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Abstract: Studies of the impact of nitrification inhibitors (NIs), specifically DMPP and DMPSA, on
N,O emissions during “hot moments” have produced conflicting results regarding their effectiveness
after rewetting. This study aimed to clarify the effectiveness of NIs in reducing N,O emissions by
assessing residual DMP concentration and its influence on ammonia-oxidizing bacteria (AOB) in
two pot experiments using calcareous (Soil C, Calcic Haploxerept) and acidic soils (Soil A, Dystric
Xerochrepts). Fertilizer treatments included urea (U), DMPP, and DMPSA. The experiments were
divided into Phase I (water application to dry period, 44 days) and Phase II (rewetting from days 101
to 121). In both phases for Soil C, total N,O emissions were reduced by 88% and 90% for DMPP and
DMPSA, respectively, compared with U alone. While in Phase I, the efficacy of NIs was linked to
the regulation of AOB populations, in Phase II this group was not affected by NIs, suggesting that
nitrification may not be the predominant process after rewetting. In Soil A, higher concentrations of
DMP from DMPP were maintained compared to Soil C at the end of each phase. Despite this, NIs
had no significant effect due to low nitrification rates and limited amoA gene abundance, indicating
unfavorable conditions for nitrifiers. The study highlights the need to optimize NIs to reduce N,O
emissions and improve nitrogen efficiency, while understanding their interactions with the soil. This
knowledge is necessary in order to design fertilization strategies that improve the sustainability of
agriculture under climate change.

Keywords: wet—dry cycles; contrasting soil; N,O emissions; hot moment; AOB; DMPP; DMPSA

1. Introduction

Anthropogenic climate change is predicted to increase the intensity and frequency
of extreme weather events such as flooding, storms, and drought in many areas of the
world [1]. These events impact crop production and the interactions between soil, water,
microorganisms, plants, and the atmosphere, all of which are highly sensitive to these
changes [2]. Drought reduces the activity of soil microorganisms involved in processes
such as nitrification, denitrification, and nitrifying denitrification, which are crucial for
providing plant-available nitrogen.

This indirectly affects crop production and directly influences nitrous oxide (N,O)
emissions, a potent greenhouse gas. Many studies have documented large N, O emissions
after the rewetting of dry soil, known as ‘hot moments after rewetting’ [3-5]. These hot
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moments, lasting 3-7 days, significantly contribute to annual N,O fluxes in agricultural
soils. Barrat et al. [3] suggest that the greater the difference between the dry state of the
soil and its saturation after rewetting, the larger the hot moment. This may be due to
soil microorganisms utilizing substrates (organic and mineral) from the cell lysis of dead
microorganisms or root decomposition [3,6], but also may be because higher soil water
content (higher WFPS) enhances denitrification by reducing accumulated nitrates produced
by nitrification during drought periods.

Several studies indicate that denitrification is most likely the primary process con-
tributing to N,O production among three possible processes [7,8]. Leitner et al. [9], in
laboratory experiments, found that 80% of N,O was generated through denitrification,
with nitrification contributing 10%, particularly in the initial hours following rewetting.

Although both ammonia-oxidizing archaea (AOA) and bacteria (AOB) initiate and
regulate the rate-limiting step of autotrophic nitrification [10], different studies [11,12]
suggest that fertilization tends to significantly increase nitrifying bacterial populations,
with limited effects on archaea in various soil types (acidic and alkaline). Xu et al. [13]
also highlight that AOB populations exhibit greater resilience than AOA under drought,
particularly with urea and manure treatments. Additionally, these authors observed that
the application of dicyandiamide (DCD), an effective nitrification inhibitor (NI), reduced
AOB abundance both after application and during rewetting.

The inhibition of nitrification using chemical compounds NIs after the application
of urea or ammonium-based fertilizers has been demonstrated as an effective strategy to
mitigate N,O emissions after fertilization [14,15]. The inhibitors, DMPP (3,4-dimethyl-1H-
pyrazole dihydrogen phosphate) and DMPSA (2-(3,4-dimethyl-1H-pyrazol-1-yl)-succinic
acid isomeric mixture), are two of the current generation of inhibitors. Both NIs, deactivate
the enzyme responsible for the first step of nitrification, i.e., the oxidation of ammonium
(NH4*) to hydroxylamine (NH,OH). Their molecular structure, which is based on a pyrrolic
ring, makes them resistant to degradation in the soil [16-18]. Several studies demonstrate
that both inhibitors exhibit a similar response in mitigating N,O emissions, with average
reductions of 90% observed in some cases [19,20]. Recently, under field conditions, various
authors [4,5] have found in studies with a soil similar to that of this study (Soil C), a
reduction in N,O emissions during the “hot moment” in treatments with NIs compared
with urea alone, 5 months after application. Nevertheless, a clear conclusion cannot be
made on the capacity of DMP-based NlIs, such as DMPP and DMPSA, after rewetting due
to contrasting results from studies by the same authors [19].

In a meta-analysis, Abalos et al. [21] demonstrated that soil nitrifying activity is clearly
influenced by soil pH. It is well known that NIs are generally more effective in neutral and
alkaline soils [22]. On the other hand, recent studies [23], underscore the importance of also
considering soil physicochemical properties, such as electrical conductivity and organic
carbon content, in the design of strategies to improve inhibitor effectiveness. However, the
effect of soil texture on moisture dynamics during drying-rewetting cycles and its impact
on NI performance remains largely unexplored. Therefore, the aim of this study was to
evaluate the impact of drying-rewetting cycles on the efficacy of NIs (DMPP and DMPSA)
applied to two contrasting Mediterranean soils. The study also included an analysis of
how factors such as soil pH and texture influence microbial activity and the mitigation of
N,O emissions. The ultimate goal of this line of research is to optimize the use of these
inhibitors under diverse agricultural and climatic conditions.

2. Materials and Methods
2.1. Soil Preparation and Soil Selection

The study is based on two simultaneous pot experiments from October to March 2021
with wheat, using two different soils with the same fertilizer treatments. Calcareous soil,
Soil C, was a Calcic Haploxerept, previously cultivated with wheat from the experimental
field station “El Encin’ (Madrid, Spain; 40°32" N, 3°17' W). Samples were collected from a
soil depth of 0-25 cm. This soil had a loam texture (clay, 28%; silt, 17%; sand, 55%) and a
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pH of 8.3. Acid soil, Soil A, was a grassland soil from Colmenar Viejo (Madrid) (40°65" N,
3°70' W) and samples were also collected from a soil depth of 0-25 cm. This soil was a
Dystric Xerochrepts [24], with a sandy loam texture (clay, 14%; silt, 25%; sand, 61%) and a
pH of 5.6. Total N and total organic carbon were 0.11% and 1.78% for Soil C and 0.1% and
1.79% for Soil A. The samples of both soil types were air-dried, sieved (4 mm), and mixed
homogeneously.

2.2. Experimental Procedure and Conditions

The experiment was carried out in an open greenhouse in the agricultural experi-
mental facility at the Technical University of Madrid (Madrid, Spain; 40°26’ N, 3°44’ W).
Each experiment used a factorial randomized complete block design with four fertilizer
treatments and three replicates, utilizing PVC pots (25 cm diameter, 12.5 cm height) filled
with a mixture of 6 kg of soil and pure sand (5:1 ratio). The fertilizer treatments were
(1) Urea (U); (2) Urea + DMPP (U+DMPP); (3) Urea + DMPSA (U+DMPSA); (4) Control
without U or NIs (C). Urea was applied at a rate of 120 kg N ha~! (0.56 g N pot 1) for all
the treatments except the control. Fertilizers with inhibitors were provided by EuroChem
Agro, Mannheim, Germany. The DMPP and DMPSA content was 0.5% and 0.8% of the
nitrogen content, respectively, and both were present as a coating on the urea granules.
Before sowing and the application of fertilizer treatments, soils were kept for 1 week at
field capacity to reactivate soil microorganisms. After this period, fertilizers were applied
and incorporated by hand. Subsequently, a thin layer of soil was added to bury it. Wheat
seeds (Triticum aestivum L. ‘Ingenio”) were then sown at a depth of 2 cm below the soil
surface at a rate of 140 kg seed ha~—!. The amount of fertilizer and number of seeds follow
the normal dose applied in the crop fields.

Five hours after fertilization, deionized water was added to start the experiment
(Phase I) at 50% of water-filled pore space (WFPS). During this initial period, no more
additional water was added, and soils were kept dry until the beginning of the rewetting
phase (Phase II), day 101. The experiment finished when GHG emissions returned to
background levels (approximately 125 DAF). The open greenhouse protected the pots
from the rain whilst maintaining a similar temperature to the exterior (with a temperature
variation <5 °C). For each soil type, 36 PVC pots were arranged into three sets of 12 pots,
with each set consisting of four treatments and three replicates. The first set of 12 pots
was used to measure greenhouse gases (GHG) in Phases I and II for each soil. These pots
were the non-soil-destructive sample set. The second and third sets of 12 pots were used to
take soil-destructive samples in Phases I and II, respectively. Throughout the experiment,
all pots were kept under uniform conditions, received similar management, and rotated
weekly in order to avoid the effect of position. Soil samples, from the second and third sets
of pots, were analyzed for moisture content, NHs*, NO3 ™, total soil bacteria abundance
(expressed as 165 ¥RNA), and the nitrifying communities in AOB (expressed as amoA).
Additionally, the residual amount of DMP from DMPP and DMPSA was measured at
various depths in the corresponding treatments for Phase I and Phase II.

2.3. Soil N-min Sampling and Analysis

Two soil cores per pot were taken on each sample date, using a 2 cm diameter soil
auger to the depth of the pot. The hole produced was refilled with pure-dry sand in order
to maintain the rest of the soil structure. Soil mineral N (NH4"-N and NO3~-N) was
determined by extracting 8 g soil with 50 mL of KCI (1 M), filtering and measuring with
automated colorimetric determination using a flow injection analyzer provided with a UV-
Vis spectrophotometer detector (FIAS 400 Perkin Elmer, Shelton, CT, USA). Soil moisture
was expressed as WEPS and calculated by dividing the volumetric water content by total
soil porosity. Total soil porosity was calculated from the measured bulk density according
to the relationship: soil porosity = 1 — (soil bulk density/2.65), assuming a particle density
of 2.65 Mg m 3 [25]. All soil parameters were determined from the same cores used for
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measuring mineral N. Soil samples were taken weekly after fertilizer application, coinciding
with gas sampling days.

2.4. GHG Sampling and Analysis

Emissions of GHG were measured using the static chamber method [26]. Each pot was
used as a chamber by closing it for 40 min with a perfectly fitting lid, giving a headspace of
approximately 8 L. Gas samples were taken using a 100 mL syringe and stored in 20 mL
chromatography vials at 0, 20, and 40 min after closing through a three-way valve, which
was previously installed in the lid. In this case, as recommended by Pavelka et al. [27],
the ratio between the total volume of the chamber and the total volume of the sample air
taken for GHG measurement was higher than 25. The closure period was selected after
testing the linearity of gas concentrations inside the chambers. However, samples that
did not exhibit linearity on each sampling day were rejected. Concentrations of N,O and
CO, were quantified by gas chromatography, using an HP-6890 gas chromatograph (GC;
Agilent Technologies, Barcelona, Spain) equipped with a Turbomatrix autoanalyzer (Perkin
Elmer, Madrid, Spain). Gas samples were injected through HP Plot-Q capillary columns
into a ®Ni electron-capture detector (ECD) to analyze N,O concentrations and into a
flame-ionization detector (FID) fitted with a methanizer for CO, concentrations. Helium
was used as carrier gas and the oven was kept at a constant temperature of 35 °C. GHG
flux rates were calculated from the change in gas concentration in the headspace air during
the sampling period (difference between concentrations at 0 and 40 min. after closing). Gas
samples were taken three times per week during the first month following irrigation and
once or twice (depending on the gas emission pattern) per week at other times.

2.5. Soil Inhibitor Concentration Sampling and Analysis

One soil core per pot of the DMPP and DMPSA treatments was taken at the end of
Phases I and II to study the residual concentration of inhibitors along the soil profile. The
cores were taken using a 5 cm diameter soil auger (10 cm long). These samples were cut
at different soil depths (0-2.5 cm; 2.5-5 cm; 5-7.5 cm; and 7.5-10 cm) after freezing them
at —20 °C. DMP from DMPP and DMPSA within each soil depth was extracted following
Benckiser et al. [28]. The samples were analyzed by HPLC (Waters 2690 separation module
with a Waters 2487 dual A absorbance detector, Waters, Milford, MA, USA) using a 5 pm
25 cm x 4 mm Tracer Excel column and a TR-C-160-1 pre-column (Teknokroma, Sant
Cugat del Vallés, Spain). For technical details and calibration see Rodrigues et al. [16]. The
proportion of DMPP remaining was calculated as the DMP concentration averaged over all
soil layers (since all soil layers had the same volume) divided by the initial concentration.

2.6. Sampling and Analysis of Soil Nitrification Microorganisms

The DNA analysis was carried out for the soil samples taken on the days with the
highest N,O emissions (Phase I) and at the end of rewetting (Phase II). Two grams of soil,
sampled as described in the Section on soil N-min sampling and analysis, were weighed,
frozen in liquid nitrogen, and stored at —80 °C until extraction and analysis. DNA was ex-
tracted from 0.25 g of dry soil using the PowerSoil DNA Isolation Kit (MO BIO Laboratories,
Carlsbad, CA, USA), including some modifications described in Harter et al. [29]. Extracted
DNA concentration and quality were determined spectrophotometrically (NanoDrop®
1000, Thermo Scientific, Waltham, MA, USA). Quantitative polymerase chain reactions
(QPCR) were performed using SYBR® Premix Ex TaqTM II (Takara-Bio Inc., Kusatsu, Japan)
and gene-specific primers to amplify and quantify total bacteria abundance expressed as
16S rRNA gene and nitrification-involved amoA gene. Each sample was quantified using
the StepOne PlusTM Real-Time PCR System and data analysis was carried out using the
StepOnePlusTM Software 2.3 (Thermo Scientific) [11]. Standard curves were prepared from
serial dilutions of 107 to 10? gene copies pL ! of linearized plasmids with insertions of the
target gene. The copy number of target gene per gram of dry soil was calculated according
to a modified equation described in Behrens et al. [30]: [(number of target gene copies per
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reaction X volume of DNA extracted)/(volume of DNA used per reaction x gram of dry
soil extracted)]/DNA concentration. The amoA relative abundance was calculated as (amoA
absolute abundance/16S rRNA absolute abundance) x 100.

AOA have a peak activity at NHs* concentrations of approximately 0.03 mM, while
AOB activity continues to rise with increasing NH4* levels [31]. This suggests that AOB play
a more significant role in nitrification under high ammonia conditions [32,33], as observed
in this experiment with NH;"-based fertilizer. Furthermore, as mentioned previously,
studies have shown a substantial increase in nitrifying bacterial populations following
fertilization, with minimal or no impact on the abundance of nitrifying archaea in both
acidic and alkaline soils [11,12]. For these reasons, only bacterial amoA gene abundance
was measured.

2.7. Calculations and Statistical Analysis

Data analysis was performed using Statgraphics Plus v.5.1. A multifactorial ANOVA
analysis for all the variables was performed. Data distribution normality and variance
uniformity were previously assessed by the Shapiro-Wilk test and Levene’s statistic, re-
spectively, and log-transformed before analysis when necessary. The means were separated
by the LSD test at « < 0.05. For non-normally distributed data, the Kruskal-Wallis test was
used on non-transformed data to evaluate the differences at o« < 0.05.

The cumulative gas emissions were calculated for Phases I and II, as well as the total
emissions produced for each type of soil. These calculations were estimated by successive
linear interpolations between the sampling dates.

Correlation analyses were also performed to determine whether N,O emissions were
related to soil NH4*-N, NO3; ~-N, and DMP content, and amoA relative abundance, but only
the most relevant results are discussed.

3. Results
3.1. Temperature and Soil Moisture Conditions

Mean daily temperatures ranged between 2 and 24 °C (Figure S1) with a mean value
of 11 °C. At the beginning of each phase, the moisture of each soil was adjusted to 50%
WEPS. Figure 1 shows how Soil A exhibited lower moisture compared to Soil C throughout
each phase. Both soils ended each phase with a WFPS of less than 20%.

70 Phase | Phase Il (Rewetting)

60

—e—Soil C (Calcareous)

- 50
£
[72]
& 40 —o—Soil A (Acidic)
3

30

20

10

0
0 20 40 60 80 100 120 140

DAF

Figure 1. Weekly estimates of water-filled pore space (WFPS) in the calcareous (blue color) and acidic
(orange color) soils during both phases: Phase I (from 0 to 44 days) and Phase II, rewetting (from 101
to the end of the experiment). DAF: days after fertilization. The vertical bars indicate standard errors

(n=3).
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3.2. Soil GHG Emissions (N, O and CO;)

The emission patterns of N, O fluxes were affected by soil type and fertilizer treatments,
both in Phases I and II. In soil C (calcareous), maximum fluxes were observed for urea
15 days after fertilization (DAF), reaching 22.8 mg N,O-N m~2d ! in Phase I and 6.7 mg
N,O-Nm~2d~! in Phase II (Figure 2a). Fluxes for C, U+DMPP, and U+DMPSA were lower
than 1 mg N,O-N m~2d ! and were significantly lower than those of the U treatment from
8 to 41 DAF. In Phase II, treatments with NIs continued to have significantly lower N,O
emissions compared with the U treatment, and no differences were found with respect
to the control treatment. The cumulative N,O emissions from the U treatment were the
highest in both Phases I and II (Figure 2b) with emissions that were 10 times higher than
the other treatments, including the control.
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Figure 2. Daily (a,c) and cumulative (b,d) N,O emissions from the calcareous (a,b) and acidic (b,d)
soils. DAF: days after fertilization. Black arrows indicate the rewetting. For cumulative emissions,
significant differences (« < 0.05) between treatments within the same soil are indicated with capital
and lowercase letters for Phases I and II, respectively. The vertical bars indicate standard errors

(n = 3). Significant interactions (o« = 0.05) between treatment and soil type in each phase are indicated
with a (S).

The highest N,O flux for soil A (acidic) in Phase I occurred 4 DAF in the U treatment,
1.7 mg N,O-N m~2d~! (Figure 2c). Treatments with NIs also peaked on this date but with
fluxes slightly lower than U treatment; 1.4 and 0.53 mg N,O-N m~2d~! for DMPP and
DMPSA, respectively. Nevertheless, no significant differences were found between the
treatments including the control. In Phase II, all treatments peaked at 111 DAF, but again
there were no significant differences between treatments, although the U treatment had
the highest N,O peak. There were also no significant differences between treatments for
Phases I and II in the cumulative N,O emissions (Figure 2d).

The multifactorial analysis of cumulative N,O emissions revealed a significant interac-
tion of fertilizer treatment X soil (&« < 0.05), mainly due to the U treatment, which gave the
highest emission for soil C. Treatments with NIs or the control had low cumulative N,O
emissions without significant differences between soils (Figure 2b,d).

In both soils, a reactivation of microbial activity, as shown by soil respiration, was
principally observed after the addition of N fertilizers in the first phase and after rewetting
in the second phase (Figure S2). In the acid soil, microbial reactivation was instantaneous,
with CO, peaking on the first day after fertilization (Figure S2c). However, in the calcare-
ous soil, microbial reactivation was progressive with the highest emission peak 21 DAF
(Figure S2a).

For both soils, cumulative emissions were significantly lower in the second phase than
in Phase I (Figure 52b,d). In Phase II, soil respiration was significantly higher («< 0.05)
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in the calcareous soil than in the acid soil (Figure S2b,d) for all treatments except for the

control, indicating that conditions in soil C were more suitable for the reactivation of
microorganism activity.

3.3. Soil N-min

Mean soil NH4" concentrations in Phase I were significantly affected by fertilizer
treatment but not by soil type. In soil C, the application of urea increased soil mean NH4*
content by a factor of six with respect to the control treatment in Phase I (Figure 3a). There
were no significant differences in soil NH4* content between fertilizer treatments with or
without inhibitors during this phase. In soil A, the application of urea with or without
NIs also increased (nine times) the mean NH;* content (Figure 3c). In Phase II significant
differences were observed both between fertilizer treatment and soil. The interaction fertil-

izer treatment X soil was significant mainly because of the U and U+DMPSA treatments
(Figure 3a,c).
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Figure 3. Soil mean of NHy* (a,c) and NO3 ™~ (b,d) concentrations in the first and second phases in the
calcareous (a,b) and acidic (c,d) soils. Significant differences (p < 0.05) between treatments within the
same phase are indicated with capital and lowercase letters for Phases I and II, respectively. Asterisks
(*) indicate significant differences between the two phases for the same treatment in (x < 0.05). The
vertical bars indicate standard errors (n = 3). Significant interactions (x = 0.05) between treatment
and soil type in each phase are indicated with a (S).

Soil NO3;~ content during Phase I was mainly affected by fertilizer treatment, but
not by soil type. In soil C, the U treatment had 10 times more NO3 ™ in the soil than the
U+DMPP and U+DMPSA treatments (Figure 3b), whereas in soil A significantly higher
amounts were found for the U and U+DMPP treatments than in the control or U+DMPSA.
In Phase II, soil A had a higher mean soil NO3 ™ content than soil C. Differences between
U+DMPP and U+DMPSA were only observed for soil A in this rewetting phase (Figure 3d).

It is worth mentioning that the mean soil NO3;~ content of the U treatment was 67%
lower in soil A compared with soil C in Phase I and 85% higher in Phase II (Figure 3b,d).

3.4. Persistence of DMPP in the Soil Profile

In both soil types, most DMP (derived from DMPP applied, 0.475 mg DMPP kg ! soil)
remained in the first 5 cm of soil (Figure 4). At the end of Phase I in soil C, the total DMP
concentration found in all depths was 0.016 mg DMP kg ! soil, which was only 3.3% of
the total amount of DMPP applied (Figure 4a). In Phase II, most of the DMP disappeared
and only 0.003 mg DMP kg~ ! soil remained in the upper layer. However, in this last phase,
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DMP mobility might have occurred because higher concentrations (0.012 mg DMP kg !
soil) were found at 5-7.5 cm depth. Considering that 96.7% of DMPP was degraded in
Phase I and 2.5% more during Phase II, it can be inferred that 99.2% of the DMPP was
degraded by the end of the experiment (137 DAF).

(b)

@ 022 -
2
0.10 q A Phase I = 020
Z 009 4 g o018
4 2016
B 0084 Phase II g
w007 w014
006 & o ab
& 005 S ol -
o 0.04 4 E 008
= =)
= 003 4 as & 006
% 0.02 b* B o0
0.01 a I 0.02 AB A a
0.00 = 0.00 . .- TR
0-25 25-5 5-75 75-10 0-25 25-5 5-75 75-10
Depth (cm)

Depth (cm)

Figure 4. DMP (from DMPP) concentrations at different soil depths at the end of each phase in both
experiments: calcareous soil (a) and acidic soil (b). Different letters above the bars indicate significant
differences (x < 0.05) between depths within the same phase (capital and lowercase letters for Phases
I and II, respectively). Asterisks (*) indicate significant differences (« < 0.05) between phases at the
same depth. The vertical bars indicate standard errors (n = 3).

Under the acid conditions of soil A, the DMP molecule was found at all soil depths
(Figure 4b), even in Phase II. At a depth of 0-2.5 cm, the DMP concentration was 22 times
higher than that found at 7.5-10 cm. The concentrations of DMP were not significantly
different between both phases of the experiment indicating that degradation also occurred
but it was slower than in soil C. At the end of the experiment (137 DAF), the degradation
of the DMPP molecule in soil A was 88.5%.

The analysis of DMP from the DMPSA treatment detected peaks that did not have
the 20:80 ratio of the two DMPSA isomers. In addition, there was no correlation of higher
DMPSA in the treatments where DMPSA was added. Although Bozal-Leorri et al. [17] suc-
cessfully measured DMP from DMPSA using the extraction method proposed by Benckiser
for analyzing DMP from DMPP, unfortunately, our data were not conclusive. Therefore,
we decided not to include these data.

3.5. Abundances of Nitrifying Genes at Different Stages of the Experiments

No significant differences were found in total bacteria abundance (measured as
the abundance of the 16S rRNA gene) between treatments in either phase of either soil
(Figure S3). However, the multifactorial ANOVA analysis shows a significantly higher
abundance of the 165 rRNA gene in soil C compared with soil A, in both phases.

The amoA relative abundance was significantly affected by the type of soil and fer-
tilizer treatments both in Phases I and II. In soil C, the U treatment had a significantly
higher amoA relative abundance in Phase I with respect to the other treatments (Figure 5a).
Treatments with NIs reduced the abundance by 75% and 60% for U+DMPP and U+DMPSA,
respectively, with respect to U. In Phase II, the amoA relative abundance was similar for all
treatments, with a slighter lower value in the U+ DMPSA treatment. In Phase I for soil A,
there were no differences in amoA relative abundance (Figure 5b). Nevertheless, in Phase
II, the amoA relative abundance of the U treatment increased significantly, whereas the
values for U+DMPP and U+DMPSA were similar to the control treatment, being 73% and
83% lower than U, respectively. A significant interaction of fertilizer treatment and soil
was observed in both phases, this difference was produced mainly by the U treatment. A
positive correlation between N»O emission and the abundance of amoA genes in the first
phase of soil C was found, r = 0.970, o« = 0.02.
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Figure 5. Ammonia oxidizing bacteria (AOB) relative abundance (measured as the relative abundance
of the amoA gene), in the calcareous (a) and acidic soils (b), respectively. Significant differences
(x < 0.05) between treatments within the same soil are indicated with capital and lowercase letters for
Phase I and Phase II, respectively. Asterisks (*) indicate significant differences between the two phases
within the same treatment (« < 0.05). The vertical bars indicate standard errors (n = 3). Significant
interactions (o« = 0.05) between treatment and soil type in each phase are indicated with a (S).

4. Discussion

In our study, the application of NIs to Soil C proved to be more effective than when
applied to Soil A, maintaining their effectiveness for up to three months after application.
In Soil C, total N,O emissions were 9.5 and 8.6 times higher in the U treatment than in
the NI treatments during phases I and II, respectively. These findings are in agreement
with those of Montoya et al. [5], who observed that five months after applying fertilizers
to a canola crop, the nitrification inhibitor DMPSA reduced N,O emissions during “hot
moments”, with respect to soils treated with urea only. The authors suggested that this
prolonged nitrification inhibition effect was due to a reduction in amoA abundance in the
NI treatments with respect to the urea-only treatment.

Soil moisture conditions, from the water application until drying, maintained Soil C’s
WEPS between 55% and 10%, which, as expected, favored nitrification as the primary N,O
production pathway [34], especially during phase I (Figure 2b). During this phase, the
NIs maintained soil amoA abundance at similar levels to that of the control. The positive
correlation between relative amoA abundance and N>O emissions backs up the assertion
that nitrification was the primary process in this phase.

During phase II (Rewetting) of Soil C, the U treatment had higher NoO emissions than
the other treatments, but the relative abundance of amoA in this treatment was similar to
that of the control. This may indicate that the emissions in this phase were not related
to an increase in nitrifiers. According to Harris et al. [8] and Montoya et al. [35], pulses
following rewetting are mainly produced through the denitrification process. This aligns
with studies by other authors [6,7], who concluded that nitrification is not the primary
process during “hot moments”. However, the soil NO3 ™~ concentration in the NI treatments
was significantly lower than that of the urea treatments, suggesting that the effect of
inhibitors in phase II could be related to their prior effect on NO3;~ formation in the soil
rather than their presence during that phase.

Previous studies indicate that in field trials, the positive effect of NIs after rewetting
can last up to five months in a canola crop [5], but no effect was observed seven months
after NI application in a wheat crop [19]. According to Menéndez et al. [36], environmental
conditions (moisture and temperature) can significantly influence the effectiveness of Nls.
A comparison of our results with those of field studies is not straightforward, since field
studies have high soil heterogeneity (both in moisture and distribution of inputs, such as
ammonium or the inhibitor itself) and also temporal variability of meteorological conditions.

During phase I in Soil C, DMP (the active component of DMPP) was only detected in
surface layers to a depth of 7 cm. Previous studies have shown that DMPP, with a positive
charge, tends to adhere to the soil mineral fraction, especially clay particles [37,38]. The
high clay content of Soil C in our study, therefore, likely limited its mobility to deeper layers,



Agronomy 2024, 14, 2620

10 of 14

thus accumulating in the first 5 cm. This may have helped to improve its effectiveness.
Despite the small amount remaining in the soil at the beginning of phase II (Figure 4), the
DMPP treatment reduced N,O emissions by nearly 90% with respect to the U treatment,
in this phase, likely due to the prior inhibition of nitrification that led to the differences in
NOj3™ content during phase 1.

Although we did not obtain consistent data on the amount of DMPSA in the soil,
the lack of significant N,O emissions and the reduction in amoA in Soil C during phase II
with respect to the DMPP treatment suggest that DMPSA was more effective at inhibiting
nitrification than DMPP in this soil, under these conditions (Figure 5a). Its acidic nature
makes it more stable in alkaline soils [18], which possibly contributed to prolonging its
effectiveness in this soil.

By contrast, in Soil A, with a sandier texture, DMP was found up to a depth of
10 cm. In this soil, the amounts of DMP during phases I and II were similar, indicating
that degradation was favored less than in Soil C. According to Sidhu et al. [39], DMP
degradation primarily occurs through chemical reactions initiated by reactive oxygen
species, rather than by microbial processes. However, Doran et al. [40] state that microbial
degradation is the main factor determining DMPP persistence and is influenced by soil
moisture and temperature. In our experiment, we observed greater DMPP degradation
in Soil C than in Soil A. The higher clay content of Soil C, which retained more water,
favored slower wet—dry cycles with respect to the sandier Soil A [41]. This higher moisture
level combined with alkaline pH likely enhanced both NI effectiveness [42] and microbial
degradation ([41,42]).

Contrary to expectations, in Soil A, with higher levels of DMP than in Soil C, there was
no inhibitor effect, as all treatments, including U, had N,O emissions similar to those of the
control (Figure 2). This effect can be attributed to soil pH, as the nitrification rate is reduced
in soils with acidic pH [43]. According to Li et al. [44], bacterial N,O reductase activity is
inhibited under low pH conditions. Additionally, under these conditions, the nitrifying
activity of AOB is reduced as it ceases to be the predominant nitrifying population [45],
which aligns with the lower amoA abundance we observed in Soil A with respect to that of
Soil C (Figure 5).

Although the rewetting (phase II) of Soil A increased amoA abundance in the urea
treatment, the N>O emissions were not significantly different from the other treatments.
It is possible that the low N,O fluxes emitted from this soil could have been produced
by ammonia-oxidizing archaea (AOA) or by pathways unrelated to nitrification [13], thus
without an NI effect. However, this cannot be confirmed since, as noted in Section 2.6, only
AOB were analyzed. In any case, the N,O emissions from Soil A were on average 4.5 times
lower than those of Soil C.

Although moisture is crucial for activating nitrification and denitrification, studies
such as that by Gao et al. [46] have found a positive correlation between DMPP inhibition
rates and soil pH. This suggests that under certain circumstances, pH may be the most
influential factor for the effectiveness of NIs. Their study relied on two key concepts: the
microbial action of DMPP and its chemical reactions with soil compounds. The first is
supported by Benckiser et al. [47], who found that DMPP is more effective in high pH soils
than in low pH soils, as it acts more directly in alkaline conditions on AOB associated with
the nitrification process. The second concept is supported by studies that have shown that
the active part of the inhibitor is hydrolyzed DMP, whose decomposition is faster in soils
with high OH™ concentrations [47,48]. The results of our AOB analysis and the amount of
DMP present in Soil C at the end of each phase are consistent with these results.

This study highlights the potential variability in NI responses in regions with marked
wet—dry cycles, underscoring the importance of an application strategy adapted to local
edapho-climatic conditions. It shows how a high pH soil improves nitrifying activity by
enhancing the efficacy of the inhibitors, but the coarse texture can help to distribute Nls
throughout the soil profile. Based on these results, we suggest that the optimal combination
for prolonging the effectiveness of NIs in the soil would be to apply them to soils with lower
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clay contents than those of Soil C under non-acidic pH conditions (above 6). Therefore,
developing strategies that integrate key soil factors, such as pH and texture, and consider
the specific climatic conditions, could optimize NI effectiveness in the long term and
significantly reduce N,O emissions during critical high-emission periods.

5. Conclusions

This study demonstrates that the effectiveness of nitrification inhibitors (NIs) depends
on specific soil characteristics, such as pH and texture, especially in Mediterranean regions
with pronounced wet-dry cycles. The results show that in a soil with alkaline pH and
high clay content (Soil C), NIs (DMPP and DMPSA) were highly effective in reducing
N,O emissions, even three months after application. By contrast, the low pH and sandy
texture of an acidic soil (Soil A) led to greater vertical mobility of DMPP within the soil
profile, maintaining higher DMP concentrations than Soil C throughout the experiment.
However, the low nitrification rates, resulting from its low pH, reduced the effectiveness of
the inhibitor.

Our results suggest that favorable conditions for prolonging the effectiveness of Nls in
a Mediterranean climate could be the combination of a soil with less clay content than soil
C used in this study with a pH above six. These findings highlight the need to optimize
the use of these inhibitors, especially in soils prone to drying and rewetting cycles, where
“hot moments” account for between 50% and 80% of annual emissions in fertilized soils.
Understanding how NIs interact with soil properties is essential in the context of global
climate change, underscoring the need for tailored fertilization strategies to maximize their
benefits for sustainable agricultural practices.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy14112620/s1, Figure S1: Daily mean air temperature in the
open greenhouse during the experiment. Figure S2: Daily (a,c) and cumulative (b,d) CO, emissions
from the calcareous (a,b) and acidic (c,d) soils. DAF: days after fertilization. Black arrows indicate the
rewetting. For cumulative emissions, significant differences («x < 0.05) between treatments within
the same phase are indicated with capital and lowercase letters for phases I and II, respectively.
Asterisks (*) indicate significant differences between the two phases for the same treatment (« < 0.05).
Significant interactions (& = 0.05) between treatment and soil type in each phase are indicated with a
(S). Figure S3: Total bacterial abundance, expressed as 165 rRNA per gram of dry soil, in the calcareous
(a) and acidic (b) soils, respectively. Significant differences (« < 0.05) between treatments within
the same soil are indicated with capital and lowercase letters for phases I and phase II, respectively.
Asterisks (*) indicate significant differences between the two phases for the same treatment (« < 0.05).
Significant interactions (& = 0.05) between treatment and soil type in each phase are indicated with a
(S). Figure S4: Overview of the main results of the experiment including the concentration of DMP
from DMPP at different depths (0-10 cm) during the 2 phases in the different soils and their effect on
amoA gen abundances and their influence on N,O cumulative fluxes.
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