addition, ADS stood out in the amount of nitrogen and phosphorus exported
through aboveground biomass harvest. Higher levels of N and P in plants contribute to an
increase in the protein content and nutritional value of food for humans and animals [43,44].

Among the strategies evaluated, ADS was the one that presented the ANR values
closest to MB, MS and IN, thus showing its potential to replace them when applied to
stubble-covered soils, without incorporation into the soil. Greater nutrient use efficiency
is commonly related to the greater nutrient availability in the soil and at the same time,
to the lower nutrient losses such as gas emissions and leachate [45,46]. MS, MB, ADS
and IN led to the highest values of N-ANR, significantly superior to RDS T16. Several
studies have confirmed the ability of acidified slurry and ammonium sulphate to reduce
ammonia emissions [30,47–49] while decreasing soil pH [30,50–52]. Additionally, a soil
pH slight below the neutrality can improve the nutrient availability for plants [37,53].
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As raw slurries are highly prone to ammonia emission after field application [54,55], a
significant nitrogen loss by ammonia emission could help to explain the low N-ANR of
RDS and RDS T16. Moreover, RDS T16 may have been affected also by a possible nutrient
deficiency in the early days, as previously reported. MB achieved the highest P-ANR with
no differences from the others, except for RDS T16. Despite the small numerical difference
from MB, the P-ARN of ADS was below expectation. The acidification ability to dissolve the
slurry inorganic P could lead to higher P recovery and P-ANR, probably the P uptake was
impaired as an effect of the soil buffer capacity as well as the high p sorption capacity [56].
In addition, the soil sorption capacity and the relatively low P requirement of ryegrass [57]
appear to be the main reasons why P-ANR was lower than N-ANR [46]. The apparent
K recovery efficiency was similar among the treatments, likely because the K input was
levelled among the treatments.

3.3. Nitrogen-Mineral Fertilizer Equivalence

The nitrogen mineral fertilizer equivalence (N-MFE) is an efficiency indicator that
describes how efficient an organic fertilizer is in providing available nitrogen for the plants
compared with a mineral fertilizer during the first year after application. Factors related
to manure such as manure type, the application method and application timing can affect
the N-MFE and consequently, there is no universal value for a particular manure type [27].
Moreover, N-MFE may vary depending on the soil texture [57] and the mineral fertilizer
used as reference. The greatest equivalences to ammonium sulphate were achieved by IN
and ADS, (~94%) significantly greater than RDS T16, despite they were similar to RDS, IR
and US (Figure 2). Indeed, according to [57], slurry application methods that efficiently
avoid NH3 losses, such as IN and ADS, may increase the N-MFE. N-MFE values from
39% to 88%, for cattle slurry in field application, have been reported by [57]. The N-MFE
obtained in the present study, with emphasis on ADS and IN, was possibly due to the
well-controlled conditions that contributed to reducing N losses, such as leaching.

3.4. Effects on Soil Properties

There were significant variations in soil pH between controls and fertilized treatments
(Table 3). MB and MS were the treatments that most acidified the soil (0.8 and 0.46 units
compared to CB and CS, respectively), although without significant differences relative to
the other fertilized treatments. The acidic reaction of ammonium sulphate in the soil may
explain the acidification effect caused by MB and MS on the soil [58]. The high soil buffer
capacity inferred given its high CEC (Table 4), possibly limited a more intense decrease
in soil pH. Therefore, the slurry acidity in ADS reduced the soil pH, at a similar level to
MB and MS and even though it was not significantly different from the other treatments, it
might have been enough to promote higher nutrient availability to the plants [37], positively
impacting the ryegrass yield. On the other hand, long-term fertilizer applications that
cause an acidic reaction in the soil, especially in low CEC soils, can lead to a decline
in nutrient availability [59]. The soil electrical conductivity (EC) was influenced by the
fertilizers applied to soils, since soil EC was significantly higher for amended treatments
than for controls, as an effect of the nutrients and salts added through organic and mineral
fertilizers and the influence of these fertilizers on solubilisation, sorption, mineralization
and immobilization rates in the soil [60,61]. Dairy slurry, regardless of the method adopted
in the application, affected the soil EC at a similar level to ammonium sulphate.

In contrast to the mineral fertilizers, dairy slurry supplies simultaneously several
nutrients (Table 5) that can contribute to the increased crop yield. However, unlike what is
reported in long-term experiments [46,59], our results showed that there were no significant
differences in soil P, K, Ca, Mg and Na levels between mineral fertilizer and dairy slurry-
based treatments. As P and K inputs were levelled among the treatments, the absence of
differences was already expected. For the others, the reason is likely associated with the
soil pH and also its high cation exchange capacity. Despite the carbon provided by the
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dairy slurry and the ability of no-tillage to increase soil organic matter [62–65], changes in
soil organic matter content require a longer time [66,67].

Table 4. Main characteristics of the soil used (Mean, n = 3).

Parameters 0–5 cm Layer 5–20 cm Layer

Organic Matter (g kg−1) 35.4 34.5
pH (H2O) 7.08 7.13

EC (µS cm−1) 281.65 264.40
Extractable P (mg kg−1) 214.24 238.77

Mg (cmolc kg−1) 14.70 11.30
K (cmolc kg−1) 1.07 0.64
Ca (cmolc kg−1) 44.7 63.85
Na (cmolc kg−1) 1.19 0.35

Cu (mg kg−1) 0.81 1.15
Zn (mg kg−1) 0.36 0.36
Fe (mg kg−1) 452.87 450.50
Mn (mg kg−1) 889.33 882.73

CEC (cmolc kg−1) 61.94 77.08
Total-N (g kg−1) 1.67 1.76

Organic N (g kg−1) 1.65 1.74
NH4-N (mg kg−1) 8.72 9.60
NO3-N (mg kg−1) 12.07 10.73

Table 5. Main characteristics of the dairy slurry and wheat stubble (Mean, n = 3).

Parameters Dairy Slurry Wheat Stubble

Dry matter (g kg−1) 113.0 921.6
pH 7.5 -

EC (mS cm−1) 16.5 -
Total Organic C (g kg−1) * 304.6 416.4

Total N (g kg−1) 3.2 5.2
NH4-N (g kg−1) 1.2 -
Total P (g kg−1) 0.9 0.1
Total K (g kg−1) 4.2 5.4

* Based on dry matter.

4. Materials and Methods
4.1. Soil, Slurry and Wheat Stubble

A Vertic Cambisol from an area usually cultivated with wheat at Instituto Superior de
Agronomia in Lisbon, Portugal (coordinates 38◦42′29.786′′ N; 9◦11′6.18′′ W) was collected
to fill the experimental pots. An undisturbed 5 cm top layer soil monolith and disturbed
soil from the complementary 5–20 cm layer were collected. The sampled soil was air-dried
at ambient temperature for eight weeks before beginning the study.

The physical characteristics of the soil (0–20 cm) used were: texture (16.8% coarse
sand, 33.7% fine sand, 20.9% silt and 28.6% clay), water holding capacity (WHC): 348.8 g
kg−1. The main chemical characteristics of the two layers are described in Table 4.

The dairy slurry was collected from the storage tank of a typical commercial dairy
farm located in the Setubal region, Portugal, and stored at ambient temperature in plastic
barrels loosely covered, until further treatment and utilization. Before use or sampling, the
slurry was stirred manually until a homogeneous material was obtained.

In the treatments where no-tillage agriculture was simulated, the soil surface in each
pot was covered with the equivalent of 300 g m−2 of wheat stubble collected in the same
area of the soil. The main characteristics of dairy slurry and wheat stubble are presented in
Table 5.
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4.2. Experimental Design

The pot experiment was carried out for six months in a greenhouse, to evaluate
the impact of the dairy slurry management strategies applied to stubble-covered soil.
The parameters measured were ryegrass aboveground biomass, nutrient uptake, nitrogen,
phosphorus and potassium use efficiency, and soil status compared to the standard practices
and a non-fertilized soil. Daily temperatures inside the greenhouse during the experimental
period are shown in Figure 3.

Polyvinyl chloride pots (Ø = 250 mm, h = 200 mm; capacity = 6000 cm3) were filled
with 7 kg of dry soil. A 15 cm layer of disturbed soil was placed at the bottom of the pots.
A 5 cm undisturbed monolith was then placed on the top of that layer.

To be able to compare the results obtained in no-tillage conditions with conventional
practices, three treatments were installed in bare soil, as reference: slurry injection, surface
application of mineral fertilizer and a control. All treatments, except RDS T16, were applied
on the day of sowing.

Thus, the treatments considered here were separated into two groups: (i) bare soil,
and (ii) stubble-covered soil.

i. unfertilized bare soil, control (CB), injected slurry in bare soil (IN), mineral fertilizer
applied on bare soil (MB);

ii. unfertilized stubble-covered soil, control (CS), raw dairy slurry on the stubble (RDS),
acidified dairy slurry on the stubble (ADS), irrigation just after RDS application (IR),
mineral nitrogen on the stubble (MS), raw slurry applied under the stubble (US),
16-day delayed application of RDS (RDS T16).

A completely randomized experiment was performed with 3 replications, resulting in
a total of 30 pots. The pots were placed on a table that allowed to rotate the pot positions,
so the positions were changed daily.

Annual ryegrass (Lolium multiflorum) sowing (16 seeds in two parallel rows) was
carried out on the same day in all pots, and as soon as possible, the surplus seedlings were
uprooted thus making the final population of 10 plants per pot. The plants emerged from
the soil seven days after the sowing. The basal fertilization for all treatments, except for
RDS T16, was applied just after the sowing.

For IN treatment, the slurry was placed at 5 cm depth into two channels parallel to
seed lines. The source of mineral nitrogen (MB and MS) was ammonium sulphate (20.5% of
total nitrogen). For IR treatment, the rate of irrigation applied on the slurry was equivalent
to 10 mm, and this amount of water was considered when soil moisture was corrected.
In US treatment, the slurry was placed on the soil surface and then covered with wheat
stubble. The US is a conceptualization based on the protection provided by stubble against
abiotic factors (i.e., wind and solar radiation) on slurry possibly leading to lower N loss
by ammonia emissions and higher nutrient recovery efficiency, as reported by [68]. For
the slurry acidification in ADS, concentrated sulphuric acid was added to the raw slurry
until it reached a pH = 5.5, monitored by a pH meter. Lastly, for the RDS T16 treatment, the
slurry was applied only at the ryegrass tillering stage, 9 days after the emergence of the
plants (16 days after sowing). The soil moisture in the pots until the third harvest was kept
close to 70% of the soil water holding capacity (WHC), by regular addition of deionised
water. From the third harvest to the end, the WHC was kept close to 50%, simulating
the spring season weather condition in Central Portugal. No leachate was produced, and
consequently, no nutrients were lost via leaching.

Due to the soil physicochemical characteristics and the low phosphorus (P) content
in the slurry, the input of P2O5 was 0.22 g P per pot for all treatments, except for CS and
CB, through the application of 2.75 g of simple superphosphate for the treatments without
slurry or 1.1 g for those amended with slurry. Additionally, the treatments that were not
fertilized with slurry, received 0.66 g K per pot, through the application of 1.3 g potassium
chloride, equivalent to the amount delivered by the dairy slurry.
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The total-nitrogen supply was 1.5 g N per pot, divided into three applications: 0.5 g
(155 g dairy slurry or 2.4 g ammonium sulphate, depending on the treatment) right after the
sowing (16 days later for RDS T16), plus 0.5 g (2.4 g ammonium sulphate for all treatments,
except CS and CB) by top dressing after each of the two first harvests, as is usually done
in commercial crops. The difficulties and uncertainties caused by the first wave of the
COVID-19 pandemic led us not to perform new fertilization after the third harvest.

Four harvests of whole biomass above 10 mm from the soil surface were made manu-
ally at 66, 94, 119 and 202 days after sowing.

4.3. Analytical Methods

For the first ryegrass aboveground biomass harvest, due to the low dry matter (DM)
yield of some treatments, nitrogen was the only nutrient analysed, then a complete analysis
of ryegrass was carried out from the second to the fourth harvests. The ryegrass and wheat
stubble DM were determined after oven-drying at 65 ◦C to constant weight. Dried ryegrass
and wheat stubble samples were ground at 1 mm in a grain mill. Wheat stubble analysis
procedures are described in [49]. For the ryegrass, the total-nitrogen was determined by
the Kjeldahl method, following the digestion, distillation, and titration steps [69], while the
NH4

+ − N content was determined directly by distillation and titration. Other nutrients
(P, K, Ca, Mg, S, B, Cu, Fe, Mn, Na, Zn) were determined by acid digestion at 105 ◦C
with a 9:3 (v/v) mixture of HCl (37% (w/w) HCl, d = 1.19 kg L−1) and HNO3 (65% (w/w)
HNO3, d = 1.39 kg L−1), respectively, followed by quantification by inductively coupled
plasma—mass spectrometry (ICP-EOS).

Slurry analyses were performed as described by [49]. The soil pH and EC were
determined in a soil: water (1:2.5 w/v) suspension. The methods used to determine soil
texture, organic matter, total and mineral N, extractable P and K are fully described in [49].
Cation exchangeable and extractable micronutrients were performed as described by [70].

4.4. Nutrient Use Efficiency-Related Indicators

The apparent nutrient recovery efficiency was the agronomic indicator used to evaluate
the nutrient use efficiency by plants, as it represents the plant’s ability to acquire applied
nutrients [45].

For each fertilized treatment, the apparent nutrient recovery efficiency, expressed in g
g−1, was calculated as presented in Equation (1):

Y−ANR =
(Exported Y treatment− Exported Y control)

Applied Y
. (1)

where Exported Y treatment is the Y (N, P or K) recovered by ryegrass aboveground biomass
from a given evaluated fertilized treatment, and Exported Y Control is the Y recovered by
ryegrass aboveground biomass in control treatments (CB or CS). Applied Y is the amount
of nutrient (N, P or K) applied per pot [39].

According to [27], the ability of a treatment, based on organic fertilizer, to replace the
mineral fertilizer as an available nitrogen source, is calculated through the nitrogen mineral
fertilizer equivalent (N-MFE), Equation (2).

N−MFE =
N−ANR treatment

N−ANR MF
(2)

where N-ANR treatment is the Apparent N recovery efficiency of a given treatment based
on organic fertilizer, and ANR MF is the Apparent N Recovery efficiency of the mineral
fertilizer, in this case, ammonium sulphate (MB or MS).

4.5. Statistical Analysis

All results were analyzed using the Analytical Software Statistix 9 program (Analytical
Software, Tallahassee, FL, USA) The effects of the treatments were tested by analysis
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of variance (one-way ANOVA). Differences were considered statistically significant at
a p < 0.05 level of probability. Tukey’s test was used to analyse the differences in the
mean values of the parameters between treatments. Log-transformations of variables were
performed when necessary to ensure normality and homogeneity of the variances.

5. Conclusions

The dairy slurry application to stubble-covered soil as basal fertilization influenced
ryegrass aboveground biomass yield and ANR (N, P and K) similarly to IN, MB and MS.
Besides, the slurry N-MFE was also similar between IN and the treatments applied to
stubble without incorporation into the soil. Due to poor performance, RDS T16 proved
not to be a viable solution. However, shorter periods of delay in fertilization should
be evaluated.

The effects of treatments on soil properties and other response variables influenced
by these properties were probably affected by high soil fertility. Therefore, new studies on
coarse-textured, low-fertility soil will contribute to a wider comprehension of the agronomic
effects of the presented strategies in different soil conditions.

We can conclude that the treatments ADS, IR and US considered here are sustainable
strategies for application to stubble-covered soil without incorporation into the soil, having
the potential to reach levels of nutrient recovery efficiency and ryegrass productivity similar
to those provided by the slurry injection and by mineral fertilizer.

Among the strategies evaluated, ADS can be highlighted due to its good and consistent
performance. This strategy presented the greatest potential to enable the application of
dairy slurry in CA without the need for injection or incorporation into the soil. This
work can contribute to updating regulations promoting and stimulating the proper use of
livestock residues in conservation agriculture systems.

The evaluation of the solutions presented in this work on a field scale is important
to corroborate the results obtained in pots. Further studies addressing the effects of ADS,
IR and US on ammonia and nitrous oxide emissions are needed to enable a broader
understanding of the solutions presented in this work.
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