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ARTICLE INFO ABSTRACT

Keywords: Post-harvest losses of nitrogen (N) from agricultural fields causes environmental damage due to N leaching and
amoA greenhouse gas emissions. Two potential strategies to mitigate these losses are amending soil with straw and
Denitrification applying nitrification inhibitors (NIs). Combining these strategies could have a synergistic effect, reducing
nitrification and promoting the long-term microbial N immobilization. However, the effect of seasonal tem-

perature fluctuations on N losses — when straw and NIs are applied together — is poorly understood. To investigate

N immobilization
Nitrous oxide

nirk
nirS this, we conducted a 3-month mesocosm experiment examining the impact of wheat straw amendment and NI on
nosZ soil N losses via N2O emissions and leaching, depending on temperature variation (freezing-thawing vs cooling-

warming), with and without mineral N fertilization. We observed an increase in N2O emissions immediately after
applying the straw and N fertilizer, which was reduced by 58% with NI application. Both freezing-thawing and
mild cooling-warming led to increase in net N mineralization, causing a second NO emission peak. However,
adding straw reduced N leaching by 70%, thus mitigating total N losses. The positive overall effect of the
combined application of straw and NI resulted from the selective actions of each measure: the N immobilization
induced by straw reduced leaching, while NI application decreased N2O emissions, which were stimulated by the
addition of straw. This “double strike” approach was particularly efficient under strong temperature variations.
Our findings have practical importance and should be considered when attempting to mitigate N losses through
the application of straw and NI.

1. Introduction temperatures (Abdalla et al., 2009; Cookson et al., 2007; Dai et al.,

2020) or after short-term freeze-thaw stress (Matzner and Borken, 2008;

Substantial nitrogen (N) losses occur in agricultural soils between
crop cultivation phases, especially during winter, when fluctuating soil
moisture and temperature accelerate N release before it can benefit the
succeeding crop generation (Cookson et al., 2002; Henke et al., 2008; Li
et al., 2021). These fertilizer-derived N losses negatively affect the
global climate and environmental quality (Kumar et al., 2020; Rothardt
and Kage, 2024; Tian et al., 2020). While many studies have examined
long-term N transformations and losses under constant soil incubation

Rosinger and Bonkowski, 2021; Rosinger et al., 2022a), experiments
mimicking seasonal N transformations in agricultural soils remain
scarce (Sieling and Kage, 2006).

Nitrification inhibitors (NIs) are widely used to curb N losses and
enhance crop N use efficiency (Wu et al., 2017). These compounds
inhibit ammonia-oxidizing bacteria, preventing the oxidation of
ammonium (NHZ) to nitrite (NO2) (Subbarao et al., 2006; Zerulla et al.,
2001). Although NIs are known to reduce N2O emissions, their
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effectiveness depends strongly on soil temperature, pH and fertilization
level (Qiao et al., 2015; Ruser and Schulz, 2015; Norton and Ouyang,
2019). Warmer soil conditions, for example, shorten their inhibitory
duration and reduce their efficiency (Irigoyen et al., 2003; McGeough
et al., 2016).

Incorporating crop straw as a high-carbon amendment (HCA) is
among the oldest and most cost-effective practices worldwide to reduce
soil N losses (Diacono and Montemurro, 2011; Norton and Ouyang,
2019; Xia et al., 2018). By supplying bioavailable carbon (C), straw
stimulates microbial growth and microbial N immobilization in biomass
(Rosinger et al., 2022b), as shown in both incubation (Congreves et al.,
2013a; Chen et al., 2023; Reichel et al., 2022; Zavalloni et al., 2011) and
field studies (Congreves et al., 2013b; Torok et al., 2014). However, its
effects on soil N2O emissions are inconsistent - ranging from decreases
(Rothardt et al., 2021; Shan and Yan, 2013; Yao et al., 2017) to neutral
(John et al., 2020; Malhi and Lemke, 2007) or even increases (Li et al.,
2013; Xia et al., 2018). The variable outcomes reflect interactions be-
tween soil properties, moisture, and fertilization practices (Chen et al.,
2013; Yuetal., 2019), indicating that the mechanisms underlying straw-
mediated impacts on NoO emissions are complex (Wu et al., 2020).

While straw amendment often reduces N leaching via microbial N
immobilization, it can simultaneously enhance N,O emission through
denitrification. Moisture and oxygen availability are key to regulating
this balance and straw decomposition acts as an additional consumer of
O,. Therefore, seasonal cooling-warming and freezing-thawing cycles
are likely to alter the effects of straw addition on N cycling, with strong
temperature fluctuations exerting a larger impact (Pelster et al., 2013).
Under such conditions, NI can suppress nitrification and associated NoO
production (Chen et al., 2021), but may also limit NO3 availability for
denitrification. Thus, combining NI with straw could provide a com-
plementary strategy to mitigate N losses, although this synergy remains
experimentally unverified. It is still uncertain whether NI and HCA
mitigation approaches can be effectively combined under fluctuating
and below freezing soil temperatures. To this end, we conducted a
mesocosm experiment to study N dynamics between crop cultivation
phases. Following straw incorporation, soils received mineral N fertil-
izer and the NI Piadin® in a multifactorial design. The mesocosms were
subjected to two temperature regimes: cooling-warming and freezing-
thawing. Over a period of 71 days, we quantified N losses (as N2O
emissions and leachate) and monitored microbial N cycling, including
microbial biomass and the abundances of functional genes.

We hypothesized that i) the combined application of a nitrification
inhibitor (NI) and straw would have additive effects in reducing N los-
ses, with NI mitigating the stimulation of N,O emissions caused by the
joint effect of fertilizer-derived N and straw-derived C; and ii) freezing-
thawing cycles would trigger substantial N;O emissions and N leaching
losses, whereas cooling-warming cycles alone would not. By integrating
multiple analytical approaches previously applied in separate studies (e.
g., Chen et al., 2021; Barrena et al., 2017), this study aims to test these
hypotheses and generate new insights into N dynamics. Specifically, it
enables the joint evaluation of NoO flux dynamics, mineral N forms, and
microbial functional genes governing nitrification and denitrification.

2. Materials and methods
2.1. Soil and experiment design

The agricultural soil used in this study was obtained from the
Experimental Farm Hohenschulen, Kiel University, Germany (54°18'N,
9°58'E) in June 2019. The soil is classified as Luvisol, with the following
properties: pH 6.5, total organic C 1.07%, total N 0.11%, sand 58%, silt
29%, clay 13%. The soil was sieved (1 cm mesh size) and homogenized
before the experiment.

A mesocosm experiment was set up in a climate chamber with a
factorial design (n = 7) to simulate seasonal temperature variation
during the period between vegetation phases: (i) a conditioning phase
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simulating the incorporation of crop residues (—/+ wheat straw) after
harvest without (—N) and with nitrogen (+N) fertilization after 7 days,
without (-NI) and with (4NI) nitrification inhibitor application (Phase 1,
days 0-28), and subsequently subjecting fertilized (+N) mesocosms to
(ii) two different winter temperature treatments (Phase 2, days 29-71).

Mesocosms (22 cm height, 24 cm diameter; 10 L volume) were
equipped with a central drainage tube (1 cm diameter) at the bottom to
collect leachate. Each mesocosms was filled to a depth of 13 cm with 8
kg dry-weight soil with a gravimetric water content of 9%, corre-
sponding to a bulk density of 1.2 g cm™°. Into half of the mesocosms,
wheat straw (41.8% C, 0.84% N, pieces of 2 to 3 cm) was mixed into the
soil at a rate of 2.4 g Ckg ™! (eq. 14.4 t ha~! wheat straw amendment).
One week after pre-incubating all 84 mesocosms, fertilization was
applied to +N treatments as 73 mg N kg_1 soil ((NH4)2SO4), equivalent
to 250 kg N ha~'. The nitrification inhibitor Piadin® (SKW Piesteritz,
Germany), containing the active compounds 1H-1,2,4-triazole (3.1%)
and 3-methylpyrazole (1.6%), was applied to +NI treatments. Piadin
was applied twice: together with N fertilizer on day 1 (equivalent to 7 L
ha™!) and again on day 62 (6 L ha™!), corresponding to a total appli-
cation rate of 13 L ha™!. Fertilizer and inhibitor were applied as aqueous
solutions to the soil surface.

During Phase 1, the average daily temperature was kept at approx-
imately 19 °C. In Phase 2, temperature was reduced to 7 °C from days 29
to 58. Subsequently, two temperature treatments were applied. In the
+N cooling treatment, temperature increased gradually to 21 °C be-
tween days 58 and 71. In the +N freezing treatment, soils were first
frozen at —20 °C (days 58-60) and then thawed at 7 °C (days 60-62),
after which temperature increased to 21 °C until day 71 (Fig. 1). Un-
fertilized mesocosms followed the same temperature regime as the +N
cooling treatment.

Mesocosms were irrigated with tap water every second day to
maintain 50% water-holding capacity throughout the experiment, with
water loss monitored by weighing.

2.2. Measurements

Gas samples for determining net N,O, and CO; emissions were
collected at 13 regular intervals, with 4 replicates per treatment, using
the static-opaque chamber method (Dobbie et al., 1999). Chambers
consisted of PVC tubes (20 cm diameter, 55 cm height) closed with an
airtight 1id fitted with tubing and a three-way cock for gas sampling.
Chambers were inserted to a depth of 3 cm into the soil surface of each
mesocosm to ensure gas tightness. During each sampling, three 20 mL
headspace samples were withdrawn at 30, 60 and 90 min after chamber
placement. As controls, five ambient air samples were collected per
sampling event, and the average N,O and CO5 concentrations were used
as baselines. All samplings were performed between 11 a.m. and 1 p.m.
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Fig. 1. Schematic presentation of the experimental setup. Details on applica-
tion rates of straw and fertilizer, as well as nitrification inhibitor (NI), can be
found in the “Material and methods™ section.
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Soil NH;-N and NO3 -N were determined from approximately 30 g of soil
sampled from three opposite locations in each mesocosm using a 2 cm
diameter corer at 0-10 cm depth. Samples were collected at the end of
Phase 1 (day 28), and after soil warming (day 65). For functional gene
abundance analysis samples were immediately frozen at —20 °C (Fig. 1).
Soil NH-N and NO3-N contents were extracted with 20 mL 0.01 M
CaCly from 5 g fresh wt soil after shaking (30 min). After centrifugation
(5 min, 4500 rpm) and filtering (Whatman 595 filter paper) the super-
natant, and determined using ion-selective electrodes for NH4 (ELIT
8051) and NO3 (ELIT 8021, Nico 2000 Ltd., UK). Soil mineral N (Npn)
was calculated as the sum of NH4-N and NO3-N. Soil pH (multi 340i,
WTW GmbH, Weilheim, Germany) was determined according to ISO
10390 guidelines (ISO, 2005) from a suspension of 5 g fresh wt soil in 1
M KCl at 1:5 (w/v) after shaking for 2 h.

To collect the leachate, the mesocosms were watered with 600 ml of
water on day 62, the second day of the warming phase. The volumes of
leachate were recorded, and the concentrations of NO3-N and NHZ-N
were measured using ion-sensitive electrodes, as described above.

Functional marker genes involved in nitrification (AOB and AOA
amoA) and denitrification (bacterial nirK, nirS, nosZ), were amplified by
quantitative real-time PCR (qPCR) using a 2x qPCR Master Mix (Nanj-
ing Novizan Biotechnology Co., China) on a real-time PCR detection
platform operated by the commercial laboratory. All nucleic acid ex-
tracts were diluted ten-fold with nuclease-free water prior to amplifi-
cation to decrease the impact of PCR inhibition and increase reaction
sensitivity. The qPCR reaction mixtures contained 10 pL of 2x qPCR
Mix, 0.4 pL of 10 uM each of forward and reverse primer, 1.5 pL of
diluted DNA template, and nuclease-free water to a final volume of 20
pL. Thermal cycling conditions consisted of 95 °C for 5 min, followed by
45 cycles of 95 °C for 15 s, 55 °C for 30 s, and 72 °C for 30 s, with a
melting curve analysis were performed at the end of each run. The gPCR
data presented in this study were derived from independent extractions
of six replicates. Standards ranging from 10'° to 10° gene copies pL~!
were prepared from plasmids with insertions of target gene fragments.
The amplification efficiencies and R? values generated from these
standard curves met the accepted criteria for all genes.

2.3. Calculations and statistical analysis

The N,O emission factors were calculated as the amount of net N,O
emissions in the fertilized treatments minus the net emissions in the
unfertilized treatment (background N2O emissions) as the percentage of
the fertilizer N applied for the period between gas samplings. The global
warming potential (GWP, g CO2 equivalent/kg soil) of total greenhouse
gas emissions was calculated with CO, as reference gas, where an in-
crease or reduction in emissions of NoO were converted into ‘COs-
equivalents’ by means of their GWPs (IPCC, 2014). Based on 6 IPCC
assessment report (Forster et al., 2021), Eq. (1) was used to calculate the
GWP:

GWP (g CO, equivalent kg™ soil) = CO, (g CO, kg™" soil)

1 (€H)
+273 x N0 (g N,O kg™ soil)

All statistical analyses were performed in R 3.6.3 (R Core Team,
2020) and graphs were prepared in Origin Pro 8.1 (Origin Lab, North-
ampton, MA, USA). Treatment effects were analysed using analyses of
variance (ANOVA) and a priori contrasts (as detailed in the supple-
mentary information). Linear regression analyses were used to evaluate
the relationships of the parameters from soil, microorganisms, and N2O
emission.

Structural equation modeling (SEM; ‘lavaan’ package; Rosseel,
2012), was applied to identify the relationships between N fertilization,
straw application, soil mineral N content and NO emissions during the
conditioning phase of the experiment. It should be noted that SEM
evaluates hypothesized relationships among variables based on covari-
ance structures and does not establish causal relationships. Prior to the
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SEM procedure, principal component analysis (PCA) — as implemented
in the vegan package (Oksanen et al., 2025) — was conducted to identify
and remove variables with collinearity. The hypothetical relationships
among the variables in the models were constructed based on the results
of correlation analyses (Fig. S1). The best fitting model was selected by
step-wise removal of non-significant paths. The data were square root-
transformed before the SEM analysis considering nondimensional
expression.

The criteria for evaluation of the structural equation model fit, such
as the Chi-square/degree values (CHI/DF), goodness-of-fit index (GFI)
and standardized root mean square residual (SRMR) were adopted ac-
cording to Shen et al. (2021).

3. Results

Nitrous oxide (N20O) emissions showed two distinct peaks: the first
occurred at the start of the conditioning phase, strongly enhanced by N
fertilizer application, and the second followed soil cooling or freezing.
Together, these peaks accounted for approximately 90% of total cu-
mulative N20 emissions, with the first and second peaks contributing
33% and 56%, respectively (Fig. 2). Consequently, N,O emissions and
related soil parameters are presented separately for the conditioning
phase (Section 3.1) and winter temperature treatment phase (Section
3.2).

3.1. N immobilization and N2O emissions during the Phase 1
(conditioning)

Straw amendment reduced total soil mineral N (Np,in) by about 50%
(Fig. 3E, p < 0.001), independent of N fertilization. NI application
increased Npin by 32% in unfertilized (—N) treatments without straw
(Fig. 3E, p < 0.05). NO3-N comprised 67-92% of Ny, and straw
amendment strongly reduced NO3-N levels (Fig. 3C), while NH4-N
slightly increased in unfertilized (—N) straw addition treatments
(+14.6%, p < 0.001; Fig. 3A). NI significantly increased NH4-N only in
fertilized mesocosms without straw (+39.6%, p < 0.001), and raised
NOs3-N by 38.6% in unfertilized non-straw treatments (p < 0.05).

In Phase 1, straw addition amplified the peak N2O emissions 1.5 and
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Fig. 2. Dynamics of N,O emission under different treatments during the in-
cubation experiment. Panel A shows the unfertilized treatments (—N); panel B
shows the +N treatments without freezing-thawing; and panel C shows the +N
treatments with freezing-thawing. Please note the different Y-axis scale for
panel A. The means +1SE (n = 4) are shown, the dash lines separate the
different phases of experiment, the black solid arrow indicates application of N
fertilizer and NI, the dash arrow indicates application of NI only, blue arrow
indicates the freezing event.
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and difference between treatments based on ANOVA with contrasts, are presented with the following indications of statistical significance: *, p < 0.05; **, p < 0.01;

and ***, p < 0.001.

5.5 fold in —N and +N treatments, respectively (Fig. 2). Overall, N
fertilization increased cumulative N>O emissions 6.5-fold (Fig. 4B),
while straw addition increased it 5-fold in Phase 1. NI reduced N,O
emissions by 59% in fertilized mesocosms (p < 0.01; Fig. 4; Table S1).

At the end of Phase 1, cumulative N2O emissions correlated

positively with residual soil NOs -N content in straw addition treat-
ments (p < 0.001; Fig. S1A). However, this relationship turned negative
in fertilized soils (+N) (p < 0.001; Fig. S1B), reflecting the strong link
between NOs™-N and denitrification. The strongest negative correlation
between N20 and NOs™-N was found in fertilized treatments without NI
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Fig. 4. Cumulative N5O emission (mean + 1SE) in treatments without (—N) and with fertilization (+N), without (+N-cooling) and with (+N-freezing) a subsequent
freezing-thawing period. Straw incorporation is shown by crosshatched bars and application of nitrification inhibitor (NI) is shown by green colour. A - the whole
experiment, B - the Phase 1, and C- the Phase 2 under winter temperatures. Significant treatment and interaction effects as revealed by ANOVA with contrasts is given

on the top, with *, p < 0.05; **, p < 0.01; and ***, p < 0.001.

addition (Fig. S1B). Structural equation modeling revealed significant
positive associations between N fertilization (0.66) and straw amend-
ment (0.76) with cumulative N20O emissions, while NI showed a negative
association (—0.28) (Fig. S2).

3.2. N remineralization and N,O emission during the Phase 2 (under
winter temperatures)

In unfertilized soils, total Np,;, remained stable throughout the con-
ditioning and temperature fluctuation phases (Fig. 3E-F). In contrast,
fertilization doubled (+N) and tripled (+N + NI) Npiy in the +N cooling
treatment without straw after warming (Fig. 3F), mainly due to NO3-N
accumulation (Fig. 3E). While N fertilization increased soil NO3-N 5.5-
fold (p < 0.001), straw addition reduced it by half (p < 0.05). NI led to
46% higher residual NO3-N in the fertilized non-straw treatment (p <
0.001, Fig. 3F).

NH{-N had increased on average by 80% at the end of Phase 2, with
no significant differences between +N-cooling and +N-freezing treat-
ments (Fig. 3B). NI led to strongly enhanced amounts of NH4-N in
fertilized treatments (p < 0.001), whereas straw addition substantially
mitigated this increase (p = 0.09).

Fertilization led to fivefold increase NoO emissions at the end of
Phase 2 (p < 0.001), while N2O emissions increased only 2.8-fold in
fertilized soils with straw addition (p < 0.001; Fig. 4C). Overall, NoO
emissions were 29% higher after freezing than cooling (p < 0.001), but
not different when both straw and NI were applied (p = 0.388; Fig. 4C).
NI reduced N3O losses from fertilized soils by 13 and 31% under cooling
and freezing, respectively (p < 0.001; Fig. 4C).

3.3. N transformations and functional gene abundances

Denitrifier genes (nirS, nirK, nosZ) were generally more abundant
than nitrifier genes. In fertilized soils, freezing significantly boosted
gene abundances: nirK, nirS and NosZ increased 3-, 9- and 1.5-fold,
respectively, compared to cooling (all p < 0.001; Fig. 5). Nitrifier AOB
increased 1.5-fold after freezing (p < 0.001), but only in fertilized soils
with straw addition (Fig. 5D,E).

In —N treatments, straw addition increased nirK, nirS and nosZ gene
abundances 3-, 2.6- and 2.7-fold, respectively (p < 0.01-0.001), and
raised AOA 2.7-fold (p < 0.001). N fertilization decreased AOB, nirS and
nosZ by 67%, 86.5% and 13.1% (p < 0.05), respectively. In +N-cooling
treatments without straw, NI increased AOA, AOB, nirK, nirS and nosZ
abundances 42.9%, 19.6%, 68.2%, 60.3% and 36.5%, respectively (p <
0.05-0.001, Fig. 5).

3.4. Total N losses caused by leaching and N2O emissions

Total N losses (gaseous and leached) rose by 50% under N fertiliza-
tion, but declined with NI and straw addition (Fig. 6). NI reduced N-
losses on average by 35.5% across +N-cooling and +N-freezing treat-
ments. The effects of straw depended on fertilization. N-losses decreased
by 72.8% in the —N treatment and by 20.6% in the +N treatment.
Freezing reduced total N losses by 31.6%, largely due to lower leachate
volumes compared with cooling (Fig. S3).

Total Nmin leaching increased by 45% in +N treatments without
freezing, while the addition of straw reduced leaching by 69%, on
average across all treatments (Fig. S3).

NI had no significant influence except in +N-cooling treatments
without straw. Freezing-thawing reduced N leaching by 66.3%
compared with cooling.
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3.5. Carbon dioxide emissions and global warming potential

Straw amendments increased cumulative CO5 emissions 8-fold dur-
ing the Phase 1 (p < 0.001; Fig. S4A), and 2-fold during Phase 2 (p <
0.001; Fig. S4B). N fertilization and NI had no significant effects.

CO, dominated total greenhouse gas (GHG) emissions, while the
contribution of methane to the GWP was negligible (Table S1). Straw
amendment raised GWP 4.6-fold (Fig. S5). Due to the contribution of
N2O, N fertilization increased GWP by 14.7% under straw addition,
whereas NI decreased GWP by 4.6% in fertilized soils.

4. Discussion

4.1. Mitigation of N losses by straw and NI amendment over seasonal
temperature fluctuations

Large amounts of N are lost from agricultural soils in winter
(Cookson et al., 2002; Henke et al., 2008; Li et al., 2021). We investi-
gated how straw amendment to N-fertilized soils with or without NI
application, mitigates N losses in the critical phases of soil conditioning
after amendment, and after soil warming following cooling or freezing.
Straw addition markedly reduced total N losses (both through leaching
and N3O emissions; Fig. 6) mainly through N immobilization in micro-
bial biomass (Chen et al., 2023; Li et al., 2021; Rosinger et al., 2022b).
Despite reducing overall N losses, straw substantially increased N2O
emissions after N-fertilization in Phase 1 (Fig. 4, Fig. 7). However, the
reduction in N leaching associated with straw addition offset these
additional gaseous losses in all treatments except the +N-freezing
treatment without NI. Temperature fluctuations significantly increased
total N losses, but losses were lower under +N-freezing than under +N-
cooling conditions, due to reduced N leaching after freezing, which
outweighed the associated rise in N,O emissions in N-fertilized soils.

Previous studies have shown that additions of readily decomposable
organic C stimulate denitrification by supplying energy to denitrifiers
(Burford and Bremner, 1975; Firestone and Davidson, 1989; Weier et al.,
1993). However, the effect of straw on soil NyO emissions is inconsis-
tent, ranging from positive to neutral or even negative, depending on
straw quality, climate, and fertilization regime (Wu et al., 2020). In the
present study, increased N2O emissions following combined N fertil-
ization and straw addition (Fig. 4B, Fig. S3) are consistent with condi-
tions that may favour denitrification.

The timing of straw and fertilizer application largely controls straw-
induced N,O emissions. In our study, simultaneous application was
associated with increased microbial respiration (Fig.S4), which may
have contributed to the formation of transient anoxic microsites during
rapid straw decomposition, as suggested in previous studies
(Kravchenko et al., 2017), explaining the early N2O peak in Phase 1
(Fig. 2). In line with the short-lived effect of straw on the N,O flux, no
increase in NoO emissions was observed in Phase 2 (72 days post-straw
application; Fig. 4). By that time, most of the easily accessible added C
was decomposed (0.8 of 2.4 mg C added emitted as COy; Fig. S4 A),
potentially limiting substrate availability for denitrification (Figs. 4 and
6). As expected, NI application significantly reduced total N losses in all
N fertilization treatments (Figs. 4, 6, S3). The NI-induced suppression of
NoO emissions was most evident within the four weeks following N
application in Phase 1 (Fig. 4, Table S1), when most NHJ-N had been
converted to NO3-N or immobilized in microbial biomass under straw
amendment (Figs. 3A, C; and Chen et al., 2023 Fig. 2D). In contrast to
the strong reduction in N3O emissions (Fig. 4).

The main inhibitory effect of NI on nitrification was short-lived,
persisting only during the four-week conditioning phase (Phase 1).
After this period, nearly all applied NHJ-N fertilizer was oxidized to
NO3-N (Fig. 3A, C), leaving only about one-tenth of the added NHj-N at
day 28. Despite this transient suppression, NI significantly reduced the
first NoO emission peak (Fig. 2), likely due to the temporary shortage of
NO3-N as electron acceptor for denitrification during this early ‘hot
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moment’ (Groffman et al., 2009). Although NI effects on N2O emissions
remained significant during Phase 2, the effects of NI in fertilized
treatments were threefold lower as compared to Phase 1 (Fig. 4B and C).

During Phase 2, NI increased soil NH4-N contents in treatments
without straw, probably due to suppression of nitrification of reminer-
alized fertilizer N (significant NI x Straw interaction; Fig. 3B). Straw
addition masked this effect potentially due to promoting microbial N
immobilization, as previously observed in a urea-straw- NI combination
experiment (Ma et al., 2019).

A complementary interaction between straw and NI was evident:
straw reduced N leaching through microbial immobilization (Chen
et al., 2023), while NI decreased N,O emissions, effectively counter-
acting gaseous N losses. However, these interactions should be inter-
preted cautiously, as the underlying mechanisms were not directly
quantified. Since leaching accounted for only about 1% of fertilizer N in
this experiment, under field conditions, straw likely mitigates N losses
much more effectively, as leaching in our experiment was substantially
lower than typical field values reported over prolonged precipitation
(Abdalla et al., 2019). While these findings provide mechanistic insights,
it should be noted that mesocosm conditions may not fully capture field-
scale variability in soil structure and hydrological processes.

4.2. Effect of cooling vs. freezing on N20 emissions and N losses

The second hypothesis, stating that soil N losses are driven by
freezing-thawing rather than seasonal cooling was supported for N»O
emissions, but not for total N losses. Freezing increased NoO emissions
compared to cooling (Fig. 4C), though the difference was modest
(5.5-37.9%) because treatment effects were compared to cooling rather
than to a stable-temperature control, as in most previous studies (Song
et al., 2017; Wagner-Riddle et al., 2017). Notably, already the cooling-
warming sequence in Phase 2 triggered a strong N2O emission peak,
despite initially low emissions in Phase 1 (Fig. 2).

In contrast, total N losses (N2O plus leaching) were higher after
cooling than freezing in treatments without straw (Fig. 6). During the
subsequent warming phase, N-fertilized mesocosms showed a N,O peak
and rise in soil NH{-N and NO3-N, reflecting residual effects of the
applied fertilizers (Figs. 3B, D, 4C). Mineral N levels at the end of Phase 2
exceeded those after Phase 1, suggesting remineralization and nitrifi-
cation of previously immobilized fertilizer N (Fig. 3B and D). Similar
temperature-driven increases in soil NO3 and turnover rates have been
observed by Cookson et al. (2002).

These results highlight the potential for substantial N losses may
occur not only following freeze-thaw events but also during mild soil
cooling-warming phases typical of late winter or early spring (Cameron
et al., 2013). To mimic field conditions, soil water content was raised
during leachate collection (day 62), possibly promoting denitrification
and contributing to the observed N2O peak (Schliiter et al., 2025; Zhang
et al., 2026). However, this interpretation should be treated with care
because relatively short experimental duration cannot fully represent
soil N dynamics under field conditions. Although leachate was collected
two months after fertilization, when most NH{-N had already been
converted to NOg3, the initial NI effect was still visible from N leaching
rates in fertilized treatments without straw following freezing-thawing.

4.3. Interplay of nitrification and denitrification and N losses from soil

During the first two weeks of the experiment, when the initial
emission peak occurred, both nitrification and denitrification likely
contributed to N2O production, although microbial functional gene
abundances were only assessed at the end of the experiment and
therefore cannot be directly linked to these earlier emission dynamics.
By the end of this phase, nitrate dominated the mineral N pool (Fig. 3),
which is consistent with substantial nitrification across all treatments,
even including NI treatments. Ongoing nitrification under varying
temperatures was associated with higher NO3 accumulation in both +N-
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cooling and +N-freezing treatments compared to Phase 1 (cf. Fig. 3C and
D). Archaean AOA showed greater resilience to +N-cooling and +N-
freezing treatments than bacterial AOB (Fig. 5D and E). Similar patterns
were observed in previous studies where AOA maintained activity after
periodic freezing (Tzanakakis et al., 2020), suggesting that archaea may
play an important role in nitrification shortly after soil freezing. How-
ever, it should be noted that gene abundance does not directly reflect
microbial activity or process rates.

Straw addition was associated with denitrifier gene abundance (nirK,
nirS and nosZ genes) only in unfertilized (—N) treatments during Phase
2, likely because temperature and pH effects masked the effect of straw
addition in fertilized soils. This highlights the temporal variability in
gene abundance reported previously (Wertz et al., 2013; Zhang et al.,
2023). Compared to the cooling-warming treatment, freezing-thawing
increased the abundance of nirK, nirS and nosZ genes (Fig. 5 A-C). The
relatively smaller increase in nosZ compared to nirK may be consistent
with a reduced potential for N2O reduction, which could contribute to
higher N20O emissions (Sennett et al., 2024). These interpretations are
based on gene abundance data and should not be taken as direct evi-
dence of process rates. Since the soil was sampled two weeks after
thawing and the subsequent N»O peak (Figs. 1 and 2), the delay allowed
a clearer detection of the positive response of denitrifiers to freezing,
compared to earlier studies that used shorter sampling intervals (Wertz
etal., 2013, 2016; Kazmi et al., 2023). However, the lack of temporally
resolved microbial data limits our ability to establish direct relationships
between microbial community dynamics and N fluxes over time.

A marked difference between nirS and nirK gene abundance (+N-
cooling) was linked to a 0.5 pH unit decrease in fertilized mesocosms
(Chen et al., 2023). As nirS nitrifiers are less tolerant to soil acidity, they
could have been outcompeted by nirK-type microorganisms (Bowen
et al., 2020). This pH-related effect was absent after freezing and
thawing (+N-freezing), suggesting that other environmental factors may
have influenced the pattern under these conditions.
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5. Conclusions

In arable soils, high residual N levels after harvest can lead to sub-
stantial N losses, particularly in the absence of post-harvest vegetation
such as cover crops. Our results show that straw residue incorporation
combined with nitrification inhibitors can effectively mitigate these
losses. Straw incorporation stimulated microbial biomass growth and
temporarily increased microbial N immobilization, while nitrification
inhibitors suppressed the microbial oxidation of ammonium to nitrate,
thereby enhancing ammonium retention and reducing the potential for
denitrification.

Accordingly, straw incorporation markedly reduced N leaching,
whereas nitrification inhibitors substantially decreased N-O emissions.
The combination of both measures proved particularly effective in
mitigating post-harvest N losses, and these effects were consistent under
both cooling-warming and freezing-thawing temperature regimes.

Importantly, our results demonstrate that not only freeze-thaw
events but also moderate soil cooling followed by warming can sub-
stantially increase greenhouse gas emission potential. This finding
highlights that significant N losses may occur even during relatively
mild winter temperature fluctuations typical of late winter or early
spring. Moreover, soil freezing strongly enhanced N20 emissions in
treatments without straw incorporation or nitrification inhibitor appli-
cation, indicating that soil freezing can trigger considerable N losses
from agricultural soils when appropriate mitigation measures are not
implemented. However, the extent to which these findings apply to field
conditions remains uncertain. Under climate change, declining snow
cover is expected to reduce soil insulation and increase the frequency
and intensity of soil freezing events, thus more research on mitigation
measures is urgently required in field systems, where soil structure,
hydrology, plant interactions, and long-term dynamics may differ
substantially.

Taken together, the combined use of straw incorporation and nitri-
fication inhibitors represents a promising strategy to mitigate post-
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Fig. 5. N cycling functional gene abundances of denitrifiers: NO5 reductase nirK (A) and nirS (B), nitrous oxide reductase nosZ (C), and ammonia-oxidizing bacteria
(AOB - D) and archaea (AOA - E) under different treatments measured at the end of the experiment. The treatments +N and —N refer to the unfertilized and fertilized
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shown by crosshatched bars and application of nitrification inhibitor (NI) is shown by green colour. Given is the mean + 1SE (n = 7). Significant treatment and
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harvest N losses from arable soils. By enhancing soil N retention and
reducing gaseous and leaching losses, this management approach has
the potential to improve N availability for subsequent crops while
lowering the greenhouse gas footprint of agricultural systems.

CRediT authorship contribution statement

Hao Chen: Writing — original draft, Visualization, Validation,
Investigation, Formal analysis, Data curation. Sergey Blagodatsky:
Writing — review & editing, Validation, Supervision, Methodology, Data
curation. Christoph Rosinger: Writing — review & editing, Supervision,
Project administration, Methodology, Data curation, Conceptualization.
Riidiger Reichel: Writing — review & editing, Validation, Methodology,
Data curation. Bo Li: Validation, Software, Data curation. Amit Kumar:
Writing — review & editing, Methodology, Data curation. Steffen

Rothardt: Methodology, Formal analysis, Data curation. Nicolas
Briiggemann: Writing — review & editing, Supervision, Project admin-
istration, Funding acquisition, Conceptualization. Henning Kage:
Writing — review & editing, Resources, Methodology, Conceptualization.
Michael Bonkowski: Writing — review & editing, Supervision, Project
administration, Methodology, Funding acquisition, Data curation,
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.



H. Chen et al.
Acknowledgements

The project was funded by the German Federal Ministry of Education
and Research (BMBF) as part of the BonaRes initiative, in the project
INPLAMINT: ‘Increasing agricultural nutrient-use efficiency by opti-
mizing plant-soil-microorganism interactions’ (BMBF-FKZ 031B0508F).
Contribution of Amit Kumar was supported by grants 12R254 and
12R256, and Nicolas Briiggemann was supported by grants FKZ
031A561B, 031B0508B, and 031B1062B. Sergey Blagodatsky was sup-
ported by INPLAMINT through BMBF grant FKZ 031B1062D and
through BMBF project “Integrated Greenhouse Gas Monitoring System
for Germany - Observations (ITMS-Q&SII)” under grant number 01
LK2305B.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.apso0il.2026.107083.

Data availability
Data will be made available on request.

References

Abdalla, M., Jones, M., Smith, P., Williams, M., 2009. Nitrous oxide fluxes and
denitrification sensitivity to temperature in Irish pasture soils. Soil Use Manag. 25.
https://doi.org/10.1111/j.1475-2743.2009.00237.x.

Abdalla, M., Hastings, A., Cheng, K., Yue, Q., Chadwick, D., Espenberg, M., Truu, J.,
Rees, R.M., Smith, P., 2019. A critical review of the impacts of cover crops on
nitrogen leaching, net greenhouse gas balance and crop productivity. Global Change
Biol. 25, 2530-2543. https://doi.org/10.1111/gcb.14644.

Barrena, 1., Menéndez, S., Correa-Galeote, D., Vega-Mas, 1., Bedmar, E.J., Gonzalez-
Murua, C., Estavillo, J.M., 2017. Soil water content modulates the effect of the
nitrification inhibitor 3,4-dimethylpyrazole phosphate (DMPP) on nitrifying and
denitrifying bacteria. Geoderma 303, 1-8. https://doi.org/10.1016/j.
geoderma.2017.04.022.

Bowen, H., Maul, J.E., Cavigelli, M.A., Yarwood, S., 2020. Denitrifier abundance and
community composition linked to denitrification activity in an agricultural and
wetland soil. Appl. Soil Ecol. 151, 103521. https://doi.org/10.1016/j.
apsoil.2020.103521.

Burford, J.R., Bremner, J.M., 1975. Relationships between the denitrification capacities
of soils and total, water-soluble and readily decomposable soil organic matter. Soil
Biol. Biochem. 7, 389-394. https://doi.org/10.1016/0038-0717(75)90055-3.

Cameron, K.C., Di, H.j., Moir, J.1., 2013. Nitrogen losses from the soil/plant system: a
review. Ann. Appl. Biol. 162, 145-173. https://doi.org/10.1111/aab.12014.

Chen, H., Li, X., Hu, F., Shi, W., 2013. Soil nitrous oxide emissions following crop residue
addition: a meta-analysis. Global Change Biol. 19, 2956-2964. https://doi.org/
10.1111/gcb.12274.

Chen, H., Rosinger, C., Blagodatsky, S., Reichel, R., Li, B., Kumar, A., Rothardt, S.,
Luo, J., Briiggemann, N., Kage, H., Bonkowski, M., 2023. Straw amendment and
nitrification inhibitor controlling N losses and immobilization in a soil cooling-
warming experiment. Sci. Total Environ. 870, 162007. https://doi.org/10.1016/j.
scitotenv.2023.162007.

Chen, Z., Li, Y., Xu, Y., Lam, S.K,, Xia, L., Zhang, N., Castellano, M.J., Ding, W., 2021.
Spring thaw pulses decrease annual NoO emissions reductions by nitrification
inhibitors from a seasonally frozen cropland. Geoderma 403, 115310. https://doi.
org/10.1016/j.geoderma.2021.115310.

Congreves, K.A., Voroney, R.P., O’Halloran, I.P., Van Eerd, L.L., 2013a. Broccoli residue-
derived nitrogen immobilization following amendments of organic carbon: an
incubation study. Can. J. Soil Sci. 93, 23-31. https://doi.org/10.4141/cjss2011-092.

Congreves, Katelyn A., Vyn, R.J., Van Eerd, L.L., 2013b. Evaluation of post-harvest
organic carbon amendments as a strategy to minimize nitrogen losses in cole crop
production. Agronomy 3, 181-199. https://doi.org/10.3390/agronomy3010181.

Cookson, W.R., Cornforth, 1.S., Rowarth, J.S., 2002. Winter soil temperature (2-15 °C)
effects on nitrogen transformations in clover green manure amended or unamended
soils; a laboratory and field study. Soil Biol. Biochem. 34, 1401-1415.

Cookson, W.R., Osman, M., Marschner, P., Abaye, D.A., Clark, I., Murphy, D.V.,
Stockdale, E.A., Watson, C.A., 2007. Controls on soil nitrogen cycling and microbial
community composition across land use and incubation temperature. Soil Biol.
Biochem. 39, 744-756.

Dai, Z., Yu, M., Chen, H., Zhao, H., Huang, Y., Su, W, Xia, F., Chang, S.X., Brookes, P.C.,
Dahlgren, R.A., Xu, J., 2020. Elevated temperature shifts soil N cycling from
microbial immobilization to enhanced mineralization, nitrification and
denitrification across global terrestrial ecosystems. Global Change Biol. 26,
5267-5276. https://doi.org/10.1111/gcb.15211.

Applied Soil Ecology 223 (2026) 107083

Diacono, M., Montemurro, F., 2011. Long-term effects of organic amendments on soil
fertility. In: Lichtfouse, E., Hamelin, M., Navarrete, M., Debaeke, P. (Eds.),
Sustainable Agriculture, Vol. 2. Springer Netherlands, Dordrecht, pp. 761-786.

Dobbie, K., McTaggart, 1., Smith, K., 1999. Nitrous oxide emissions from intensive
agricultural systems: variations between crops and seasons, key driving variables,
and mean emission factors. J. Geophys. Res. Atmos. 104, 26891-26899. https://doi.
org/10.1029/1999JD900378.

Firestone, M., Davidson, E., 1989. Microbiological Basis of NO and N»O Production and
Consumption in Soil. Exchange of Trace Gases between terrestrial Ecosystems and
the Atmosphere, 47.

Forster, P., Storelvmo, T., Armour, K., Collins, W., Dufresne, J.-L., Frame, D., Lunt, D.,
Mauritsen, T., Palmer, M., Watanabe, M., Wild, M., Zhang, H., 2021. The earth’s
energy budget, climate feedbacks, and climate sensitivity. In: Masson-Delmotte, V.,
Zhai, P., Pirani, A., et al. (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, UK. https://doi.org/10.1017/9781009157896.009.

Groffman, P.M., Butterbach-Bahl, K., Fulweiler, R.W., Gold, A.J., Morse, J.L., Stander, E.
K., Tague, C., Tonitto, C., Vidon, P., 2009. Challenges to incorporating spatially and
temporally explicit phenomena (hotspots and hot moments) in denitrification
models. Biogeochemistry 93, 49-77. https://doi.org/10.1007/510533-008-9277-5.

Henke, J., Bottcher, U., Neukam, D., Sieling, K., Kage, H., 2008. Evaluation of different
agronomic strategies to reduce nitrate leaching after winter oilseed rape (Brassica
napus L.) using a simulation model. Nutr. Cycl. Agroecosyst. 82, 299-314. https://
doi.org/10.1007/5s10705-008-9192-0.

IPCC, 2014. Climate change 2014: synthesis report. In: Contribution of Working Groups
L, II and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change. IPCC, Geneva, Switzerland.

Irigoyen, 1., Muro, J., Azpilikueta, M., Aparicio-Tejo, P., Lamsfus, C., 2003. Ammonium
oxidation kinetics in the presence of nitrification inhibitors DCD and DMPP at
various temperatures. Soil Res. 41, 1177-1183. https://doi.org/10.1071/SR02144.

ISO, 2005. ISO 10390: 2005 Soil Quality-Determination of pH. International
Organization for Standardization, Geneva.

John, K., Janz, B., Kiese, R., Wassmann, R., Zaitsev, A.S., Wolters, V., 2020. Earthworms
offset straw-induced increase of greenhouse gas emission in upland rice production.
Sci. Total Environ. 710, 136352. https://doi.org/10.1016/j.scitotenv.2019.136352.

Kazmi, F.A., Espenberg, M., Parn, J., Masta, M., Ranniku, R., Thayamkottu, S.,
Mander, U., 2023. Meltwater of freeze-thaw cycles drives NoO-governing microbial
communities in a drained peatland forest soil. Biol. Fertil. Soils. https://doi.org/
10.1007/500374-023-01790-w.

Kravchenko, A.N., Toosi, E.R., Guber, A.K., Ostrom, N.E., Yu, J., Azeem, K., Rivers, M.L.,
Robertson, G.P., 2017. Hotspots of soil N3O emission enhanced through water
absorption by plant residue. Nat. Geosci. 10, 496-500. https://doi.org/10.1038/
ngeo2963.

Kumar, R., HeBe, F., Rao, P.S.C., Musolff, A., Jawitz, J.W., Sarrazin, F., Samaniego, L.,
Fleckenstein, J.H., Rakovec, O., Thober, S., Attinger, S., 2020. Strong hydroclimatic
controls on vulnerability to subsurface nitrate contamination across Europe. Nat.
Commun. 11, 6302. https://doi.org/10.1038/541467-020-19955-8.

Li, X., Hu, F., Shi, W., 2013. Plant material addition affects soil nitrous oxide production
differently between aerobic and oxygen-limited conditions. Appl. Soil Ecol. 64,
91-98. https://doi.org/10.1016/j.aps0il.2012.10.003.

Li, Z., Reichel, R., Xu, Z., Vereecken, H., Briiggemann, N., 2021. Return of crop residues
to arable land stimulates NoO emission but mitigates NO3 leaching: a meta-analysis.
Agron. Sustain. Dev. 41, 66. https://doi.org/10.1007/513593-021-00715-x.

Ma, Q., Wu, Z., Yu, W., Zhou, C., Ning, C., Yuan, H., Xia, Z., 2019. Does the incorporation
of dicyandiamide and hydroquinone with straw enhance the nitrogen supplying
capacity in soil? Appl. Soil Ecol. 136, 158-162. https://doi.org/10.1016/j.
apsoil.2018.12.007.

Malhi, S.S., Lemke, R., 2007. Tillage, crop residue and N fertilizer effects on crop yield,
nutrient uptake, soil quality and nitrous oxide gas emissions in a second 4-yr rotation
cycle. Soil Tillage Res. 96, 269-283. https://doi.org/10.1016/].5till.2007.06.011.

Matzner, E., Borken, W., 2008. Do freeze-thaw events enhance C and N losses from soils
of different ecosystems? A review. Eur. J. Soil Sci. 59, 274-284. https://doi.org/
10.1111/j.1365-2389.2007.00992.x.

McGeough, K.L., Watson, C.J., Miiller, C., Laughlin, R.J., Chadwick, D.R., 2016. Evidence
that the efficacy of the nitrification inhibitor dicyandiamide (DCD) is affected by soil
properties in UK soils. Soil Biol. Biochem. 94, 222-232. https://doi.org/10.1016/j.
s0ilbio.2015.11.017.

Norton, J., Ouyang, Y., 2019. Controls and adaptive management of nitrification in
agricultural soils. Front. Microbiol. 10. https://doi.org/10.3389/fmicb.2019.01931.

Oksanen, J., Simpson, G.L., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R.,
O’Hara, R., Solymos, P., Stevens, M.H.H., Szoecs, E., 2025. Package ‘vegan’.

Pelster, D.E., Chantigny, M.H., Rochette, P., Angers, D.A., Laganieére, J., Zebarth, B.,
Goyer, C., 2013. Crop residue incorporation alters soil nitrous oxide emissions
during freeze—thaw cycles. Can. J. Soil Sci. 93, 415-425. https://doi.org/10.4141/
¢jss2012-043.

Qiao, C., Liu, L., Hu, S., Compton, J.E., Greaver, T.L., Li, Q., 2015. How inhibiting
nitrification affects nitrogen cycle and reduces environmental impacts of
anthropogenic nitrogen input. Global Change Biol. 21, 1249-1257. https://doi.org/
10.1111/gcb.12802.

R Core Team, 2020. R: A language and environment for statistical computing. In:

R Foundation for Statistical Computing, Vienna, Austria. URL. https://www.R-pro
ject.org/.

Reichel, R., Kamau, C.W., Kumar, A., Li, Z., Radl, V., Temperton, V.M., Schloter, M.,
Briiggemann, N., 2022. Spring barley performance benefits from simultaneous
shallow straw incorporation and top dressing as revealed by rhizotrons with


https://doi.org/10.1016/j.apsoil.2026.107083
https://doi.org/10.1016/j.apsoil.2026.107083
https://doi.org/10.1111/j.1475-2743.2009.00237.x
https://doi.org/10.1111/gcb.14644
https://doi.org/10.1016/j.geoderma.2017.04.022
https://doi.org/10.1016/j.geoderma.2017.04.022
https://doi.org/10.1016/j.apsoil.2020.103521
https://doi.org/10.1016/j.apsoil.2020.103521
https://doi.org/10.1016/0038-0717(75)90055-3
https://doi.org/10.1111/aab.12014
https://doi.org/10.1111/gcb.12274
https://doi.org/10.1111/gcb.12274
https://doi.org/10.1016/j.scitotenv.2023.162007
https://doi.org/10.1016/j.scitotenv.2023.162007
https://doi.org/10.1016/j.geoderma.2021.115310
https://doi.org/10.1016/j.geoderma.2021.115310
https://doi.org/10.4141/cjss2011-092
https://doi.org/10.3390/agronomy3010181
http://refhub.elsevier.com/S0929-1393(26)00303-3/rf0060
http://refhub.elsevier.com/S0929-1393(26)00303-3/rf0060
http://refhub.elsevier.com/S0929-1393(26)00303-3/rf0060
http://refhub.elsevier.com/S0929-1393(26)00303-3/rf0065
http://refhub.elsevier.com/S0929-1393(26)00303-3/rf0065
http://refhub.elsevier.com/S0929-1393(26)00303-3/rf0065
http://refhub.elsevier.com/S0929-1393(26)00303-3/rf0065
https://doi.org/10.1111/gcb.15211
http://refhub.elsevier.com/S0929-1393(26)00303-3/rf0075
http://refhub.elsevier.com/S0929-1393(26)00303-3/rf0075
http://refhub.elsevier.com/S0929-1393(26)00303-3/rf0075
https://doi.org/10.1029/1999JD900378
https://doi.org/10.1029/1999JD900378
http://refhub.elsevier.com/S0929-1393(26)00303-3/rf0090
http://refhub.elsevier.com/S0929-1393(26)00303-3/rf0090
http://refhub.elsevier.com/S0929-1393(26)00303-3/rf0090
https://doi.org/10.1017/9781009157896.009
https://doi.org/10.1007/s10533-008-9277-5
https://doi.org/10.1007/s10705-008-9192-0
https://doi.org/10.1007/s10705-008-9192-0
http://refhub.elsevier.com/S0929-1393(26)00303-3/rf0110
http://refhub.elsevier.com/S0929-1393(26)00303-3/rf0110
http://refhub.elsevier.com/S0929-1393(26)00303-3/rf0110
https://doi.org/10.1071/SR02144
http://refhub.elsevier.com/S0929-1393(26)00303-3/rf0120
http://refhub.elsevier.com/S0929-1393(26)00303-3/rf0120
https://doi.org/10.1016/j.scitotenv.2019.136352
https://doi.org/10.1007/s00374-023-01790-w
https://doi.org/10.1007/s00374-023-01790-w
https://doi.org/10.1038/ngeo2963
https://doi.org/10.1038/ngeo2963
https://doi.org/10.1038/s41467-020-19955-8
https://doi.org/10.1016/j.apsoil.2012.10.003
https://doi.org/10.1007/s13593-021-00715-x
https://doi.org/10.1016/j.apsoil.2018.12.007
https://doi.org/10.1016/j.apsoil.2018.12.007
https://doi.org/10.1016/j.still.2007.06.011
https://doi.org/10.1111/j.1365-2389.2007.00992.x
https://doi.org/10.1111/j.1365-2389.2007.00992.x
https://doi.org/10.1016/j.soilbio.2015.11.017
https://doi.org/10.1016/j.soilbio.2015.11.017
https://doi.org/10.3389/fmicb.2019.01931
http://refhub.elsevier.com/S0929-1393(26)00303-3/rf0180
http://refhub.elsevier.com/S0929-1393(26)00303-3/rf0180
https://doi.org/10.4141/cjss2012-043
https://doi.org/10.4141/cjss2012-043
https://doi.org/10.1111/gcb.12802
https://doi.org/10.1111/gcb.12802
https://www.R-project.org/
https://www.R-project.org/

H. Chen et al.

resealable sampling ports. Biol. Fertil. Soils 58, 375-388. https://doi.org/10.1007/
s00374-022-01624-1.

Rosinger, C., Bonkowski, M., 2021. Soil age and soil organic carbon content shape
biochemical responses to multiple freeze-thaw events in soils along a postmining
agricultural chronosequence. Biogeochemistry 155, 113-125. https://doi.org/
10.1007/s10533-021-00816-5.

Rosinger, C., Clayton, J., Baron, K., Bonkowski, M., 2022a. Soil freezing-thawing induces
immediate shifts in microbial and resource stoichiometry in Luvisol soils along a
postmining agricultural chronosequence in Western Germany. Geoderma 408,
115596. https://doi.org/10.1016/j.geoderma.2021.115596.

Rosinger, C., Keiblinger, K.M., Rousk, J., Sandén, H., 2022b. Shifts in microbial
stoichiometry upon nutrient addition do not capture growth-limiting nutrients for
soil microorganisms in two subtropical soils. Biogeochemistry 159, 33-43. https://
doi.org/10.1007/5s10533-022-00911-1.

Rosseel, Y., 2012. lavaan: an R package for structural equation modeling. J. Stat. Softw.
48. https://doi.org/10.18637/jss.v048.i02.

Rothardt, S., Kage, H., 2024. Simulation-based assessment of residue management to
mitigate N loss risk in winter wheat production. Nutr. Cycl. Agroecosyst. 128, 53-71.
https://doi.org/10.1007/s10705-023-10331-8.

Rothardt, S., FuB, R., Pahlmann, I., Kage, H., 2021. Post-harvest N;O emissions can be
mitigated with organic amendments. Front. Environ. Sci. 9. https://doi.org/
10.3389/fenvs.2021.712013.

Ruser, R., Schulz, R., 2015. The effect of nitrification inhibitors on the nitrous oxide
(N20) release from agricultural soils—a review. J. Plant Nutr. Soil Sci. 178,
171-188. https://doi.org/10.1002/jpIln.201400251.

Schliiter, S., Lucas, M., Grosz, B., Ippisch, O., Zawallich, J., He, H., Dechow, R., Kraus, D.,
Blagodatsky, S., Senbayram, M., Kravchenko, A., Vogel, H.-J., Well, R., 2025. The
anaerobic soil volume as a controlling factor of denitrification: a review. Biol. Fertil.
Soils 61, 343-365. https://doi.org/10.1007/500374-024-01819-8.

Sennett, L.B., Brin, L.D., Goyer, C., Zebarth, B.J., Burton, D.L., 2024. Effects of soil water
content at freezing, thaw temperature, and snowmelt infiltration on N>O emissions
and denitrifier gene and transcript abundance during a single freeze-thaw event.
Biol. Fertil. Soils 60, 577-591. https://doi.org/10.1007/500374-024-01817-w.

Shan, J., Yan, X., 2013. Effects of crop residue returning on nitrous oxide emissions in
agricultural soils. Atmos. Environ. 71, 170-175. https://doi.org/10.1016/j.
atmosenv.2013.02.009.

Shen, H., Zhang, Q., Zhang, X., Jiang, X., Zhu, S., Chen, A., Wu, Z., Xiong, Z., 2021. In
situ effects of biochar field-aged for six years on net N mineralization in paddy soil.
Soil Tillage Res 205, 104766. https://doi.org/10.1016/j.5till.2020.104766.

Sieling, K., Kage, H., 2006. N balance as an indicator of N leaching in an oilseed rape —
winter wheat — winter barley rotation. Agric. Ecosyst. Environ. 115, 261-269.
https://doi.org/10.1016/j.agee.2006.01.011.

Song, Y., Zou, Y., Wang, G., Yu, X., 2017. Altered soil carbon and nitrogen cycles due to
the freeze-thaw effect: a meta-analysis. Soil Biol. Biochem. 109, 35-49. https://doi.
org/10.1016/j.s0ilbio.2017.01.020.

Subbarao, G.V., Ito, O., Sahrawat, K.L., Berry, W.L., Nakahara, K., Ishikawa, T.,
Watanabe, T., Suenaga, K., Rondon, M., Rao, .M., 2006. Scope and strategies for
regulation of nitrification in agricultural systems—challenges and opportunities.
Crit. Rev. Plant Sci. 25, 303-335. https://doi.org/10.1080/073526806007942.32.

Tian, H., Xu, R., Canadell, J.G., Thompson, R.L., Winiwarter, W., Suntharalingam, P.,
Davidson, E.A., Ciais, P., Jackson, R.B., Janssens-Maenhout, G., Prather, M.J.,
Regnier, P., Pan, N., Pan, S., Peters, G.P., Shi, H., Tubiello, F.N., Zaehle, S., Zhou, F.,
Arneth, A., Battaglia, G., Berthet, S., Bopp, L., Bouwman, A.F., Buitenhuis, E.T.,
Chang, J., Chipperfield, M.P., Dangal, S.R.S., Dlugokencky, E., Elkins, J.W., Eyre, B.
D., Fu, B, Hall, B., Ito, A., Joos, F., Krummel, P.B., Landolfi, A., Laruelle, G.G.,
Lauerwald, R., Li, W., Lienert, S., Maavara, T., MacLeod, M., Millet, D.B., Olin, S.,
Patra, P.K., Prinn, R.G., Raymond, P.A., Ruiz, D.J., van der Werf, G.R., Vuichard, N.,
Wang, J., Weiss, R.F., Wells, K.C., Wilson, C., Yang, J., Yao, Y., 2020.

10

Applied Soil Ecology 223 (2026) 107083

A comprehensive quantification of global nitrous oxide sources and sinks. Nature
586, 248-256. https://doi.org/10.1038/541586-020-2780-0.

Torok, K., Szitar, K., Halassy, M., Szabd, R., Szili-Kovacs, T., Barath, N., Paschke, M.W.,
2014. Long-term outcome of nitrogen immobilization to restore endemic sand
grassland in Hungary. J. Appl. Ecol. 51, 756-765. https://doi.org/10.1111/1365-
2664.12220.

Tzanakakis, V.A., Taylor, A.E., Bottomley, P.J., 2020. Impact of freeze-thaw on the
contributions of AOA and AOB to N-flush induced nitrification in meadow soils. Soil
Biol. Biochem. 150, 108015. https://doi.org/10.1016/j.50ilbio.2020.108015.

Wagner-Riddle, C., Congreves, K.A., Abalos, D., Berg, A.A., Brown, S.E., Ambadan, J.T.,
Gao, X., Tenuta, M., 2017. Globally important nitrous oxide emissions from
croplands induced by freeze—thaw cycles. Nat. Geosci. 10, 279-283. https://doi.org/
10.1038/ngeo02907.

Weier, K.L., Doran, J.W., Power, J.F., Walters, D.T., 1993. Denitrification and the
dinitrogen/nitrous oxide ratio as affected by soil water, available carbon, and
nitrate. Soil Sci. Soc. Am. J. 57, 66-72. https://doi.org/10.2136/
$552j1993.0361599500570001001 3x.

Wertz, S., Goyer, C., Zebarth, B.J., Burton, D.L., Tatti, E., Chantigny, M.H., Filion, M.,
2013. Effects of temperatures near the freezing point on N3O emissions,
denitrification and on the abundance and structure of nitrifying and denitrifying soil
communities. FEMS Microbiol. Ecol. 83, 242-254. https://doi.org/10.1111/j.1574-
6941.2012.01468.x.

Wertz, S., Goyer, C., Zebarth, B.J., Tatti, E., Burton, D.L., Chantigny, M.H., Filion, M.,
2016. The amplitude of soil freeze-thaw cycles influences temporal dynamics of N2O
emissions and denitrifier transcriptional activity and community composition. Biol.
Fertil. Soils 52, 1149-1162. https://doi.org/10.1007/s00374-016-1146-0.

Wu, D., Senbayram, M., Well, R., Briiggemann, N., Pfeiffer, B., Loick, N.,

Stempfhuber, B., Dittert, K., Bol, R., 2017. Nitrification inhibitors mitigate NoO
emissions more effectively under straw-induced conditions favoring denitrification.
Soil Biol. Biochem. 104, 197-207. https://doi.org/10.1016/j.50ilbi0.2016.10.022.

Wu, L., Hu, R,, Tang, S., Shaaban, M., Zhang, W., Shen, H., Xu, M., 2020. Nitrous oxide
emissions in response to straw incorporation is regulated by historical fertilization.
Environ. Pollut. 266, 115292. https://doi.org/10.1016/j.envpol.2020.115292.

Xia, L., Lam, S.K., Wolf, B., Kiese, R., Chen, D., Butterbach-Bahl, K., 2018. Trade-offs
between soil carbon sequestration and reactive nitrogen losses under straw return in
global agroecosystems. Global Change Biol. 24, 5919-5932. https://doi.org/
10.1111/gcb.14466.

Yao, Z., Yan, G., Zheng, X., Wang, R., Liu, C., Butterbach-Bahl, K., 2017. Straw return
reduces yield-scaled NyO plus NO emissions from annual winter wheat-based
cropping systems in the North China Plain. Sci. Total Environ. 590-591, 174-185.
https://doi.org/10.1016/j.scitotenv.2017.02.194.

Yu, Y., Zhao, C., Zheng, N., Jia, H., Yao, H., 2019. Interactive effects of soil texture and
salinity on nitrous oxide emissions following crop residue amendment. Geoderma
337, 1146-1154. https://doi.org/10.1016/j.geoderma.2018.11.012.

Zavalloni, C., Alberti, G., Biasiol, S., Vedove, G.D., Fornasier, F., Liu, J., Peressotti, A.,
2011. Microbial mineralization of biochar and wheat straw mixture in soil: a short-
term study. Appl. Soil Ecol. 50, 45-51. https://doi.org/10.1016/j.
apsoil.2011.07.012.

Zerulla, W., Barth, T., Dressel, J., Erhardt, K., Horchler von Locquenghien, K., Pasda, G.,
Radle, M., Wissemeier, A., 2001. 3,4-Dimethylpyrazole phosphate (DMPP) — a new
nitrification inhibitor for agriculture and horticulture. Biol. Fertil. Soils 34, 79-84.
https://doi.org/10.1007/s003740100380.

Zhang, W., Zhao, Y., Frouz, J., Xue, P., Li, J., Suo, L., Song, B., Wang, H., 2026. The
impact of precipitation on NoO emissions during the freeze-thaw cycle in a typical
grassland in Inner Mongolia. Soil Tillage Res. 255, 106774. https://doi.org/
10.1016/j.5till.2025.106774.

Zhang, Y., Chen, J., Cheng, X., 2023. Revisiting the relationships between soil nitrous
oxide emissions and microbial functional gene abundances. Global Change Biol. 29,
4697-4699. https://doi.org/10.1111/gcb.16876.


https://doi.org/10.1007/s00374-022-01624-1
https://doi.org/10.1007/s00374-022-01624-1
https://doi.org/10.1007/s10533-021-00816-5
https://doi.org/10.1007/s10533-021-00816-5
https://doi.org/10.1016/j.geoderma.2021.115596
https://doi.org/10.1007/s10533-022-00911-1
https://doi.org/10.1007/s10533-022-00911-1
https://doi.org/10.18637/jss.v048.i02
https://doi.org/10.1007/s10705-023-10331-8
https://doi.org/10.3389/fenvs.2021.712013
https://doi.org/10.3389/fenvs.2021.712013
https://doi.org/10.1002/jpln.201400251
https://doi.org/10.1007/s00374-024-01819-8
https://doi.org/10.1007/s00374-024-01817-w
https://doi.org/10.1016/j.atmosenv.2013.02.009
https://doi.org/10.1016/j.atmosenv.2013.02.009
https://doi.org/10.1016/j.still.2020.104766
https://doi.org/10.1016/j.agee.2006.01.011
https://doi.org/10.1016/j.soilbio.2017.01.020
https://doi.org/10.1016/j.soilbio.2017.01.020
https://doi.org/10.1080/07352680600794232
https://doi.org/10.1038/s41586-020-2780-0
https://doi.org/10.1111/1365-2664.12220
https://doi.org/10.1111/1365-2664.12220
https://doi.org/10.1016/j.soilbio.2020.108015
https://doi.org/10.1038/ngeo2907
https://doi.org/10.1038/ngeo2907
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.1111/j.1574-6941.2012.01468.x
https://doi.org/10.1111/j.1574-6941.2012.01468.x
https://doi.org/10.1007/s00374-016-1146-0
https://doi.org/10.1016/j.soilbio.2016.10.022
https://doi.org/10.1016/j.envpol.2020.115292
https://doi.org/10.1111/gcb.14466
https://doi.org/10.1111/gcb.14466
https://doi.org/10.1016/j.scitotenv.2017.02.194
https://doi.org/10.1016/j.geoderma.2018.11.012
https://doi.org/10.1016/j.apsoil.2011.07.012
https://doi.org/10.1016/j.apsoil.2011.07.012
https://doi.org/10.1007/s003740100380
https://doi.org/10.1016/j.still.2025.106774
https://doi.org/10.1016/j.still.2025.106774
https://doi.org/10.1111/gcb.16876

