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ABSTRACT

Partial replacement of mineral fertilisers (MF) with animal manures is a good alternative to reduce MF use and
increase both nutrient cycling in agriculture and soil organic matter. However, the adoption of this practice must
not lead to increased environmental impacts. In this two-year study conducted in an apple orchard, MF were
partially replaced with various animal manures, including cattle slurry (CS), acidified cattle slurry (ACS), solid
cattle manure (CsM), or poultry manure (PM), and their impacts on greenhouse gas emission (GHG: CO2, N,O
and CH4) were examined. A control (CTRL) receiving only MF served as the baseline, representing the con-
ventional scenario in orchard fertilisation. Overall, replacing MF with manures increased GHG emissions, with
the magnitude of the impacts depending on the specific characteristics of the manures and the amount of nu-
trients and organic matter applied. Comparing to the CTRL, application of ACS and CS led to higher CH4 and N2O
emissions, while PM application increased both NyO and CO2 emissions. In contrast, replacement with PM and
CsM decreased CH,4 emissions. Nevertheless, results varied between the two years, influenced by several factors,
including soil conditions. While acidification showed potential to mitigate CH4 emissions, it also led to increased
N20 emissions compared to CS, particularly in 2022, suggesting the need for further investigation to avoid
emission trade-offs. Replacement with CS (20.49 t CO2.¢q ha’l) and CsM (20.30 t COx.eq ha’l) showed com-
parable global warming potential (GWP) to the conventional scenario (CTRL, 19.49 t CO2.¢q ha™1), highlighting

their potential as viable MF substitutes.

1. Introduction

Among growing concerns about global warming and the resulting
climate change, scientific studies are increasingly focused on more
sustainable alternatives for all human activities. A significant contrib-
utor to environmental challenges is the escalating emission of green-
house gases (GHG) in recent decades, a trend in which food production
systems play a notable role (Yoro and Daramola, 2020; Canadell et al.,
2021). Substantial changes in food production systems are necessary to
prevent global warming from surpassing the 1.5 °C target (IPCC, 2018).

A strongly suggested set of practices in Europe includes closing the
nutrient cycles in agriculture by reintegrating animal manure as crop
fertiliser (Hendriks et al., 2022). This approach not only promotes a
circular economy in agriculture but also reduces reliance on mineral
fertilisers and mitigates their associated impacts. The application of
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manure introduces organic matter and nutrients to the soil (Liu et al.,
2015; Gautam et al., 2020), enhancing soil fertility (Meng et al., 2005;
Steiner et al., 2007; Shakoor et al., 2021) and promoting carbon (C)
sequestration (Maillard and Angers, 2014; He et al., 2016; Gautam et al.,
2020).

The advantages of applying manure to enhance soil organic matter
are particularly important in Mediterranean regions, which are char-
acterised by low soil organic matter content and significant soil erosion
challenges (Calleja-Cervantes et al., 2017; Francaviglia et al., 2019).
Apple orchards, extensively cultivated in Mediterranean regions (Agui-
lera et al., 2013), offer significant potential for utilising animal manure.
They excel in C storage within their perennial structures, capable of
retaining 1.5% more C than arable crops (Francaviglia et al., 2019),
making them ideal candidates for enhancing soil organic matter and
mitigating global warming. Globally, apple production covers 4.8
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million hectares, producing 93.1 million tonnes of fruit in 2021 (Food
and Agriculture Organization of the United Nations, 1997). Given the
importance of apple production, not only at the regional but also at the
global level, the adoption of such environmentally friendly measures in
orchard crops shows significant potential to help control global warming
while simultaneously addressing soil fertility and manure management
challenges in agriculture.

However, the application of nitrogen (NH4-N and NO3-N) and C
through manure can stimulate the production of GHG (Chadwick et al.,
2011; Xia et al., 2020; Ruangcharus et al., 2021). GHG emissions are also
influenced by the production system implemented in the orchard,
whether intensive or extensive (Alaphilippe et al., 2016), and whether
conventional or organic (Keyes et al., 2015). Additionally, different
management practices such as irrigation, mulching and cover crops
(Fentabil et al., 2016; Gu et al., 2019; Tang et al., 2022), as well as soil
characteristics (Smart et al., 2011), can impact GHG emissions. More-
over, nitrogen (N) application rates play a significant role, as N,O
emissions respond positively to increasing application rates of N fertil-
isers (Xie et al., 2017; Gu et al., 2019), and these rates can vary greatly
across the different regions. For example, N application rates in apple
orchards vary from 27 kg N ha™! in Portugal (Figueiredo et al., 2013) to
1000 kg N ha™! in China (Wang et al., 2016). Therefore, studying
different management practices and fertilisation strategies, including
manure application, is important to understand potential mitigation
measures in orchards (Smart et al., 2011).

This work aimed to investigate, in a two-year study, the impacts of
partially replacing mineral fertilisers (MF) with different animal ma-
nures in an apple orchard on GHG emissions. The first year (2021)
focused on evaluating the short-term effects of this fertilisation strategy
on GHG emissions, comparing various animal manures as potential re-
placements. In the second year (2022), our objectives broadened: 1)
validation of the trends observed in 2021, 2) determination of the or-
chard’s global warming potential (GWP) under different scenarios:
either exclusively applying mineral fertilisers, or partially replacing MF
with different animal manures, 3) assessment of soil N dynamics to
explore potential correlations with N,O emissions, and 4) calculation of
emission factors (EF) for NoO emissions associated with these fertilisa-
tion scenarios, which is an important addition for NoO budget calcula-
tions (Gu et al., 2019).

2. Methods and materials
2.1. Experimental site and design, and manure application

The study was conducted in an apple orchard with the ‘Gala’ apple
cultivar grafted onto M.7 rootstock, located at Tapada da Ajuda, Lisbon,
Portugal (38.706864° N, —9.183493° W). The orchard was established
in 2016 and had trees spaced 1 m apart within rows and rows spaced 4 m
apart, covering a total area of 4000 m2 The orchard is managed in
accordance with the Portuguese standards for Integrated Pome Fruit
Production (Direcao-Geral de Agricultura e Desenvolvimento Rural,
2012) and has a fertigation system. The soil is classified as a Leptosol,
according to the World Reference Base for soil classification (IUSS
Working Group WRB, 2015). The local climate is classified as Csa ac-
cording to the Koppen-Geiger climate classification, characterised by
temperate climate with hot and dry summers (IPMA, 2011).

Soil moisture and temperature were monitored using a soil sensor
(Enviropro MT 40 cm, EnviroPro Dielectrics Pty Ltd, Moonta, AU),
which recorded data at 10-cm intervals up to a depth of 40 cm. Pre-
cipitation data were collected by a sensor (Adcon RG1, OTT HydroMet
GmbH, Kempten, GER) positioned 1.8 m above the soil surface in an
unobstructed area. These sensors transmitted data to a centralised
platform, where irrigation events were also recorded. Soil temperature
and moisture, precipitation and irrigation logs, measured from March
2021 to March 2023, are presented in the Supplementary Material
(Figure S1 and S2). Irrigation (though a fertigation system with drip-
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irrigators) is active from bud burst until post-harvest, which is typi-
cally around November. This coincides with the warmest months of the
year. Field capacity and water stress levels were calculated based on the
soil’s characteristics and crop’s water demands. Irrigation events were
then determined based on whether soil moisture levels exceeded or fell
below these two established parameters.

The experiment followed a complete randomised block design with
five fertilisation treatments with four blocks each. The treatments
included a control (CTRL, receiving only MF), cattle slurry (CS), acidi-
fied cattle slurry (ACS), cattle manure (CsM) and poultry manure (PM).
Each block of each treatment consisted of a plot with five trees, occu-
pying a 20 m? area (Fig. 1). A detailed map depicting all treatments and
blocks employed in the orchard experiment is available in the Supple-
mentary materials (Supplemental Figure S3). This experiment spanned
from 2020 to 2023 (Esteves et al., 2023), however, GHG emissions were
only measured in the 2021 (March 2021 to April 2022) and 2022 (May
2022 to March 2023) campaigns.

The application rate of the fertilisers was based on plant N demands,
which were estimated considering the projected crop production and the
orchard’s fertility (Direcao-Geral de Agricultura e Desenvolvimento
Rural, 2012). Regarding MF, the plant-available N (PAN) content was
equivalent to the total amount of nitrogen. However, for manures and
slurries, PAN was estimated from the total nitrogen (TN) concentration
and standard mineralisation rates: 65%, 65%, 40%, and 55% of TN for
CS, ACS, CsM, and PM, respectively (CBPA, 2018).

In 2021 and 2022, the N application rates were 80 kg PAN ha~! and
70 kg PAN ha !, respectively. The replacement rate of MF with animal
manures was 50% in 2021 and approximately 57% in 2022. It is note-
worthy that during the first year (2020), a 25% MF replacement was
carried out.

The manures and slurries were applied in a band on March 2“d, 2021,
and on May 3", 2022, coinciding with the full bloom stage of the or-
chard. In 2022, the application of manure was later in comparison with
2021 due to a warm winter, which prolonged the dormancy period and
delayed flower bloom. For manure application, a trench (Fig. 1) was
opened approximately 10 cm away from the tree line. The trench
measured 20-30 cm in width and 30 cm in depth and was created using a
tractor and a small plough. The manures were then evenly spread within
the trench and covered manually with soil.

ACS was prepared on the day of manure application each year. It was
obtained by acidifying the raw cattle slurry with sulphuric acid (H2SOs4,
95%) at a ratio of 6 mL of acid to 1 L of slurry, achieving a pH of 5.5
(Fangueiro et al., 2013). Throughout the acidification process, the slurry
was periodically stirred to ensure the homogenisation of acid
distribution.

2.2. Soil analyses

Soil samples were collected from the fertilised areas and in the
interrow (IR), as illustrated in Fig. 1, during the summer of 2022 at
specific intervals: 3, 7, 10, 15, 17, 21, 29, 35, 43, 49, 67, 78 days after
manure application. Sampling was conducted using a probe, with sam-
ples taken from each block and treatment, from the top 30 cm of the soil
layer. Samples were then oven-dried at 40 °C until reaching a constant
weight. Prior to laboratory analysis, the samples were manually ground
in a stone mortar and sieved to a size of 2 mm.

Soil ammonium (NH4-N) and nitrate (NO3-N) levels were deter-
mined following the method described by Houba et al. (1989), involving
extraction with KCl (2 M) and subsequent measurement using a
segmented flow auto-analyser (Skalar San Plus, Skalar Analytical B.V.,
Breda, the Netherlands). Total mineral N (Npi,) was then calculated by
summing the NH;-N and NO3-N values obtained from the analysis.

2.3. Manure analysis

Manure and slurry samples were taken from the containers, after
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Fig. 1. Example of one row of trees from the trial: colourful trees represent different treatments, arranged in plots of five trees (black trees are not included in the
trial’s assessments). The brown line denotes the trench opened for manure application in a band. Squares and crosses mark the locations of the chambers used to
sample GHG emissions and soil samples, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

homogenisation, and were then characterised in triplicate using the
methods described in Prado et al. (2022). The manure’s characteristics
are presented in Table 1. The amount of nutrients effectively applied,
calculated based on the manure’s characteristics and the application
rate, is provided in the Supplementary material (Supplemental
Table S4).

2.4. GHG fluxes measurements

GHG measurements were carried out continuously from March 2021
to March 2023, to assess GHG emissions during the orchard’s active
stage (from manure application until fruit harvest in August of both
years) and dormant stage (the remainder of the year). During the 2021
campaign (March 3rd, 2021 to April 18th, 2022), measurements were
exclusively carried out in the treatment plots. However, during the 2022
campaign (May 4“‘, 2022 to March 3rd, 2023), measurements were
carried out in both the treatment plots and in the IR, which had indig-
enous vegetation. The varying measurement durations were due to
differences in the dates of manure application each year (Section 2.1).

Measurements were conducted using the static chamber method
(Rochette and Hutchinson, 2005). Chambers were installed in the soil
immediately after manure application in both years. In the CTRL treat-
ment, chambers were positioned in the row of trees, between two
drippers. In the manure-amended treatments, chambers were placed
directly adjacent to the row of trees, covering the area supplied with
fertigation and manure. In the IR treatment, chambers were positioned
in the middle of the interrow (Fig. 1). Vegetation was removed from the

Table 1
Mean values (n = 3) of the physical and chemical properties of the manures and
slurries used in each year of trial.

Materials DM TN NH4-N PAN” C/N P
% gkg™ (FM) gkg™! (FM)

2021

cs 6.47° 2.92¢ 1.60° 2.00 8.35¢ 0.45¢
ACS 7.17¢ 2.92¢ 1.528 2.00 8.81°¢ 0.42°
CsM 49.488 7.85° 0.86¢ 3.14 15.70° 2.04°
PM 72.16" 16.44*  4.38" 9.04 20.842 3.13%
Signif. * * * _ ok *
2022

cs 13.828 3.48¢ 1.62¢ 2.26 9.40® 0.59%
ACS 13.938 3.48¢ 1.79° 2.26 9.79® 0.55°
CsM 29.03% 5.76° 0.74° 2.30 17.574 2.38%
PM 60.76"  18.68*  5.09* 10.27  15.78%  2.47%
Signif. * * _ * *

Signif. - significance level in the ANOVA test or Kruskal-Wallis test; * - signifi-
cant (p < 0.05); *** - significant at p < 0.001; Within each column and for each
year, values followed by the same letter do not significantly differ according to
the LSD test at a = 0.05. Lowercase letters represent differences identified using
the ANOVA test, while uppercase letters represent differences identified using
the Kruskal-Wallis test. CTRL — control, CS - cattle slurry, ACS — acidified cattle
slurry, CsM - cattle solid manure, PM - poultry manure, IR - interrow. DM — dry
matter, EC — electrical conductivity, FM — fresh matter, PAN - plant available
nitrogen, C/N - organic carbon to total nitrogen ratio, P - total phosphorus.

* Considering the estimated mineralisation rates: 65% of TN in the CS and
ACS, and 40% and 55% of total N in the CsM and PM, respectively.

CTRL and manure chambers before measurement but was left intact in
IR chambers.

Measurements initiated precisely one day after manure application
and were conducted between 8:00 and 12:00 p.m., with more frequent
measurements following manure application. In the first year, PVC
chambers (Supplemental Figure S5-A) were used, while in the second
year, aluminium chambers (Supplemental Figure S5-B), covered with a
reflective and insolating plastic to prevent overheating within the
chambers, were used.

The concentration of CO2, CH4, and N,O within each chamber was
measured immediately after closing the chamber (T0), and again after
20 (T20) and 40 (T40) minutes of air accumulation. Air samples were
collected from each chamber through a sampling tube (Teflon tube with
an internal diameter of 3 mm and a length of 27 m). Gas concentration
(mg m %) were determined using a photoacoustic gas equipment (Sup-
plemental Figure S5-C, INNOVA 1512, Lumasense Technologies, Bal-
lerup, Denmark). The photoacoustic gas monitor was equipped with an
optical filter for water vapor (filter type SB0527), and the detection
limits for N5O (filter type UAQ985), CO- (filter type UA0982), and CHy4
(filter type UA0982) were 0.03 ppm, 5.1 ppm and 0.4 ppm, respectively.
Prior to the trial, the manufacturer calibrated the photoacoustic gas
monitor, which was configurated to compensate for water interference
and cross-interference.

2.5. Calculations and statistical analysis

Gas fluxes (G) were determined using the following equation (Fan-
gueiro et al., 2017):

M, V
Nm *day™") = ©x— x 144 1
G(mgCor m “day ) m><Mm><A>< 0 (€8]

Where m (mg m~3 min~?) represents the linear regression of gas con-
centration at each sampling time (T0, T20, T40), V and A are the volume
(m®) and area (m?) of the chambers, respectively. M, is the atomic
weight of C (12 g mol ™)) or N (14 g mol’l), and My, is the molecular
weight of CO, (44 g mol’l), CH4 (16 g mol™1) or N2O (44 g mol™1).
Fluxes were then transformed into daily emissions (1440 min).

Cumulative emissions were estimated by averaging the flux between
two sampling days and multiplying by the time interval between those
days. GWP of each treatment was estimated by converting the emitted
CO2, N20 and CH4 into CO,-equivalents (CO2.¢q) using the conversion
factor of 1, 273 and 27.2 for COy, NoO and CHy, respectively (IPCC,
2021), which are the 100-year GWP values. For the yield-scaled emis-
sions, crop productivity in each plot (20 m?), reported in Esteves et al.
(2023), and the gaseous emissions during the orchard’s active stage, also
reported to the 20 m? plot, were taken into consideration.

The emission factor (EF) for NoO emissions in the whole orchard
(during the entire measurement period in 2022-304 days) for each
treatment was calculated as follow:

total N(NZO)zremmem — total N(NZO)IR

EF =
(%) N applied

@

In the manure-amended treatments, the applied N consisted of the TN
applied (61.54 kg TN ha™! in the CS and ACS treatments, 100.00 kg TN
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ha~!in the CsM treatment, and 72.73 kg TN ha~! in the PM treatment)
plus the PAN applied from mineral N fertilisers (30 kg PAN ha™!). In the
CTRL treatment, the added N consisted of 70 kg of PAN ha~!. The IR
treatment was considered as the unfertilised treatment.

The GWP of each scenario, whether using only MF or partially
replacing MF with manure, was calculated as follows:

GWPcenario (§ COr-cq ha™") =0.25 X GWP reqtmen +0.75 X GWPig ©)

Since the fertilised areas account for 25% of the total, while the
unfertilised areas (IR) constitute the remaining 75% of the orchard’s
total area (4000 m?). The logic behind this reasoning is based on the 1 x
4 m spacing between trees and rows, respectively. We determined that
the fertilised area corresponded to a 1 m? area (50 cm to each side of the
tree, in all orientations of the tree), with the unfertilised area comprising
the remaining space (3 m?). This approach was consistently applied to
calculate the emissions of CO5, N5O, and CH,4 for each scenario. The EF
and GWP calculations for each scenario were specifically conducted for
the final year (2022) due to the inclusion of measurements in the IR.

To verify ANOVA assumptions, we conducted tests for normal dis-
tribution using the Shapiro-Wilk test and for homogeneity of variances
using the Levene test. The null hypothesis (data normally distributed
and homogenous variances) was rejected at p < 0.05. Data that met
these assumptions were analysed using ANOVA. For data that did not
meet these assumptions, we employed the Kruskal-Wallis test for
manure analysis and the Friedman test for GHG emissions and soil
analysis. Kruskal-Wallis and Friedman tests are rank-based, meaning
that different letters in the tables indicate differences between the mean
ranks. However, the tables present standard means. Statistical differ-
entiation between treatments was determined through Fisher’s least
significant difference (LSD) at a significance level of 0.05. The rela-
tionship between emissions and soil and climate conditions and manure
characteristics was assessed using the Pearson correlation coefficient,
with a significance set at p < 0.05. Analysis was conducted using R (R
Core Team, 2023) and RStudio (Posit team, 2023).

3. Results
3.1. Short term effect on GHG emissions
In 2021, the partial replacement with manures and slurries led to

increased cumulative CO5 emissions compared with the CTRL, but no
significant differences were observed between the manure-amended

Table 2
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treatments (Table 2). Considering only the orchard’s active stage, CO>
emissions were significantly higher in the PM and CsM treatments
compared with ACS and CS. This difference might be due to higher CO4
peaks in the CsM and PM treatments, significantly higher in the PM
treatment on day 6 (16.15 g Cm 2 d™}, p < 0.001) and 45 (15.13 g C
m 2 d’l, p < 0.001) (Supplemental Figs. S6-A).

Similarly to COy emissions, most of the N3O emissions occurred
within the first 100 days of the experiment, after manure application
(Supplemental Figs. S6-B). Cumulative N2O emissions were signifi-
cantly higher in the PM treatment, followed by the slurries (ACS and
CS), CsM and finally CTRL, which exhibited the lowest emissions
(Table 2). The higher cumulative emissions in the former treatments can
be attributed to the significant emission peaks observed: ACS peaked
immediately after manure application, on day 1 (14.10 mg Nm 2d %, p
< 0.05) and again on days 10, 17 and 45 (smaller peaks); while CS
peaked on day 17 (25.59 mg Nm 2 d ™}, p < 0.05); and PM reaching a
significant emission peak of 86.36 mg N m~2 day ! on day 70 (p < 0.05).

In contrast, CH4 emissions remained consistently negative
throughout the 2021 campaign, during both the active and the dormant
stage (Supplementary Figure S6-C). However, an exception was
observed in the CS treatment, which exhibited an initial CH4 peak of
552.07 mg C m~ 2 day ! on day 2. This led to positive cumulative CHy4
emissions in the CS treatment but negative cumulative emissions in the
other treatments (Table 2). Replacement with ACS and CsM significantly
increased the soil’s ability to retain or oxidise CH4, in comparison with
the CTRL.

When considering yield-scaled emissions (Table 3), the CTRL treat-
ment exhibited the lowest CO, and N2O emissions in the first year,
although the yield-scaled N2O emissions in the CTRL were not statisti-
cally different from those in the CsM treatment. The manure-amended
treatments did not significantly differ from each other in terms of COg,
but PM led to the highest yield-scaled NoO emissions. Regarding CHy,
only CS led to positive yield-scaled CH4 emissions. ACS and CsM led to
significantly lower yield-scaled CH4 emissions compared with CTRL.
The CTRL treatment resulted in the lowest yield-scaled GWP, while the
other treatments did not differ significantly.

3.2. Medium-term effects on GHG emissions

Consistent with the 2021 findings, higher cumulative CO2 emissions
were also observed in the PM treatment in 2022 (Table 2). However, in
this second campaign, ACS did not significantly differ from PM. Over the

Mean values (n = 4) of the cumulative GHG emissions in the two years of measurement, both during the active stage of the orchard (175 and 106 days in 2021 and
2022, respectively) and during the entire measurement year (412 and 304 days in 2021 and 2022, respectively).

Treatments CO, (gCm™2) N0 (mg N m™?) CH,4 (mg Cm™2)

Active stage All year Active stage All year Active stage All year
2021
CTRL 299.95¢ 753.398 85.68 154.79° —865.00° —1220.96°
cs 610.69% 1300.95* 413.15%¢ 492.035¢ 1736.64" 1229.56"
ACS 525.018 1272.09% 408.118 507.728 -1226.27¢ -1661.76°°
CsM 743.66" 1540.49% 176.51°¢ 312.00¢ —~1329.89° —-2035.14°
PM 904.66" 1618.78* 2831.63% 3296.93% -1041.81° —1329.035¢
Signif k¥ * ¥k * ¥k k¥ ek
2022
CTRL 158.53% 466.77° 105.128 151.43°P 0.00% —205.03"
cs 146.5318 558.97> 162.214 258.45° 505.79" 251.38°
ACS 195.474 623.12%° 248.427 459.487 283.16% 34.64%
CsM 171.92% 555.54 75.48% 185.285¢ -78.63¢ —656.94°
PM 187.514 698.35% 97.18% 548.02% —90.20°¢ —379.36"
IR 71.91% 540.11%¢ 50.01¢ 96.32° —-80.33¢ —362.10"
Signif. * ok wok wk w kK

Signif. — significance level in the ANOVA or Friedman test; * - significant at p < 0.05, ** - significant at p < 0.01, *** - significant at p < 0.001; Within each column and
for each year, values followed by the same letter do not significantly differ according to the LSD test at a = 0.05. Lowercase letters represent differences identified using
the ANOVA test, while uppercase letters represent differences identified using the Friedman test. CTRL - control, CS - cattle slurry, ACS — acidified cattle slurry, CsM —

cattle solid manure, PM - poultry manure, IR — interrow.
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Table 3
Mean values (n = 4) of yield-scaled cumulative GHG emissions and GWP for
each year, expressed as kilogram (kg) of fruit produced.

Treatments CO, (gC N,O (mg N CH4 (mg C GWP (kg COz.¢q
kg™ kg™") kg™ gkg ™M
2021
CTRL 147.30° 43.66° —410.74® 0.54%
cs 296.16" 189.60% 885.04" 1.20"
ACS 348.93% 293.40° —825.08¢ 1.38"%
CsM 642.19% 168.135¢ —927.72¢ 2.42%
PM 545.34" 1645.54" —559.665¢ 2.69"
Signif. o *
2022
CTRL 86.66 63.44 0.00% 0.34
cs 65.81 73.17 225,314 0.28
ACS 131.79 154.83 183.98% 0.56
CsM 126.88 59.49 —67.68¢ 0.49
PM 118.78 71.97 —61.58¢ 0.46
Signif. ns ns ol ns

Signif. —significance level in the Friedman test; ns — not significant (p > 0.05); * -
significant at p < 0.05, ** - significant at p < 0.01; Within each column and for
each year, values followed by the same letter do not significantly differ ac-
cording to the LSD test at « = 0.05. CTRL - control, CS - cattle slurry, ACS —
acidified cattle slurry, CsM - cattle solid manure, PM — poultry manure.

entire measurement period in 2022, cumulative COy emissions in the
CTRL treatment were statistically comparable to those of the CS, CsM,
and IR treatments. Considering only the orchard’s active stage, cumu-
lative COy emissions in CTRL did not significantly differ from those
observed in the manure-amended treatments and were significantly
higher than in the IR treatment.

Nevertheless, in the beginning of the 2022 campaign there were
notable CO, emission peaks in the manure-amended treatments (up to
4.25 g Cm 2 d"! on day 2 in the PM treatment) in comparison to the
CTRL and IR treatments (between 0.90 and 1.60 g C m~2d1). These
peaks in the manure-amended treatments remained significantly higher
until day 14 (p < 0.05). The lack of significant differences between the
IR treatment and the fertilised treatments (excluding PM) over the entire
measurement period (304 days), may be attributed to a pronounced
emission peak observed during the dormant stage. This peak (3.88 g C
m~2 d~!) was statistically higher in the IR treatment on day 213 (p <
0.001) (Supplemental Figs. S7-D).

Significantly higher cumulative N»oO emissions were found in the
manure-amended treatments compared to CTRL and IR, except for CsM
which did not differ from the CTRL treatment (Table 2). Considering
only the orchard’s active stage, ACS and CS treatments led to signifi-
cantly higher cumulative NyO emissions, followed by CTRL, PM and
CsM, and finally by IR, which exhibited the lowest cumulative emis-
sions. The higher cumulative emissions in the CS and ACS treatments
can be attributed to distinct N3O peaks (p < 0.01) observed on day 9
(8.36 mg N m~2 d’l) and day 17 (10.20 mg N m~2 d’l) in the CS and
ACS treatments, respectively (Supplemental Figs. S7-E). It is also note-
worthy that the PM treatment also exhibited a significant NoO emission
peak during the dormant stage, on day 153 (3.76 mg Nm 2d %, p <
0.05), which contributed to the higher cumulative emissions during the
entire measurement period (304 days) in this treatment.

In contrast to the findings of the 2021 campaign, ACS resulted in
significantly higher NoO emissions and similar CH4 emissions when
compared with CS. Only CS and ACS treatments resulted in positive CHy
emissions during the entire measurement period, while the other
treatments showed negative cumulative emissions (Table 2). In com-
parison with CTRL and IR, CsM resulted in significantly lower CHy4
emissions. However, considering only the orchard’s active stage, cu-
mulative CH4 emissions were lower in the CsM, PM and IR treatments
compared to CTRL. The higher cumulative CH4 emissions observed in
the slurry treatments can be attributed to the pronounced emission
peaks on day 2 in the CS (304.19 mg C m 2 d 1) and ACS (196.25 mg C
m~2 d’l) treatments (Supplemental Figure S7-F). Nonetheless, this
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initial CH4 peak was significantly higher in the CS treatment (p < 0.01).

In this campaign, the yield-scaled emissions only exhibited signifi-
cant differences between treatments concerning CH4 emissions, with
higher values observed in the CS and ACS treatments, and lower values
in the CsM and PM treatments (Table 3). Replacing MF with animal
manures did not increase the orchard’s yield-scaled GWP, in contrast
with the findings of the 2021 campaign.

3.2.1. Soil nitrogen

Soil N dynamics (Fig. 2) were examined during the initial 78 days
after manure application to potentially correlate with N2O emissions.
Soil N was statistically lower in the IR treatment when compared to the
other treatments, presenting values below 5.62 mg NH{-N kg~! and
below 10.72 mg NO3-N kg~!. An exception was CTRL, which showed
little differentiation between IR.

Regarding the manure-amended treatments, PM consistently pre-
sented higher NHZ-N content, with higher differentiation compared
with the other treatments after day 7. Soil NH}-N in this treatment
peaked on several occasions (reaching a maximum of 252.43 mg kg ™! on
day 64), while NO3-N remained relatively low during the sampling
period (<61.26 mg kg™!). Soil N dynamics in the PM treatment did not
align with N,O peaks, whereas NHZ-N peaks observed in the CS and ACS
treatments on day 7 coincided with NyO peaks. However, no correlation
was found between soil NHj-N levels in the CS and ACS treatments and
the corresponding N»O emissions (p > 0.05).

Conversely, soil NO3-N in the CS treatment was negatively corre-
lated with N2O emissions (r = —0.69, p < 0.05), as higher emissions of
N20 occurred during periods with lower soil NO3-N. CsM consistently
presented lower values of both NH}-N and NO3-N.

2022
N (N2O)
_ 154
‘>-
©
T 10
a8
£
z 54
=2 .
1= T el
O‘ T
0 20 40 60 80
+
NH, - N Treatment
—e— CTRL
300
cs
T 2004 ACS
2
2 CsM
E 100
PM
01 — IR
0 20 40 60 80
NO; - N
300
'9 2004
%4
D
E 1004
O-I — - T —
0 20 40 60 80

Days after incorporation

Fig. 2. N3O emissions and soil dynamics of ammonium (NH4-N) and nitrate
(NO3-N) in the first 78 days after manure incorporation. Mean values of four
replicates and confidence interval at 95% confidence (shaded area around
treatment lines). CTRL - control, CS - cattle slurry, ACS — acidified cattle slurry,
CsM - cattle solid manure, PM — poultry manure, IR — interrow.
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3.3. GWP and emission factors of the different fertilisation scenarios

During the orchard’s active stage, no significant differences were
observed in CO; emissions and GWP between the treatments. However,
replacing MF with CS and ACS led to higher NoO and CH4 emissions
compared to the CTRL scenario, which exclusively received MF
(Table 4). Conversely, both CsM and PM scenarios led to comparable
N-O emissions in relation to the CTRL scenario, while leading to higher
CH4 oxidation potential.

Considering the entire measurement period, both the ACS and PM
scenarios exhibited increased CO5 and N2O emissions compared with the
CTRL, whereas CS and ACS scenarios showed increased CH4 emissions
(Table 4). Conversely, CsM decreased CH4 emissions compared with the
CTRL. Therefore, GWP values were higher in the PM and ACS scenarios,
and lower in the CTRL, CS, and CsM scenarios.

Emission factors for N2O emissions, considering the applied N, were
significantly higher in the PM and ACS scenarios compared with CsM,
CTRL and CS treatments (Table 4).

4. Discussion
4.1. Nitrous oxide

4.1.1. Comparison between growing seasons

The N2O emissions observed in the 2021 campaign were relatively
higher than those observed in the 2022 campaign across all treatments.
Such inter-year differences have been previously documented (Fentabil
etal., 2016; Leytem et al., 2019) and can be attributed to various factors,
such as differences in the composition of the applied manure (Chadwick
et al., 2000b; Velthof et al., 2003), which varied between the two years
(Table 1), variations in weather and soil conditions (Chadwick et al.,
2000a; Akiyama et al., 2004; Alsina et al., 2013), and differences in soil

Table 4

Mean values (n = 4) of GHG emissions and GWP (indicated by CO3.q emission)
for each scenario established in this experiment, both during the active stage of
the orchard and during the entire measurement period. Additionally, the EF for
N2O emissions in each treatment, as a percentage of the total N added, is
presented.

Scenarios CO, (kg C N.O (gN CH4 (g C GWP (t
ha ) ha™!) ha™!) COs.¢q
ha™)
Active growing stage (106 days)
100% mineral N CTRL  935.63 637.85% —602.50¢ 3.68
57% replacement cs 905.64 780.58% 661.98* 3.68
rate with ACS 1028.00 996.114 105.40° 4.20
manure CsM 969.11 563.76° —~799.08° 3.77
PM 1008.09 618.01% —-827.99° 3.93
Signif. ns * ns
Scenarios CO, (t N>,O CHy4 (kg GWP (t EF (%
C (kg N Cha™)  COzeq applied
ha™1) ha™1) ha™') N)
Overall measurement period (304 days)
100% mineral CTRL  5.22° 1.10° —3.23°  19.49° 0.79°
N
57% cs 545  1.37° —2.09°  20.49" 1.77°
replacement  ACS 561  1.87° —2.63"  21.27% 3.97°
rate with CsM  5.44>  1.19° ~436°  20.30™ 0.68°
manure PM 5.80% 2.09% —3.66" 22,022 4.40*
Signif' k¥ k% Kk ek *dk

Signif. — significance level in the ANOVA or Friedman test; ns — not significant (p
> 0.05), * - significant at p < 0.05, ** - significant at p < 0.01, *** - significant at
p < 0.001; Within each column and for each measurement period, values fol-
lowed by the same letter do not significantly differ according to the LSD test at a
= 0.05. CTRL - control, CS - cattle slurry, ACS — acidified cattle slurry, CsM —
cattle solid manure, PM - poultry manure. GWP - global warming potential, EF -
emission factor.
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status in terms of N and C content (Xie et al., 2017; Zhou et al., 2022).

Differences in NyO peaks were also noted between the two years. In
2021, the PM treatment exhibited very high N,O fluxes between day 45
and 93, while in 2022, a significant peak was only observed during the
dormant stage. This led to significantly higher N,O emissions in the PM
treatment during the active stage of 2021, but not during the 2022 active
stage. This discrepancy might be due to differences in soil moisture
content and dry matter (DM) content of the manure.

During the 2021 active stage, soil moisture levels frequently excee-
ded field capacity, potentially promoting anaerobic conditions and
increasing NoO emissions (Alsina et al., 2013) from the available N in
the PM treatment. However, no significant correlation was found be-
tween emissions in the PM treatment and soil moisture in 2021 (Sup-
plemental Fig. S8).

In contrast, during the 2022 active stage soil moisture levels were
low and it was the use of slurries, CS and ACS, that resulted in signifi-
cantly higher N,O emissions. This could be attributed to the higher
water content in the slurries, facilitating a more effective distribution of
their C and N components in the soil and leading to higher N5O losses
from anaerobic microsites (Velthof et al., 2003). The dry soil conditions
prevalent during this period in 2022 could explain the lack of an emis-
sion peak in the PM treatment in this year and the higher emissions in
the moisture-rich materials (CS and ACS). However, no correlation was
found between N»O emissions and manures’ DM during this time. DM
content was only significantly correlated with N>O emissions during the
orchard’s dormant stage (r = 0.75, p < 0.001), which probably corre-
sponds to the N3O peak observed in the PM treatment during this period.

A consistent trend observed in both years was the lower emissions in
both the CTRL and CsM treatments. However, in the 2021 campaign,
emissions in the CTRL treatment were significantly lower compared
with CsM.

4.1.2. Comparison between untreated slurry and acidified slurry

In 2021, the ACS treatment exhibited an earlier peaked compared
with CS, unlike in 2022. The early peak of ACS in 2021 may have been
influenced by acidification, as the reduction in slurry pH significantly
decreases NHj3 emissions (S¢rensen and Eriksen, 2009), leading to
higher N availability for denitrification and subsequent loss as N2O.
Despite efforts to minimise NH3 emissions by incorporating the slurries
into the soil, there remains the possibility of small N losses via NH3
volatilisation (Fangueiro et al., 2015b) in the CS treatment, from soil
macropores or due to uneven slurry distribution in the trench, which
potentially explains the earlier peak in ACS compared with CS. How-
ever, this effect was not consistent throughout the years.

In the 2021 campaign, ACS and CS emitted comparable cumulative
N0 emissions, while in 2022, ACS resulted in higher N,O emissions
than CS (considering the total measurement period). Additionally, ACS
in 2022 also showed a trend of slightly higher CO, emissions (although
not significantly) compared with CS, which could have contributed to O,
depletion, leading to anaerobic conditions and subsequent stimulated
N2O emissions (Fangueiro et al., 2015a; Leytem et al., 2019). This
discrepancy between ACS and CS in 2022 might have been exacerbated
by the incorporation of the slurry, which could have increased anoxic
conditions in the soil and consequently increase NoO emissions. Seidel
et al. (2017), who investigated the effects of acidification on NHjs
abatement and N,O emissions in grassland, reported higher N5O emis-
sions in the acidified cattle slurry compared to non-acidified slurry.
Similar findings were reported in a study using pig slurry, where acid-
ified slurry led to higher N2O emissions (Gomez-Munoz et al., 2016). In
2022, NyO emissions in the ACS treatment peaked later (day 17)
compared with the CS treatment (day 9), suggesting delayed nitrifica-
tion. The lower soil pH resulting from the acid conditions in the slurry
may have inhibited the activity of nitrifying organisms (Fangueiro et al.,
2015a), thus affecting microbial activity and nitrification processes.
Indeed, soil nitrate levels were significantly lower (p < 0.01) in the ACS
treatment compared with CS on several occasions, indicating reduced
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nitrification rates. However, despite this observation, no correlation was
found between soil N (NHf or NO3) and NoO emissions in the ACS
treatment.

4.1.3. Impact of fertilisation treatments on N2O emissions

CS and ACS resulted in higher N2O emissions, particularly during the
2022 active stage. The higher water content in the slurries likely pro-
moted anaerobic conditions compared to the drier manures (PM and
CsM), further stimulating NoO emissions (Velthof et al., 2003), as pre-
viously mentioned. Additionally, the authors found that lower C/N ra-
tios and higher mineral N in the manure composition contributed to
higher total NoO emissions. These characteristics could explain the
higher emissions in the slurry treatments, as slurries had the lowest C/N
ratio (Table 1) and applied the highest amount of NH4-N (Supplemental
Table S4). This was then confirmed in 2022, as NyO emissions were
negatively correlated with C/N of the manures (r = —0.65, p < 0.01) and
positively correlated with the amount of NHj applied (r = 0.69, p <
0.01).

However, these correlations were not observed during the 2021
campaign. Instead, a positive correlation was found between N,O
emissions in this year and C/N ratio of the manures (r = 0.73, p < 0.01,
over the entire measurement period). Despite PM applying the highest
amount of NH4-N after the slurries (Supplemental Table S4), no corre-
lation was found between applied NH and N,O emissions. The high
content of uric acid-N in PM could explain the high emissions observed
in this treatment in 2021, as this N component converts to urea and NHZ
given the optimal conditions (Ruiz Diaz et al., 2008). Subsequently,
NHJ-N nitrifies under aerobic and warm conditions, releasing NO3
(Ruiz Diaz et al., 2008), which can denitrify and produce N2O. The
highest NoO emissions in this treatment occurred during a period with
warmer temperatures and lower soil moisture, which could have pro-
vided optimal conditions for nitrification and consequently increased
NOs availability for denitrification. However, this relationship between
soil conditions and N3O emission peaks was not confirmed by a linear
relationship.

PM emitted more N3O than CsM in both the 2021 and 2022 cam-
paigns, which is consistent with previous literature findings (Akiyama
et al., 2004; Shakoor et al., 2021). According to Shakoor et al. (2021),
this disparity could also be attributed to higher levels of easily decom-
posable organic carbon and increased rates of nitrification and denitri-
fication in the PM treatment. The analysis of soil N levels in 2022
showed higher soil NHj levels in the PM treatment on several occasions
compared with CsM, indicating higher rates of N mineralisation in the
former treatment. However, soil NO3 levels were higher in the CsM
treatment on different dates, contradicting the expectations of higher
nitrification rates in PM. It could be argued that lower NO3 content in
PM might have resulted from losses through N»O emissions, however,
the lack of NyO peaks or significant emissions during this period un-
dermines this justification. Further assessments are required to
completely understand the differences between these two treatments.

Application of manure C also alleviates C limitation for denitrifica-
tion processes, potentially favouring NO3 reduction rather than NyO
reduction (Leytem et al., 2019). Consequently, this might have
contributed to the higher N3O emissions observed in the
manure-amended treatments compared to the CTRL, which only
received mineral fertilisers without addition of a C source. Similar
findings were reported by Leytem et al. (2019), observing higher N2O
emissions with increased application rates of dairy manure compared
with mineral fertilisers in a cropping system with cereals. This effect was
then confirmed in 2021 by a positive correlation between the amount of
organic matter (OM) applied though manure and N2O emissions during
the orchard’s dormant stage (r = 0.56, p < 0.05). However, in 2022,
cumulative NoO emissions in the CsM treatment did not significantly
differ from those observed in the CTRL treatment. Interestingly, in this
year, NoO emissions showed a negative correlation with OM applied (r
= —0.60, p < 0.05).
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Compared to all other treatments, emissions in the IR treatment
during the 2022 campaign showed significantly lower values during the
active stage. This difference can be attributed to the absence of irrigation
and N fertilisation in the IR treatment (Smart et al., 2011). Regarding
our fertilised control (CTRL), N2O emissions reached 3.31 mg N m24!
in 2021 and 2.46 mg N m~2 d~! in 2022. Contrastingly, in the
manure-amended treatments, NoO fluxes reached 151.41 mg N m2d!
(in PM) and 19.20 mg N m~2 d™! (in ACS) in 2021 and 2022, respec-
tively. In a peach orchard, NoO emissions in the mineral fertiliser
treatment reached 131.34 mg N m~2 d !, while supplementation with
organic manure alongside mineral fertilisers resulted in emissions
reaching 161.21 mg N m~2 d~! (Cheng et al., 2017). Despite slight
differences in absolute values, the overall trend remains consistent, with
higher N,O emissions associated with the application of manure.

4.1.4. Relationship between N3O emissions and soil conditions

The relationship between soil N dynamics and NyO emissions re-
mains unclear in the literature. For example, Alsina et al. (2013) found
no correlation between emitted N,O and soil mineral N in an almond
orchard, while Yang et al. (2022) observed a correlation in a Chinese
citrus orchard. In our study, the correlation was found to be weak. While
the peak of soil NHj-N in the CS and ACS treatments could potentially
explain the initial NoO emission peaks in these treatments, we did not
find a significant correlation between these parameters. However, a
negative correlation was found between soil NO3-N and N,O emissions
in the CS treatment which, along with low NO3-N levels in this treat-
ment, suggest a direct loss of NO3-N as N2O. Concurrently, the lower N
values in the CTRL, CsM and IR treatments could also potentially explain
the lower NoO emissions and absence of NoO peaks in these treatments,
however, no correlations were found. Therefore, under the conditions of
this study, it was not possible to establish a direct and consistent cor-
relation between soil N and N3O emissions. This is further supported by
the high NO3-N content in the PM treatment, which did not lead to
increased N3O emissions or peaks.

In the context of soil conditions, previous studies have observed that
high temperatures (Viguria et al., 2015) and soil moisture, often indi-
cated by higher water-filled pore space, promote denitrification pro-
cesses (Fangueiro et al., 2015b) and consequently NO emissions
(Chadwick et al., 2000a; Akiyama et al., 2004; Alsina et al., 2013). While
this experiment provides several indications that soil moisture and
temperatures influenced N3O emissions, their impact was inconsistent
across the study years and treatments. Specifically, in 2021, N3O emis-
sions in the CS and ACS treatments demonstrated a positive correlation
with soil moisture and a negative correlation with soil temperature
(Supplemental Fig. S8). In contrast, in 2022, N2O emissions in the CTRL
treatment showed a negative correlation with soil moisture and a posi-
tive correlation with soil temperature. In the IR treatment, only soil
temperature seemed to impact N,O, showing a positive correlation.
These findings indicated that the relationship between soil conditions
and N2O emissions were not consistent, implying the presence of un-
derlying mechanisms other than soil moisture and temperature, such as
N availability for nitrification or denitrification reactions (Rochette
et al., 2008).

4.2. Carbon dioxide

4.2.1. Comparison between growing seasons (impact of soil conditions)
The dynamics of CO, emissions in the two campaigns exhibited some
similarities, with higher emissions observed at the beginning of the
experiment, particularly in the manure-amended treatments. However,
a notable difference between the two years was observed during the
dormant stage: while CO, emissions remained at low values in the 2021
dormant stage, they increased again during the 2022 dormant stage.
This increase in 2022 was observed across all treatments, including in
the IR treatment, and was likely due to a rise in soil moisture following
the December and January rains (Supplemental Fig. S2). This result
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aligns with existing literature, which shows that soil moisture levels
positively influence CO, emissions (Leytem et al., 2019; Shakoor et al.,
2021; Hou et al., 2021). In 2021, CO, emissions showed a strong cor-
relation with soil moisture in all treatments except the CTRL (Supple-
mental Fig. S8). Surprisingly, in 2022, only the IR treatment was
correlated with soil moisture. This finding supports the conclusion that
CO;, emissions in the IR treatment increased due to higher soil moisture
levels in 2022. Conversely, the other treatments did not exhibit a cor-
relation with soil moisture in this campaign, as the higher emissions in
the manure-amended treatments occurred after manure application,
coinciding with a drier period.

Other studies have shown that soil temperature in orchards is equally
an important factor at increasing COy emissions (Yang et al., 2022).
However, in this case, it seems that CO5 emissions decreased with
increased soil temperature, due to very dry conditions observed during
the warmer period that limited CO5 emissions. A strong negative cor-
relation between CO, emissions and soil temperature levels confirmed
this finding in 2021 (Supplemental Fig. S8). In 2022, this negative
correlation was only observed in the IR treatment. In conclusion, COy
emissions were highest under wet conditions and lower during the warm
and dry conditions, which aligns with findings from Mediterranean re-
gions (Steenwerth et al., 2010). Nevertheless, in 2022, CO5 emissions in
the CTRL treatment exhibited a positive correlation with soil
temperature.

The magnitude of the CO5 emissions also varied between 2021 and
2022, with higher values in 2021, mirroring the pattern observed with
N>O emissions. This discrepancy can also be attributed to differences in
soil conditions, particularly moisture. For instance, during the initial 72
days when emissions were the highest, soil moisture was higher in 2021
compared to 2022, averaging 218 mm and 188 mm, respectively.

4.2.2. Impact of fertilisation treatments on CO2 emissions

After the initial peak in COy emissions in the manure-amended
treatments, there was a subsequent period with elevated CO, emis-
sions. This occurred between day 45 and 70 in 2021 and between day 34
and 64 in 2022. During this period, the emissions in the CTRL treatment
also increased, indicating that the application of MF also impacted CO,
emissions. This observation was further confirmed by the higher CO,
emissions in the CTRL treatment compared with the IR treatment. A
similar trend was observed in a Chinese peach orchard (Cheng et al.,
2017). Nevertheless, consistent with our experiment, the authors also
found that the combined application of manure and MF resulted in
generally higher CO, emissions compared with the exclusive application
of MF (Cheng et al., 2017). Higher CO5 emissions in manure treatments
has been documented in other experiments (Fangueiro et al., 2015a;
Cheng et al., 2017; Leytem et al., 2019), attributed to the application of
organic C, which stimulated microbial activity and consequently
increased emissions. The impact of manure application was particularly
noticeable during the 2021 campaign, which was further confirmed by a
significant correlation found between CO. emissions during the or-
chard’s active stage and the amount of OM applied (r = 0.55, p < 0.05).
While in 2022, no correlation was found between CO, emissions and the
quantity of OM applied.

PM and CsM treatments exhibited the highest CO, emissions,
particularly during the 2021 active stage (Table 2). Conversely to 2021,
PM resulted in higher CO, emissions than CsM in 2022. This difference
can be attributed to several factors. Poultry manure contains greater
amounts of readily decomposable carbon compounds, such as volatile
fatty acids (VFA), compared to cattle manures (Zhou et al., 2017), which
could have stimulated microbial activity and thus explain the higher
CO4 emissions in this treatment. Additionally, this difference between
the two treatments can also be attributed to varying amounts and forms
of applied N, which could have also stimulated microbial activity and
consequently CO5 emissions. Shakoor et al. (2021), in a meta-analysis,
confirmed that poultry manure emits more CO; after soil application
compared with the application of pig or cattle manure.
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Root growth and exudation are also known to promote CO5 emis-
sions (Leytem et al., 2019), which could explain the emissions observed
in the IR treatment, characterised by herbaceous vegetation. Consid-
ering the orchard’s active stage, emissions from the IR treatment were
lower compared with the other treatments (except for CS). However,
considering the emissions from both the active and dormant stage, cu-
mulative CO, emissions in the IR treatment were not significantly
different from those of the fertilised treatments (CTRL, CS, ACS, CsM).
This lack of significant differences considering the entire measurement
period was attributed to emissions during the dormant season, which
resulted from continuous growth of the vegetation, as the vegetation is
not cut during this time. Additionally, the dormant stage coincides with
the rainy season in this region, further promoting vegetation growth and
CO, emissions, as previously confirmed by a significant correlation with
soil moisture (Supplemental Fig. S8). The emissions from this stage were
found to significantly contribute to the total CO, emissions, under-
scoring the importance of measuring greenhouse gas emissions
throughout the crop cycle, not just during the actively growing stage.

4.3. Methane

4.3.1. Comparison between untreated slurry and acidified slurry

In both years, a peak of CH4 emissions in the CS treatment was
observed immediately after manure application. This peak was also
observed in the ACS treatment in 2022, although it was significantly
smaller than that of CS. These initial peaks might be attributed to the
release of CH4 produced during slurry storage rather than methano-
genesis in the soil. This is due to the anaerobic conditions during storage,
created by the slurry’s liquid consistency, and the presence of carbon
substrates that allow the formation of CH4 (Chadwick et al., 2000a;
Viguria et al., 2015; Fangueiro et al., 2015a, 2015b). Chadwick et al.
(2000a) also suggested that CH4 can be produced within the first hours
after manure application due to the degradation of short-chain VFA
which are also contained within the slurry, further contributing to high
emissions during this period. The same authors mentioned that more
than 90% of CH,4 was emitted during the first 24 h of the experiment. A
similar proportion was observed in this experiment, as CH4 was only
emitted during the first six days in 2021 and during the first four days in
2022, while emissions were non-existent or negative for the remainder
of the experiment.

The reduced CH4 peak in the ACS treatment during both the 2021
and 2022 campaigns, compared with CS, can be attributed to the miti-
gation effect of acidifying the slurry. Methanogenic communities are
highly sensitive to pH ranges outside the neutral range (Beeman and
Suflita, 1990; Ye et al., 2012; Hou et al., 2017), thus the acidification
process likely suppressed methanogenesis, leading to lower CH4 emis-
sions. Notably, this mitigation effect was much more effective in 2021,
where no CH4 peak was observed in ACS, and ACS resulted in signifi-
cantly lower cumulative CH4 emissions compared with the CS treat-
ment. Whereas in 2022, ACS also showed an initial CH4 peak and
resulted in statistically the same cumulative CH4 emissions as CS.
However, the observed difference between 2021 and 2022 could be
attributed to variations in the acidification process. For instance, greater
agitation during acidification in 2021 may have facilitated the release of
trapped CHy in the slurry, resulting in lower CH4 emissions during the
2021 campaign.

Comparing with the literature, Viguria et al. (2015) reported higher
daily CHy fluxes of up 1456.2 mg C m~2 day ' with dairy cow slurry,
due to a higher application rate in their study. In contrast, Chadwick
et al. (2000a), also using dairy cow slurry, observed lower CH4 peaks of
around 144 mg C m~2 day ™!, which is notably lower than the peaks
observed in this experiment.

4.3.2. CHy4 oxidation
The other treatments did not present the initial CH4 peak and,
throughout the trial, either showed no CH4 emissions or oxidation of
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CHy, as indicated by the negative emissions. The absence of CH4 emis-
sions in the solid manures (PM and CsM) could be explained by their
higher dry matter content, which likely prevented the formation of
anaerobic conditions during manure storage and in the soil after appli-
cation, thereby inhibiting CH4 production. Simultaneously, CH4 oxida-
tion in these two treatments can be attributed to a higher availability of
O3 (Gao et al., 2014), likely promoted by the dry matter content of the
manures. In fact, CH4 emissions exhibited a negative correlation with
the dry matter content of manure and slurry in 2021 (r = —0.52, p <
0.05) and 2022 (r = —0.51, p < 0.05). Additionally, the presence of
methanotrophic communities, which metabolise CH4, could contribute
to the observed CHy4 oxidation (Praeg et al., 2014).

These negative emissions were also observed in other experiments,
mostly during the dry and hot period of the experiment, where soil acted
as a CHy sink rather than a source (Chadwick et al., 2000a). For instance,
in a citrus orchard with mineral fertilisation, CH4 uptake was promoted
by higher soil temperature and higher SOC content (Yang et al., 2022),
which could have also influenced CH4 oxidation in the present study.
The experimental site experienced warm temperatures and had rela-
tively high SOC values compared to standard Mediterranean values,
suggesting favourable conditions for CH4 oxidation. However, only CHy4
emissions in the CS treatment during the 2021 campaign showed a
negative correlation with soil temperature (Supplemental Fig. S8).
Additionally, during the 2022 campaign, CH4 emissions were negatively
correlated with SOC values (r = —0.57, p < 0.01), aligning with the
findings of Yang et al. (2022). Furthermore, the amount of OM applied
through the manures and slurries was negatively correlated with CHy
emissions in both the 2021 (r = —0.51, p < 0.05) and 2022 (r = —0.89, p
< 0.001) campaigns. These correlations help explain the consistently
higher CH4 oxidation observed in the PM and CsM treatments compared
with CTRL, as the application rate of OM was higher in these two
treatments (Supplemental Table S4).

CH4 oxidation was notably higher in 2021 during both active and
dormant stages (p < 0.001) compared to 2022. This difference may be
attributed to an increase in soil N content in 2022 (Esteves et al., 2023),
likely resulting from the third consecutive year of manure application.
The increase in soil N levels could have led to competition between
NHj-N and CH, for oxidizing bacteria or even inhibited enzyme activity
due to soil NO3-N, thereby impacting CH4 oxidation (Bodelier and
Laanbroek, 2004; Yang et al., 2022). However, further assessments are
required to fully understand the underlying causes for this difference.

4.4. Yield-scaled GHG emissions

Reporting GHG emissions relative to crop productivity is important
for assessing the environmental impact of agricultural practices on a per-
unit basis. Yield-scaled emissions provide insights into the efficiency of
different fertilisers and their overall contribution to GHG emissions per
unit of crop produced. The results from the yield-scaled emissions did
not substantially deviated from the previously made observations.
Specifically, replacement of MF with animal manures in 2021 resulted in
higher GWP per kilogram of fruit produced (Table 3). This was mostly
due to higher CO5 and N3O emissions in the manure-amended treat-
ments, along with higher CH4 emissions in the CS treatment. In contrast,
in 2022, there were no significant differences in yield-scaled GWP be-
tween treatments. Partial replacement of MF with animal manures in
this year did not lead to an increase in the orchard’s yield-scaled GWP
compared to the conventional practice (CTRL).

In a citrus orchard, Zhou et al. (2022) reported yield-scaled NyO
emissions ranging from 39.82 to 232.9 mg N kg™! fruit, observing a
decrease of 38.9% and 50% when mineral fertilisers were replaced by 30
or 25% with organic manure, respectively. This contrasts with our re-
sults, where the replacement of MF with manure led to increased
yield-scaled N2O emissions, although only in 2021. In 2022 there was an
exception with the CsM treatment, which resulted in a yield-scaled N,O
emission of 59.49 mg N kg~! of fruit, representing a 6% decrease

Journal of Environmental Management 356 (2024) 120552

compared with CTRL, albeit not significantly lower. Furthermore, in an
apple orchard, Sompouviset et al. (2023) demonstrated yield-scaled NoO
emissions of 50 mg N kg~ ! fruit in NPK + goat manure treatment, and
70 mg N kg~! fruit in the NPK treatment. These findings are more
aligned with our results, particularly considering the CsM and CTRL
scenarios.

In their study, Sompouviset et al. (2023) also investigated CHy4
emissions in the orchard and reported yield-scaled CH4 emissions of
—100 g Ckg™*! fruit and —110 mg C kg~! fruit in the manure + NPK and
just NPK treatments, respectively. Our experiment yielded contrasting
results, with significantly higher oxidation potential for CH4 emissions
observed in the manure-amended treatments, specifically in the PM and
CsM treatments, compared with the CTRL treatment. However, the
replacement with ACS and CS increased yield-scaled CH4 emissions
compared with CTRL, resulting in positive emissions, while CTRL
resulted in neutral yield-scaled CH4 emissions.

4.5. Emissions factors for N2O emissions

The EF in the CS (1.77%) and CsM (0.68%) treatments did not differ
significantly from the EF in the CTRL (0.79%) treatment. However, the
EF in PM (4.40%) and ACS (3.97%) treatments were significantly
higher, indicating that the application of these two materials presented
high potential for N losses through N2O emissions. The new updated
IPCC emissions factors for NyO emissions consequent from cattle,
poultry and pig application is 0.4% (IPCC, 2019), which is substantially
smaller than the values presented here. Indeed, emission factors for NoO
emissions can vary widely depending on various factors such as the type
of manure applied, application rate and technique, as well as climate
and soil characteristics (Velthof et al., 2003; van Groenigen et al., 2004;
Viguria et al., 2015). For example, Viguria et al. (2015) reported an EF of
4.4% with dairy slurry application on rapeseed, whereas van Groenigen
et al. (2004) found EFs ranging from 0.51% to 1.21% with cattle slurry
application on sandy and clay soils, respectively, during silage maize
cultivation. The authors also studied the effects of MF combined with
slurry application, reporting EF of 0.26% and 1.69% in sandy and clay
soils, respectively (van Groenigen et al., 2004). Similarly, in a peach
orchard study by Cheng et al. (2017), which investigated the combined
application of MF and organic manure, it was found that 1.32% of
applied N was emitted in the treatment with only MF, while 1.86% was
emitted in the treatment with the combined use of fertilisers. In a
Mediterranean apple orchard, Fentabil et al. (2016) obtained an EF for
N2O emissions ranging from 0.39% to 0.80% of applied N consequent
from calcium nitrate fertilisation. Such variations underscore the
importance of considering multiple factors when estimating emission
factors for NyO and emphasise the need for site-specific assessments to
accurately estimate emission factors.

However, comparing our results with other orchards studies proved
to be challenging. Gu et al. (2019) conducted a review on N2O emissions
in orchards and found that these agricultural systems are underrepre-
sented in EF estimations, due to multiple reasons like insufficient mea-
surement data. This highlights the importance of conducting field trials
to provide empirical evidence for emission factor determination, facili-
tating more precise estimations of global budgets for N,O emissions and
enabling target-specific mitigation measures (Gu et al., 2019). More-
over, Mediterranean regions are often overlooked in reviews of N,O
emissions (Cayuela et al., 2017). To the best of our knowledge, there are
no defined EF for Portuguese orchards. Hence, the data presented here
represents an initial step toward establishing more accurate stand-
ardised N2O emissions on a regional scale for apple orchards. It is also
important to consider N2O emissions during the dormant stage, as
included in our study, when determining emission factors (Fentabil
et al., 2016).
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4.6. GWP of each fertilisation scenario

In the 2022 campaign, the additional measurement taken in the or-
chard’s interrow provided a more precise estimation of the orchard’s
GWP, by considering both the fertilised areas, represented by the row of
trees, and the unfertilised area, situated between the rows.

The results showed that during the active stage of the orchard, there
were no significant differences in the orchard’s GWP between the fer-
tilisation scenarios established in this study (Table 4). During this
period, the CTRL treatment was receiving mineral fertilisers through the
fertigation system which impacted GHG emissions comparing with the
unfertilised treatment (IR), as previously observed (Table 2). This may
explain the lack of differences between the CTRL and the manure-
amended scenarios, as all were receiving fertilisers to match crop re-
quirements. Overall, these findings are promising, suggesting that
replacing mineral fertilisers did not have a significant impact on the
orchard’s GWP during the active period.

However, considering both the active and the dormant stage of the
orchard, replacing MF with manures resulted in higher GWP compared
with the CTRL, especially PM. This could be attributed to the long-term
availability of N and to high C contents in these organic materials
(Ginting et al., 2003). Under optimal conditions, these factors can pro-
mote soil biochemical reactions, resulting in increased GHG emissions.
Nevertheless, replacement with CS or CsM lead to statistically the same
GWP as using only mineral fertilisers, highlighting the potential of these
two animal manures as MF replacements.

Although replacement with manures may potentially increase the
orchard’s GWP, depending on the type of manure used as replacement, it
is important to note that manure application also increased soil organic
carbon, as previously reported (Esteves et al., 2023). This effect can
enhance C sequestration, potentially offsetting the increased GWP
(Leytem et al., 2019). The authors found that, considering the increased
SOC, manure treatments resulted in a net negative GWP, whereas min-
eral fertiliser treatments resulted in a neutral GWP. It is worth noting
that the emissions associated with the production and mining of mineral
fertilisers were not considered in this study, which would likely increase
the GWP associated with their use. Moreover, manure has a long-lasting
effect, leading to increases in soil microbial biomass and mineralisable N
even four years after application (Ginting et al., 2003). This long-term
impact is particularly important in Mediterranean soils, which are
high in carbonate and low in organic matter and are prone to soil erosion
due to weather conditions (Calleja-Cervantes et al., 2017). Therefore,
from an holistic perspective, there is considerable potential for using
manures to replace mineral fertilisers in a Mediterranean context, with
minimal impacts on the orchard’s GWP.

5. Conclusions

The results showed that the application of manures as replacement
for MF increased GHG emissions, however, the magnitude of these ef-
fects depended on the manure’s characteristics, like dry matter content
and C to N ratio, and on the amount of nutrients and organic matter
applied. Overall, the application of moisture-rich slurries was associated
with higher NoO and CH4 emissions, while manures with higher dry
matter content and OM, such as PM and CsM, increased the CHy4
oxidation potential (negative CH4 emissions) and COy emissions
compared with CTRL. Additionally, the quality of N present in PM
seemed to stimulate NoO and CO» emissions in this treatment, although
further assessments are required to confirm such association.

Moreover, soil conditions were found to influence GHG emissions,
although inconsistently throughout the two years of measurement.
Acidification of slurry proved effective in reducing CH4 emissions;
however, this efficacy varied between the years, likely due to differences
in the acidification processes. Also, in the second year, acidification led
to an emission trade-off by increasing N,O emissions compared to the CS
treatment.
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The application of mineral fertilisers also impacted GHG emissions,
which was observed by the higher emissions in the CTRL treatment
compared with the unfertilised interrow. Replacement with CS and CsM
resulted in comparable GWP in relation to the CTRL, indicating high
suitability of these manures as replacements for mineral fertilisers, using
a replacement rate of almost 60%. About 1.8% and 0.7% of applied
nitrogen are lost as N2O in the CS and CsM treatments, respectively,
which was comparable to that of the CTRL treatment.

The replacement of mineral fertilisation with manure holds signifi-
cant potential to promote nutrient cycling in agriculture, reduce reliance
on synthetic nutrient production, and sustain high crop productivity.
Furthermore, this experiment provided important field data, which
included emissions from different fertilisation scenarios, interrow
spaces, and the complete plant growth cycle. Such information is
important for regional N budgets and the implementation of region-
specific mitigation measures to support agricultural sustainability.

CRediT authorship contribution statement

Catarina Esteves: Writing — review & editing, Writing — original
draft, Visualization, Methodology, Investigation, Formal analysis, Data
curation, Conceptualization. Eva Costa: Writing — original draft,
Investigation, Data curation. Miguel Mata: Investigation, Data curation.
Mariana Mota: Formal analysis. Miguel Martins: Resources. Henrique
Ribeiro: Supervision, Methodology, Conceptualization. David Fan-
gueiro: Writing — review & editing, Supervision, Methodology, Funding
acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.

Acknowledgements

This research was funded by 1) the Project Nutri2Cycle: H2020-SFS-
30-2017- “Transition towards a more carbon and nutrient efficient
agriculture in Europe”, funded by the European Union, Program Horizon
2020 (Grant Agreement No 773682); 2) LEAF (Linking Landscape,
Environment, Agriculture and Food Research Unit), funded by FCT
(UIDB/04129/2020). This document reflects only the authors’ view,
and the Union is not liable for any use that may be made of the infor-
mation contained therein. The authors appreciated the technical assis-
tance provided by Sandra Pires.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jenvman.2024.120552.

References

Aguilera, E., Lassaletta, L., Sanz-Cobena, A., Garnier, J., Vallejo, A., 2013. The potential
of organic fertilizers and water management to reduce N20 emissions in
Mediterranean climate cropping systems. A review. Agric. Ecosyst. Environ. 164,
32-52. https://doi.org/10.1016/j.agee.2012.09.006.

Akiyama, H., Mctaggart, I.P., Ball, B.C., Scott, A., 2004. N,O, NO, and NH3 emissions
from soil after the application of organic fertilizers, urea and water. Water Air Soil
Pollut. 156, 113-129. https://doi.org/10.1023/B:WATE.0000036800.20599.46.

Alaphilippe, A., Boissy, J., Simon, S., Godard, C., 2016. Environmental impact of
intensive versus semi-extensive apple orchards: use of a specific methodological
framework for Life Cycle Assessments (LCA) in perennial crops. J. Clean. Prod. 127,
555-561. https://doi.org/10.1016/j.jclepro.2016.04.031.


https://doi.org/10.1016/j.jenvman.2024.120552
https://doi.org/10.1016/j.jenvman.2024.120552
https://doi.org/10.1016/j.agee.2012.09.006
https://doi.org/10.1023/B:WATE.0000036800.20599.46
https://doi.org/10.1016/j.jclepro.2016.04.031

C. Esteves et al.

Alsina, M.M., Fanton-Borges, A.C., Smart, D.R., 2013. Spatiotemporal variation of event
related N2O and CHy4 emissions during fertigation in a California almond orchard.
Ecosphere 4 (1), 1-21. https://doi.org/10.1890/es12-00236.1.

Beeman, R.E., Suflita, J.M., 1990. Environmental factors influencing methanogenesis in a
shallow anoxic aquifer: a field and laboratory study. J. Microbiol. Biotechnol. 5 (1),
45-58. https://doi.org/10.1007/bf01569605.

Bodelier, P.L.E., Laanbroek, H.J., 2004. Nitrogen as a regulatory factor of methane
oxidation in soils and sediments. FEMS Microbiol. Ecol. 47 (3), 265-277. https://doi.
org/10.1016/50168-6496(03)00304-0.

Calleja-Cervantes, M.E., Aparicio-Tejo, P.M., Villadas, P.J., Irigoyen, 1., Iraneta, J.,
Fernandez-Gonzalez, A.J., Fernandez-Lopez, M., Menéndez, S., 2017. Rational
application of treated sewage sludge with urea increases GHG mitigation
opportunities in Mediterranean soils. Agric. Ecosyst. Environ. 238, 114-127. https://
doi.org/10.1016/j.agee.2016.09.021.

Canadell, J.G., Monteiro, P.M.S., Costa, M.H., Cotrim da Cunha, L., Cox, P.M., Eliseev, A.
V., Henson, S., Ishii, M., Jaccard, S., Koven, C., Lohila, A., Patra, P.K., Piao, S.,
Rogelj, J., Syampungani, S., Zaehle, S., Zickfeld, K., 2021. Global carbon and other
Biogeochemical cycles and feedbacks. In: Masson-Delmotte, V., Zhai, P., Pirani, A.,
Connors, S.L., Péan, C., Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M.I.,
Huang, M., Leitzell, K., Lonnoy, E., Matthews, J.B.R., Maycock, T.K., Waterfield, T.,
Yelekgi, O., Yu, R., Zhou, B. (Eds.), Climate Change 2021: the Physical Science Basis.
Contribution of Working Group I to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA, pp. 673-816. https://doi.org/
10.1017/9781009157896.007.

Cayuela, M.L., Aguilera, E., Sanz-Cobena, A., Adams, D.C., Abalos, D., Barton, L.,
Ryals, R., Silver, W.L., Alfaro, M.A., Pappa, V.A., Smith, P., Garnier, J., Billen, G.,
Bouwman, L., Bondeau, A., Lassaletta, L., 2017. Direct nitrous oxide emissions in
Mediterranean climate cropping systems: emission factors based on a meta-analysis
of available measurement data. Agric. Ecosyst. Environ. 238, 25-35. https://doi.org/
10.1016/j.agee.2016.10.006.

Chadwick, D.R., Pain, B.F., Brookman, S.K.E., 2000a. Nitrous oxide and methane
emissions following application of animal manures to grassland. J. Environ. Qual. 29
(1), 277-287. https://doi.org/10.2134/jeq2000.00472425002900010035x.

Chadwick, D.R., John, F., Pain, B.F., Chambers, B.J., Williams, J., 2000b. Plant uptake of
nitrogen from the organic nitrogen fraction of animal manures: a laboratory
experiment. J. Agric. Sci. 134 (2), 159-168. https://doi.org/10.1017/
50021859699007510.

Chadwick, D., Sommer, S., Thorman, R., Fangueiro, D., Cardenas, L., Amon, B.,
Misselbrook, T., 2011. Manure management: implications for greenhouse emissions.
Anim. Feed Sci. Technol. 166-167, 514-531. https://doi.org/10.1016/j.
anifeedsci.2011.04.036.

Cheng, Y., Xie, W., Huang, R., Yan, X.Y., Wang, S.Q., 2017. Extremely high N2O but
unexpectedly low NO emissions from a highly organic and chemical fertilized peach
orchard system in China. Agric. Ecosyst. Environ. 246, 202-209. https://doi.org/
10.1016/j.agee.2017.06.015.

Codigo de Boas Praticas Agricolas (CBPA), 2018. Law n° 1230/2018. Available online at:.
In: Republic Diary No. 25/2018, Series 2 of 2018-02-05, pp. 4123-4170 https://d
iariodarepublica.pt/dr/detalhe/despacho/1230-2018-114627305. (Accessed 17
August 2022).

Direcao-Geral de Agricultura e Desenvolvimento Rural (DGADR), 2012. Available online
at:. Normas Técnicas Para a Producao Integrada de Pomoideas, vol. 2012. DGADR,
Lisbon, Portugal, p. 252 https://www.dgadr.gov.pt/images/docs/prod_sust/nor
mas_pi/i012008.pdf. (Accessed 28 June 2023).

Esteves, C., Fangueiro, D., Mota, M., Martins, M., Braga, R.P., Ribeiro, H., 2023. Partial
replacement of chemical fertilizers with animal manures in an apple orchard: effects
on crop performance and soil fertility. Sci. Hortic. 322 https://doi.org/10.1016/j.
scienta.2023.112426.

Fangueiro, D., Surgy, S., Coutinho, J., Vasconcelos, E., 2013. Impact of cattle slurry
acidification on carbon and nitrogen dynamics during storage and after soil
incorporation. J. Soil Sci. Plant Nutr. 176 (4), 540-550. https://doi.org/10.1002/
jpln.201200117.

Fangueiro, D., Pereira, J., Bichana, A., Surgy, S., Cabral, F., Coutinho, J., 2015a. Effects
of cattle-slurry treatment by acidification and separation on nitrogen dynamics and
global warming potential after surface application to an acidic soil. J. Environ.
Manag. 162, 1-8. https://doi.org/10.1016/j.jenvman.2015.07.032.

Fangueiro, D., Surgy, S., Fraga, 1., Cabral, F., Coutinho, J., 2015b. Band application of
treated cattle slurry as an alternative to slurry injection: implications for gaseous
emissions, soil quality, and plant growth. Agric. Ecosyst. Environ. 211, 102-111.
https://doi.org/10.1016/j.agee.2015.06.003.

Fangueiro, D., Pereira, J.L.S., Macedo, S., Trindade, H., Vasconcelos, E., Coutinho, J.,
2017. Surface application of acidified cattle slurry compared to slurry injection:
impact on NH3, N2O, CO5 and CH4 emissions and crop uptake. Geoderma 306,
160-166. https://doi.org/10.1016/j.geoderma.2017.07.023.

Fentabil, M.M., Nichol, C.F., Jones, M.D., Neilsen, G.H., Neilsen, D., Hannam, K.D., 2016.
Effect of drip irrigation frequency, nitrogen rate and mulching on nitrous oxide
emissions in a semi-arid climate: an assessment across two years in an apple orchard.
Agric. Ecosyst. Environ. 235, 242-252. https://doi.org/10.1016/j.
agee.2016.09.033.

Figueiredo, F., Castanheira, E.G., Feliciano, M., Rodrigues, M.A., Peres, A., Maia, F.,

Ramos, A., Carneiro, J., Coroama, V.C., Freire, F., Figueiredo, F., Castanheira, E.,
Feliciano, M., Rodrigues, M., Peres, A., Maia, F., Ramos, A., Carneiro, J.,
Coroama, V., Freire, F., 2013. Carbon footprint of apple and pear: orchards, storage
and distribution. In: Energy for Sustainability 2013, Sustainable Cities: Designing for
People and the Planet. Coimbra, Portugal. September 8th to 10th 2013. http://hdl.
handle.net/10400.11/2590.

11

Journal of Environmental Management 356 (2024) 120552

Food and Agriculture Organization of the United Nations, 1997. FAOSTAT Statistical
Database, Crops and Livestock Products. FAO, [Rome]. https://www.fao.
org/faostat/en/#data. (Accessed 31 October 2023).

Francaviglia, R., di Bene, C., Farina, R., Salvati, L., Vicente-Vicente, J.L., 2019. Assessing
“4 per 1000” soil organic carbon storage rates under Mediterranean climate: a
comprehensive data analysis. Mitig. Adapt. Strategies Glob. Change 24 (5), 795-818.
https://doi.org/10.1007/s11027-018-9832-x.

Gao, B, Ju, X,, Su, F., Meng, Q., Oenema, O., Christie, P., Chen, X., Zhang, F., 2014.
Nitrous oxide and methane emissions from optimized and alternative cereal
cropping systems on the North China Plain: a two-year field study. Sci. Total
Environ. 472, 112-124. https://doi.org/10.1016/j.scitotenv.2013.11.003.

Gautam, A., Sekaran, U., Guzman, J., Kovacs, P., Hernandez, J.L.G., Kumar, S., 2020.
Responses of soil microbial community structure and enzymatic activities to long-
term application of mineral fertilizer and beef manure. Environ. Sustain., 100073
https://doi.org/10.1016/j.indic.2020.100073.

Ginting, D., Kessavalou, A., Eghball, B., Doran, J.W., 2003. Greenhouse gas emissions
and soil indicators four years after manure and compost applications. J. Environ.
Qual. 32, 23-32. https://digitalcommons.unl.edu/agronomyfacpub/1073.

Go6mez-Munoz, B., Case, S.D.C., Jensen, L.S., 2016. Pig slurry acidification and
separation techniques affect soil N and C turnover and N,O emissions from solid,
liquid and biochar fractions. J. Environ. Manag. 168, 236-244. https://doi.org/
10.1016/j.jenvman.2015.12.018.

Gu, J., Nie, H., Guo, H., Xu, H., Gunnathorn, T., 2019. Nitrous oxide emissions from fruit
orchards: a review. Atmos. Environ. 201, 166-172. https://doi.org/10.1016/j.
atmosenv.2018.12.046.

He, Z., Pagliari, P.H., Waldrip, H.M., 2016. Applied and environmental chemistry of
animal manure: a review. Pedosphere 26 (6), 779-816. https://doi.org/10.1016/
$1002-0160(15)60087-X.

Hendriks, C.M.J., Shrivastava, V., Sigurnjak, I., Lesschen, J.P., Meers, E., van Noort, R.,
Yang, Z., Rietra, R.P.J.J., 2022. Replacing mineral fertilisers for bio-based fertilisers
in potato growing on sandy soil: a case study. Appl. Sci. 12 (1), 341. https://doi.org/
10.3390/app12010341.

Hou, Y., Velthof, G.L., Lesschen, J.P., Staritsky, I.G., Oenema, O., 2017. Nutrient
recovery and emissions of ammonia, nitrous oxide, and methane from animal
manure in Europe: effects of manure treatment Technologies. Environ. Sci. Technol.
51 (1), 375-383. https://doi.org/10.1021/acs.est.6b04524.

Hou, T., Wang, Y., Guo, F,, Jia, Q., Wu, X., Wang, E., Hong, J., 2021. Soil respiration
characteristics and influencing factors for apple orchards in different regions on the
loess plateau of shaanxi province. Sustainability 13 (9), 4780. https://doi.org/
10.3390/5u13094780.

Houba, V.J.G., van der Lee, J.J., Novozamsky, 1., Walling, 1., 1989. Soil and Plant
Analysis, Part 5, Soil Analysis Procedures. Wageningen Agricultural University,
Wageningen, The Netherlands.

Instituto Portugués do Mar e da Atmosfera (IPMA), 2011. Climate Normals. Portuguese
Institute for Sea and Atmosphere, Lisbon, Portugal. https://www.ipma.pt/en/oclima
/normais.clima/. (Accessed 16 November 2022).

IPCC, 2018. Global Warming of 1.5°C.An IPCC Special Report on the impacts of global
warming of 1.5°C above pre-industrial levels and related global greenhouse gas
emission pathways. In: Masson-Delmotte, V., Zhai, P., Portner, H.-O., Roberts, D.,
Skea, J., Shukla, P.R., Pirani, A., Moufouma-Okia, W., Péan, C., Pidcock, R.,
Connors, S., Matthews, J.B.R., Chen, Y., Zhou, X., Gomis, M.I., Lonnoy, E.,
Maycock, T., Tignor, M., Waterfield, T. (Eds.), The Context of Strengthening the
Global Response to the Threat of Climate Change, Sustainable Development, and
Efforts to Eradicate Poverty. Cambridge University Press, Cambridge, UK and New
York, NY, USA, p. 616. https://doi.org/10.1017/9781009157940.

IPCC, 2019. Chapter 11: N2O emissions from managed soils, and CO, emissions from
lime and urea application. In: Calvo Buendia, E., Tanabe, K., Kranjc, A.,
Baasansuren, J., Fukuda, M., Ngarize, S., Osako, A., Pyrozhenko, Y., Shermanau, P.,
Federici, S. (Eds.), 2019 Refinement to the 2006 IPCC Guidelines for National
Greenhouse Gas Inventories. Published: IPCC, Switzerland, 978-4-88788-232-4.
Available online at. https://www.ipcc.ch/report/2019-refinement-to-the-2006-ipcc-
guidelines-for-national-greenhouse-gas-inventories/.

IPCC, 2021. In: Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S.L., Péan, C.,
Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M.I., Huang, M., Leitzell, K.,
Lonnoy, E., Matthews, J.B.R., Maycock, T.K., Waterfield, T., Yelekgi, O., Yu, R.,
Zhou, B. (Eds.), Climate Change 2021: the Physical Science Basis. Contribution of
Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change. Cambridge University Press, Cambridge, United Kingdom and New
York, NY, USA, p. 2391. https://doi.org/10.1017/9781009157896.

1USS Working Group WRB, 2015. World Reference Base for Soil Resources 2014, update
2015 International soil classification system for naming soils and creating legends
for soil maps. In: World Soil Resources Reports No. 106. FAO, Rome. Available
online at. https://www.fao.org/3/i3794en/13794en.pdf.

Keyes, S., Tyedmers, P., Beazley, K., 2015. Evaluating the environmental impacts of
conventional and organic apple production in Nova Scotia, Canada, through life
cycle assessment. J. Clean. Prod. 104, 40-51. https://doi.org/10.1016/j.
jclepro.2015.05.037.

Leytem, A.B., Moore, A.D., Dungan, R.S., 2019. Greenhouse gas emissions from an
irrigated crop rotation utilizing dairy manure. Soil Sci. Soc. Am. J. 83 (1), 137-152.
https://doi.org/10.2136/ss5aj2018.06.0216.

Liu, H., Li, J., Li, X., Zheng, Y., Feng, S., Jiang, G., 2015. Mitigating greenhouse gas
emissions through replacement of chemical fertilizer with organic manure in a
temperate farmland. Sci. Bull. 60 (6), 598-606. https://doi.org/10.1007/s11434-
014-0679-6.


https://doi.org/10.1890/es12-00236.1
https://doi.org/10.1007/bf01569605
https://doi.org/10.1016/S0168-6496(03)00304-0
https://doi.org/10.1016/S0168-6496(03)00304-0
https://doi.org/10.1016/j.agee.2016.09.021
https://doi.org/10.1016/j.agee.2016.09.021
https://doi.org/10.1017/9781009157896.007
https://doi.org/10.1017/9781009157896.007
https://doi.org/10.1016/j.agee.2016.10.006
https://doi.org/10.1016/j.agee.2016.10.006
https://doi.org/10.2134/jeq2000.00472425002900010035x
https://doi.org/10.1017/S0021859699007510
https://doi.org/10.1017/S0021859699007510
https://doi.org/10.1016/j.anifeedsci.2011.04.036
https://doi.org/10.1016/j.anifeedsci.2011.04.036
https://doi.org/10.1016/j.agee.2017.06.015
https://doi.org/10.1016/j.agee.2017.06.015
https://diariodarepublica.pt/dr/detalhe/despacho/1230-2018-114627305
https://diariodarepublica.pt/dr/detalhe/despacho/1230-2018-114627305
https://www.dgadr.gov.pt/images/docs/prod_sust/normas_pi/i012008.pdf
https://www.dgadr.gov.pt/images/docs/prod_sust/normas_pi/i012008.pdf
https://doi.org/10.1016/j.scienta.2023.112426
https://doi.org/10.1016/j.scienta.2023.112426
https://doi.org/10.1002/jpln.201200117
https://doi.org/10.1002/jpln.201200117
https://doi.org/10.1016/j.jenvman.2015.07.032
https://doi.org/10.1016/j.agee.2015.06.003
https://doi.org/10.1016/j.geoderma.2017.07.023
https://doi.org/10.1016/j.agee.2016.09.033
https://doi.org/10.1016/j.agee.2016.09.033
http://hdl.handle.net/10400.11/2590
http://hdl.handle.net/10400.11/2590
https://www.fao.org/faostat/en/#data
https://www.fao.org/faostat/en/#data
https://doi.org/10.1007/s11027-018-9832-x
https://doi.org/10.1016/j.scitotenv.2013.11.003
https://doi.org/10.1016/j.indic.2020.100073
https://digitalcommons.unl.edu/agronomyfacpub/1073
https://doi.org/10.1016/j.jenvman.2015.12.018
https://doi.org/10.1016/j.jenvman.2015.12.018
https://doi.org/10.1016/j.atmosenv.2018.12.046
https://doi.org/10.1016/j.atmosenv.2018.12.046
https://doi.org/10.1016/S1002-0160(15)60087-X
https://doi.org/10.1016/S1002-0160(15)60087-X
https://doi.org/10.3390/app12010341
https://doi.org/10.3390/app12010341
https://doi.org/10.1021/acs.est.6b04524
https://doi.org/10.3390/su13094780
https://doi.org/10.3390/su13094780
http://refhub.elsevier.com/S0301-4797(24)00538-3/sref34
http://refhub.elsevier.com/S0301-4797(24)00538-3/sref34
http://refhub.elsevier.com/S0301-4797(24)00538-3/sref34
https://www.ipma.pt/en/oclima/normais.clima/
https://www.ipma.pt/en/oclima/normais.clima/
https://doi.org/10.1017/9781009157940
https://www.ipcc.ch/report/2019-refinement-to-the-2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/
https://www.ipcc.ch/report/2019-refinement-to-the-2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/
https://doi.org/10.1017/9781009157896
https://www.fao.org/3/i3794en/I3794en.pdf
https://doi.org/10.1016/j.jclepro.2015.05.037
https://doi.org/10.1016/j.jclepro.2015.05.037
https://doi.org/10.2136/sssaj2018.06.0216
https://doi.org/10.1007/s11434-014-0679-6
https://doi.org/10.1007/s11434-014-0679-6

C. Esteves et al.

Maillard, E., Angers, D.A., 2014. Animal manure application and soil organic carbon
stocks: a meta-analysis. Global Change Biol. 20 (2), 666-679. https://doi.org/
10.1111/gcb.12438.

Meng, L., Ding, W., Cai, Z., 2005. Long-term application of organic manure and nitrogen
fertilizer on N2O emissions, soil quality and crop production in a sandy loam soil.
Soil Biol. Biochem. 37 (11), 2037-2045. https://doi.org/10.1016/j.
s0ilbi0.2005.03.007.

Posit team, 2023. RStudio: Integrated Development Environment for R. Posit Software.
PBC, Boston, MA. URL. http://www.posit.co/.

Prado, J., Ribeiro, H., Alvarenga, P., Fangueiro, D., 2022. A step towards the production
of manure-based fertilizers: disclosing the effects of animal species and slurry
treatment on their nutrients content and availability. J. Clean. Prod. 337, 130369
https://doi.org/10.1016/j.jclepro.2022.130369.

Praeg, N., Wagner, A.O., Illmer, P., 2014. Effects of fertilization, temperature and water
content on microbial properties and methane production and methane oxidation in
subalpine soils. Eur. J. Soil Biol. 65, 96-106. https://doi.org/10.1016/j.
€jsobi.2014.10.002.

R Core Team, 2023. R: A Language and Environment for Statistical Computing_. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.

Rochette, P., Hutchinson, G.L., 2005. Measurement of soil respiration in situ: chamber
techniques. In: Hatfield, J.L., Baker, J.M. (Eds.), Micrometeorology in Agricultural
Systems, Agronomy Monograph, vol. 47, pp. 247-286. https://digitalcommons.unl.
edu/usdaarsfacpub/1379.

Rochette, P., Angers, D.A., Chantigny, M.H., Gagnon, B., Bertrand, N., 2008. N20 fluxes
in soils of contrasting textures fertilized with liquid and solid dairy cattle manures.
Can. J. Soil Sci. 88 (2), 175-187. https://doi.org/10.4141/CJSS06016.

Ruangcharus, C., Kim, S.U., Yoo, G., Choi, E., Kumar, S., Kang, N., Hong, C.O., 2021.
Nitrous oxide emission and sweet potato yield in upland soil: effects of different type
and application rate of composted animal manures. Environ. Pollut. 279, 116892
https://doi.org/10.1016/j.envpol.2021.116892.

Ruiz Diaz, D.A., Sawyer, J.E., Mallarino, A.P., 2008. Poultry manure supply of potentially
available nitrogen with soil incubation. J. Agron. 100 (5), 1310-1317. https://doi.
org/10.2134/agronj2007.0371.

Seidel, A., Pacholski, A., Nyord, T., Vestergaard, A., Pahlmann, 1., Herrmann, A.,

Kage, H., 2017. Effects of acidification and injection of pasture applied cattle slurry
on ammonia losses, N2O emissions and crop N uptake. Agric. Ecosyst. Environ. 247,
23-32. https://doi.org/10.1016/j.agee.2017.05.030.

Shakoor, A., Shahzad, S.M., Chatterjee, N., Arif, M.S., Farooq, T.H., Altaf, M.M.,

Tufail, M.A., Dar, A.A., Mehmood, T., 2021. Nitrous oxide emission from agricultural
soils: application of animal manure or biochar? A global meta-analysis. J. Environ.
Manag. 285, 112170 https://doi.org/10.1016/j.jenvman.2021.112170.

Smart, D.R., Alsina, M.M., Wolff, M.W., Matiasek, M.G., Schellenberg, D.L., Edstrom, J.
P., Brown, P.H., Scow, K.M., 2011. N2O emissions and water management in
California perennial crops. In: Guo, L., et al. (Eds.), Understanding Greenhouse Gas
Emissions from Agricultural Management. ACS Symposium Series. American
Chemical Society, Washington, DC, pp. 227-255. https://doi.org/10.1021/bk-2011-
1072.ch013.

Sompouviset, T., Ma, Y., Zhao, Z., Zhen, Z., Zheng, W., Li, Z., Zhai, B., 2023. Combined
application of organic and inorganic fertilizers effects on the global warming
potential and greenhouse gas emission in apple orchard in loess plateau region of
China. Forests 14 (2). https://doi.org/10.3390/f14020337.

Sgrensen, P., Eriksen, J., 2009. Effects of slurry acidification with sulphuric acid
combined with aeration on the turnover and plant availability of nitrogen. Agric.
Ecosyst. Environ. 131 (3-4), 240-246. https://doi.org/10.1016/j.agee.2009.01.024.

Steenwerth, K.L., Pierce, D.L., Carlisle, E.A., Spencer, R.G.M., Smart, D.R., 2010.

A vineyard agroecosystem: disturbance and precipitation affect soil respiration

12

Journal of Environmental Management 356 (2024) 120552

under mediterranean conditions. Soil Sci. Soc. Am. J. 74 (1), 231-239. https://doi.
org/10.2136/sssaj2008.0346.

Steiner, C., Teixeira, W.G., Lehmann, J., Nehls, T., Vasconcelos de Macédo, J.L.,

Blum, W.E.H., Zech, W., 2007. Long term effects of manure, charcoal and mineral
fertilization on crop production and fertility on a highly weathered Central
Amazonian upland soil. Plant Soil 291 (1), 275-290. https://doi.org/10.1007/
511104-007-9193-9.

Tang, W., Yang, H., Wang, W., Chen, D., Xu, C., Zha, Q., Hu, X., 2022. Effects of water
allocation process on greenhouse gas emissions in drip-irrigated apple orchards on
the Loess Plateau, China. Agric. Ecosyst. Environ. 338 https://doi.org/10.1016/j.
agee.2022.108077.

van Groenigen, J.W., Kasper, G.J., Velthof, G.L., van den Pol-Van Dasselaar, A.,
Kuikman, P.J., 2004. Nitrous oxide emissions from silage maize fields under different
mineral nitrogen fertilizer and slurry applications. Plant Soil 263 (1-2). https://doi.
org/10.1023/B:PLS0.0000047729.43185.46.

Velthof, G.L., Kuikman, P.J., Oenema, O., 2003. Nitrous oxide emission from animal
manures applied to soil under controlled conditions. Biol. Fertil. Soils 37 (4),
221-230. https://doi.org/10.1007/s00374-003-0589-2.

Viguria, M., Sanz-Cobena, A., Lépez, D.M., Arriaga, H., Merino, P., 2015. Ammonia and
greenhouse gases emission from impermeable covered storage and land application
of cattle slurry to bare soil. Agric. Ecosyst. Environ. 199, 261-271. https://doi.org/
10.1016/j.agee.2014.09.016.

Wang, N., Wolf, J., Zhang, F.S., 2016. Towards sustainable intensification of apple
production in China - yield gaps and nutrient use efficiency in apple farming
systems. J. Integr. Agric. 15 (4), 716-725. https://doi.org/10.1016/52095-3119(15)
61099-1.

Xia, F., Mei, K., Xu, Y., Zhang, C., Dahlgren, R.A., Zhang, M., 2020. Response of NoO
emission to manure application in field trials of agricultural soils across the globe.
Sci. Total Environ. 733, 139390 https://doi.org/10.1016/j.scitotenv.2020.139390.

Xie, B., Gu, J., Yu, J., Han, G., Zheng, X., Xu, Y., Lin, H., 2017. Effects of N fertilizer
application on soil N2O emissions and CH4 uptake: a two-year study in an apple
orchard in Eastern China. Atmosphere 8 (10). https://doi.org/10.3390/
atmos8100181.

Yang, X., Hou, H., Xu, Y., Raza, S.T., Wang, L., Wei, W., Wu, J., Chen, Z., 2022. Divergent
pattern of soil CO3, CH4 and N,O emissions in 18-year citrus orchard and Camellia
oleifera plantations converted from natural shrub forests. Appl. Soil Ecol. 175
https://doi.org/10.1016/j.aps0il.2022.104447.

Ye, R., Jin, Q., Bohannan, B., Keller, B.J., McAllister, S.A., Bridgham, S.D., 2012. pH
controls over anaerobic carbon mineralization, the efficiency of methane production,
and methanogenic pathways in peatlands across an ombrotrophic—minerotrophic
gradient. Soil Biol. Biochem. 54, 36-47. https://doi.org/10.1016/].
s0ilbi0.2012.05.015.

Yoro, K.O., Daramola, M.O., 2020. CO, emission sources, greenhouse gases, and the
global warming effect. In: Rahimpour, M.R., Farsi, M., Makerem, M.A. (Eds.),
Advances in Carbon Capture. Woodhead Publishing, pp. 3-28. https://doi.org/
10.1016/B978-0-12-819657-1.00001-3.

Zhou, M., Zhu, B., Wang, S., Zhu, X., Vereecken, H., Briiggemann, N., 2017. Stimulation
of N20O emission by manure application to agricultural soils may largely offset carbon
benefits: a global meta-analysis. Global Change Biol. 23 (10), 4068-4083. https://
doi.org/10.1111/gcb.13648.

Zhou, W., Ma, Q., Wu, L., Hu, R., Jones, D.L., Chadwick, D.R., Jiang, Y., Wu, Y., Xia, X.,
Yang, L., Chen, Y., 2022. The effect of organic manure or green manure
incorporation with reductions in chemical fertilizer on yield-scaled N,O emissions in
a citrus orchard. Agric. Ecosyst. Environ. 326 https://doi.org/10.1016/j.
agee.2021.107806.


https://doi.org/10.1111/gcb.12438
https://doi.org/10.1111/gcb.12438
https://doi.org/10.1016/j.soilbio.2005.03.007
https://doi.org/10.1016/j.soilbio.2005.03.007
http://www.posit.co/
https://doi.org/10.1016/j.jclepro.2022.130369
https://doi.org/10.1016/j.ejsobi.2014.10.002
https://doi.org/10.1016/j.ejsobi.2014.10.002
https://www.R-project.org/
https://digitalcommons.unl.edu/usdaarsfacpub/1379
https://digitalcommons.unl.edu/usdaarsfacpub/1379
https://doi.org/10.4141/CJSS06016
https://doi.org/10.1016/j.envpol.2021.116892
https://doi.org/10.2134/agronj2007.0371
https://doi.org/10.2134/agronj2007.0371
https://doi.org/10.1016/j.agee.2017.05.030
https://doi.org/10.1016/j.jenvman.2021.112170
https://doi.org/10.1021/bk-2011-1072.ch013
https://doi.org/10.1021/bk-2011-1072.ch013
https://doi.org/10.3390/f14020337
https://doi.org/10.1016/j.agee.2009.01.024
https://doi.org/10.2136/sssaj2008.0346
https://doi.org/10.2136/sssaj2008.0346
https://doi.org/10.1007/s11104-007-9193-9
https://doi.org/10.1007/s11104-007-9193-9
https://doi.org/10.1016/j.agee.2022.108077
https://doi.org/10.1016/j.agee.2022.108077
https://doi.org/10.1023/B:PLSO.0000047729.43185.46
https://doi.org/10.1023/B:PLSO.0000047729.43185.46
https://doi.org/10.1007/s00374-003-0589-2
https://doi.org/10.1016/j.agee.2014.09.016
https://doi.org/10.1016/j.agee.2014.09.016
https://doi.org/10.1016/S2095-3119(15)61099-1
https://doi.org/10.1016/S2095-3119(15)61099-1
https://doi.org/10.1016/j.scitotenv.2020.139390
https://doi.org/10.3390/atmos8100181
https://doi.org/10.3390/atmos8100181
https://doi.org/10.1016/j.apsoil.2022.104447
https://doi.org/10.1016/j.soilbio.2012.05.015
https://doi.org/10.1016/j.soilbio.2012.05.015
https://doi.org/10.1016/B978-0-12-819657-1.00001-3
https://doi.org/10.1016/B978-0-12-819657-1.00001-3
https://doi.org/10.1111/gcb.13648
https://doi.org/10.1111/gcb.13648
https://doi.org/10.1016/j.agee.2021.107806
https://doi.org/10.1016/j.agee.2021.107806

	Partial replacement of mineral fertilisers with animal manures in an apple orchard: Effects on GHG emission
	1 Introduction
	2 Methods and materials
	2.1 Experimental site and design, and manure application
	2.2 Soil analyses
	2.3 Manure analysis
	2.4 GHG fluxes measurements
	2.5 Calculations and statistical analysis

	3 Results
	3.1 Short term effect on GHG emissions
	3.2 Medium-term effects on GHG emissions
	3.2.1 Soil nitrogen

	3.3 GWP and emission factors of the different fertilisation scenarios

	4 Discussion
	4.1 Nitrous oxide
	4.1.1 Comparison between growing seasons
	4.1.2 Comparison between untreated slurry and acidified slurry
	4.1.3 Impact of fertilisation treatments on N2O emissions
	4.1.4 Relationship between N2O emissions and soil conditions

	4.2 Carbon dioxide
	4.2.1 Comparison between growing seasons (impact of soil conditions)
	4.2.2 Impact of fertilisation treatments on CO2 emissions

	4.3 Methane
	4.3.1 Comparison between untreated slurry and acidified slurry
	4.3.2 CH4 oxidation

	4.4 Yield-scaled GHG emissions
	4.5 Emissions factors for N2O emissions
	4.6 GWP of each fertilisation scenario

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


