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Abstract 
Background and aims  Reactive nitrogen gases 
(HONO, NO, N2O) are key to atmospheric chemis-
try and climate forcing, yet their simultaneous in-situ 
emissions from boreal agricultural soils are poorly 
known. We aimed to quantify these gases during 
early crop growth, a period when emerging soil–plant 
interactions begin to shape soil microclimate and N 
cycling and to identify the main environmental and 
vegetation drivers controlling their fluxes.

Methods  We quantified in-situ fluxes of HONO, 
NO, and N2O simultaneously and key soil variables 
across oat, barley and bare-soil plots in eastern Fin-
land. Further, we applied piecewise structural equa-
tion modelling (pSEM) to determine the direct and 
indirect effects environment and vegetation on gas 
emissions.
Results  Daily emissions (µg N m⁻2  h⁻1) were 
strongly dominated by N2O (13.5–229), followed by 
NO (1.5–38.2) and HONO (1.0–13.0). Cumulative 
fluxes confirmed this hierarchy, with HONO ~ 9–11 
times lower than N2O and NO ~ 3 times lower than 
N2O. pSEM showed that soil temperature and mois-
ture were the main regulators, with HONO and NO 
emissions increasing with temperature and decreas-
ing with moisture, while N2O was driven solely by 
temperature.
Vegetation indirectly suppressed emissions by 
increasing soil moisture and lowering soil pH, which 
reduced nitrite and thus HONO and NO precursor 
availability, consistent with the lower mean NO fluxes 
from vegetated compared to bare soil surfaces (17.1 
vs. 22.6 µg N m−2 h−1).
Conclusion  Our findings show that during early 
crop growth, soil–plant interactions are strongly 
shaped by physical drivers especially temperature and 
moisture which outweigh chemical controls.
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Introduction

Agricultural soils can lose up to 5.8 Tg N yr−1 as 
nitrous oxide (N2O) due to inefficient use of syn-
thetic fertilizers, while mineralization and turno-
ver of organic nitrogen (N) further contribute to 
N2O production and emissions (Tian et  al. 2020). 
N2O emissions from agricultural soils pose three 
major risks: ozone depletion, climate warming, and 
reduced agricultural sustainability (Ravishankara 
et al. 2009). While the biogeochemistry of soil N2O 
emissions is relatively well understood (Butterbach-
Bahl et  al. 2013; Zhu et  al. 2025), knowledge of 
nitric oxide (NO) and nitrous acid (HONO) still 
remains limited (Pilegaard 2013; Su et  al. 2011; 
Wang et al. 2025), despite their integral role in the 
soil N cycle and participation in key atmospheric 
reactions (Atkinson 2000; Kulmala and Petaja 
2011).

Once emitted from soil, N2O, NO, and HONO 
engage in key atmospheric reactions. N2O contrib-
utes to climate warming and accelerates stratospheric 
O3 depletion (Ravishankara et  al. 2009). Similarly, 
NO promotes O3 loss and facilitates formation of 
nitrate (NO3⁻) radicals, strong atmospheric oxidants 
alongside hydroxyl radicals (OH·) (Atkinson 2000). 
HONO photodissociation releases NO and OH·, the 
most reactive oxidant, which reduces CO and CH4, 
both greenhouse gases and drives secondary organic 
aerosol and cloud formation, contributing to climate 
cooling (Claeys 2004; Lelieveld et  al. 2016, 2004). 
Although the atmospheric relevance of N2O, NO, and 
HONO is well recognized, their combined emission 
dynamics from soils remain poorly understood. These 
gases originate from mineral N cycling and share 
common substrates, ammonium (NH4

+) and NO3
−. In 

aerobic conditions, nitrification produces N2O, NO, 
and HONO (Ermel et  al. 2018; Oswald et  al. 2013; 
Su et  al. 2011) and provides nitrite (NO2

−) — the 
HONO precursor (NO2

−  + H⁺ ⇌ HNO2(aq) ⇌ HONOg) 
(Su et al. 2011). On the other hand, NO3

− serves as 
a substrate for denitrification under anaerobic con-
ditions and fuels the NO2

− pool and thereby HONO 
emissions (Bhattarai et  al. 2021; Wu et  al. 2019). 
Also, unknown abiotic pathway other than acid–base 
reactions in soil can produce HONO (Bhattarai et al. 
2021). Understanding these processes holistically is 
critical for agriculture, where mineral N fertilizer use 
is indispensable and projected to rise substantially by 

2050 to meet global food and forage demand (FAO 
2017; Wang et al. 2025; Zhu et al. 2025).

Emissions of reactive N-gases from soils are 
strongly controlled by substrate availability such as 
mineral N and labile carbon and soil physicochemi-
cal conditions including pH, moisture, and tempera-
ture, which regulate microbial processes responsible 
for N transformations (Butterbach-Bahl et  al. 2013; 
Firestone and Davidson 1989; Firestone et al. 1979). 
Vegetation adds another layer of complexity by influ-
encing these regulatory factors (Coskun et  al. 2017; 
Kuzyakov 2002; Kuzyakov and Xu 2013; Nguyen 
2003). Plants compete with nitrifiers and denitrifi-
ers for mineral N, particularly NO3⁻, thereby altering 
substrate availability for N producing soil microbes 
(Kuzyakov and Xu 2013). Root activity modifies soil 
structure, porosity, and moisture, and can shift pH 
through rhizosphere processes (Hinsinger et al. 2009). 
Moreover, root exudates provide easily accessible C 
sources that stimulate microbial activity (Jones et al. 
2004). These interactions can lead to substantial vari-
ation in N-gas emissions compared to bare soils, as 
shown previously (Bhattarai et al. 2022, 2019, 2018). 
Such vegetation-driven effects highlight the need to 
consider plant–soil interactions when assessing N2O, 
NO, and HONO fluxes from agricultural systems.

Despite the atmospheric significance of HONO, 
NO, and N2O, most previous studies have focused on 
unvegetated (i.e., bare) agricultural soils and relied 
on destructive sampling under laboratory-controlled 
conditions. This approach overlooks a key aspect: 
ground-truth, in-situ emission dynamics, which inher-
ently include vegetation effects on N cycling—specif-
ically plant competition for mineral N and the release 
of root exudates, including labile carbon. Simultane-
ous, in-situ measurements of HONO, NO, and N2O 
from the same system is extremely rare, with only 
a few recent studies reporting such measurements 
under controlled conditions (Bhattarai et  al. 2019, 
2018; Cheng et al. 2025; Maljanen et al. 2018, 2016, 
2023; Ndah et  al. 2024; Song et  al. 2024). To date, 
research has not addressed simultaneous in-situ emis-
sions of these gases from boreal agricultural soils, 
even though such soils maintain persistent plant cover 
and receive substantial N fertilization in a short grow-
ing season. Boreal agricultural soils are seldom bare, 
as short growing season drive intensive cropping 
to meet forage and food demand, leaving only brief 
periods without vegetation. Given the competitive 
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nature of plants for mineral N and their role in pro-
viding fresh carbon inputs, understanding HONO, 
NO, and N2O emissions under active vegetation is 
essential for improving mechanistic understanding 
and developing mitigation strategies for boreal agro-
ecosystems. Therefore, this study aims to quantify 
the role of vegetation under in-situ conditions, espe-
cially during early growth phase (starting from ger-
mination) in regulating soil–atmosphere exchanges of 
reactive nitrogen gases (HONO, NO, and N2O) and 
to evaluate how these fluxes are linked to vegetation-
induced changes in soil physicochemical conditions 
arising from root–soil interactions and weather-driven 
dynamics.

To achieve this aim, we measured fluxes of 
HONO, NO, and N2O during early vegetation growth 
phase (for 15-day after seeding) on a mineral agricul-
tural soil in Eastern Finland with barley and oat as 
vegetated treatment and unvegetated surface (bare) 
as control. We refer to the 15-day period as the early 
growth phase because, during this period, the vegeta-
tion had reached the seedling stage, with root estab-
lishment and the emergence of the first true leaves, 
however had not yet entered the main tillering or 
more advanced vegetative growth stages. We choose 
this period because it has been shown to enhance 
mineral N transformation (e.g., NO3

−  → NO2
−) and 

emissions of N-gases in controlled conditions (Bhat-
tarai et  al. 2019). The study had two objectives: (i) 
to evaluate the effect of vegetation during their early 
growth phase on HONO, NO, and N2O emission 
rates, hypothesizing that growing vegetation reduces 
emissions by competing with microbes for mineral N; 
and (ii) to examine associations between these emis-
sions and changes in soil physicochemical variables 
and microclimate driven by vegetation, hypothesizing 
that vegetation induced changes influences soil condi-
tions and microclimate thus emission dynamics.

Material and methods

Study site

The study was conducted in Maaninka, Eastern Fin-
land (63° 09′ 49″ N, 27° 14′ 03″ E) on a mineral 
agricultural soil classified as Haplic Cambisol/Rego-
sol (WRB). The topsoil is silt loam (USDA) with 
5.2 ± 0.9% organic matter, 3.0 ± 0.52% organic C, 

0.2 ± 0.03% total N, and a C:N ratio of 15 ± 0.4 (Lind 
et al. 2016). The region has an annual mean temper-
ature (1981–2010) of 3.2  °C (− 9.4  °C in February; 
17.0 °C in July) and annual precipitation of 612 mm, 
with 347  mm during the snow-free period (Pirinen 
2012).

Study design and experimental plots

We conducted field measurement in experimental 
plots for 15 days in early summer (6–20 June) 2018. 
The experimental plots were established at the cen-
tre of a 6.3  ha field (Fig.  S1) in Maaninka, Eastern 
Finland, adjacent (shadow-free) to a cabin providing 
power for analyzers and ~ 30 m from an eddy covari-
ance tower measuring N2O fluxes and meteorologi-
cal parameters, air temperature (ºC) and precipitation 
(mm). To establish experimental plots, existing veg-
etation (Phleum pratense L.) was manually removed, 
the soil ploughed and crushed with a ploughing rip-
per, and remaining roots and plant material cleared 
by hand. Ten experimental plots (1 × 0.5 m, Fig. S1) 
were prepared and fenced on two sides with water-
resistant plastic (0.15 m high) to prevent runoff and 
maintain uniform conditions. A wooden boardwalk 
was constructed on one edge along the plots to facili-
tate the movement of a metal trolley carrying meas-
urement devices (Fig. S1).

As vegetation, we selected two cereals, barley 
(Hordeum vulgare L.) and oat (Avena sativa L.), 
crops that are suited for cold climate conditions. The 
experimental design consisted of three treatments: 
two vegetation treatments, “Barley” (Hordeum vul-
gare L.) and “Oat” (Avena sativa L.), and a non-veg-
etated control treatment (“Bare” soil). Each treatment 
was replicated three times, resulting in a total of nine 
experimental units (Fig.  S1). The treatments were 
arranged sequentially: plot 1 was bare soil, plot 2 
had oat, and plot 3 had barley, continuing in the same 
order across the experimental layout (Fig.  S1). This 
design enabled direct comparison between vegetated 
and non-vegetated conditions, as well as between 
crop types, allowing assessment of plant–soil interac-
tions and their influence on N-gas emissions. A day 
before gas flux measurements, we seeded (~ 14 g per 
plot) and fertilized (259  kg N ha−1, Riedel de Haën, 
NH4NO3; purity > 99%) the plots, matching earlier 
laboratory study (Bhattarai et al. 2019). We installed 
PVC collars (h = 0.12  m, Ø 0.18  m) to half their 
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height to ensure stability and prevent gas leakage. The 
used barley seeds were fungicide-treated (Imazalil, 
20  g L−1; Cyproconazole, 5  g L−1), while oats were 
untreated. We recorded soil temperature by placing 
temperature loggers (iButton®) at 5 cm depth in the 
centre of each plot, and air temperature was recorded 
from the eddy tower and nearby (~ 8 km) weather sta-
tion operated by Natural Resources Institute Finland 
(Luke).

Gas flux measurement and calculations

To capture potential diurnal variation, surface fluxes 
of HONO, NO, and N2O were measured consecu-
tively across plots (1–9; Fig.  S1) on each sampling 
day from 8:00 am to 16:00 pm following methods by 
Bhattarai et  al., (2018, 2019). We measured HONO 
and NO fluxes using a dynamic chamber system con-
nected to a LOPAP analyzer (QUMA Elektronik 
& Analytik GmbH, Germany; DL ≈ 3–9 ppt, flow 
1 L min−1, 10% relative error) (Heland et  al. 2001; 
Kleffmann et al. 2002) and a NOx analyzer (Thermo 
Fisher Scientific USA; DL ≈ 0.4 ± 0.2 ppb, flow 0.7 
L min−1). A 6 L PVC chamber lined (inner wall) with 
PTFE was flushed with pressurized and purified dry 
air (4 L min−1 or 4 × 103 cm3 min−1) during the meas-
urements. Air was purified through activated carbon, 
Purafil® pellets, and HEPA filters and was pressur-
ized using a commercial air compressor. The head-
space HONO and NO concentrations were measured 
at the chamber outlet via Teflon tubing connected to 
analyzers. The Teflon tube was shielded with reflec-
tive material to prevent HONO photolysis. The back-
ground HONO and NO levels in the pressurized 
and purified dry air were checked every second by 
measuring bottom-sealed (via aluminium foil) empty 
PVC core prior to the plot measurements. We meas-
ured N2O fluxes and ecosystem respiration by using 
a closed static chamber (6 × 103 cm3  min−1) on pre-
installed PVC rings. The chamber headspace gas 
samples (25 mL) were collected at 5, 15, 25, 35, and 
45 min after chamber enclosure using 60 mL syringes 
and injected immediately into pre-evacuated 12  mL 
vials (Labco Exetainers®, UK). The N2O and CO2 
concentrations were analyzed with a gas chromatog-
raphy (Agilent 7890B) equipped with an autosampler 
at the University of Eastern Finland. The flux rates 
(µg N m−2  h−1) of HONO and NO were calculated 

using Eq.  (1) whereas N2O and CO2 with Eq.  (2) 
according to Bhattarai et al. (2018, 2019).

In above equations, fv is the purging flow rate (cm3 
min−1), Vm is molar volume of the respective gas at 
the chamber temperature (l mol−1), To is 273.15 K, T 
is temperature inside the chamber (K), p is air pres-
sure (kPa), p0 is 101.3  kPa, Δc is the concentration 
difference (ppb), k is slope of N2O and CO2 (ppm 
h−1), V is the volume of the chamber headspace (m3), 
R is the ideal gas constant (8.314 J k−1 mol−1), M is 
the molar mass (g mol−1) of the respective gases and 
A is the area of PVC collar (m2).

Soil physiochemical properties and net nitrification 
rates

In addition to N-gas fluxes, we measured plant 
growth (via plant height), soil pH, electrical conduc-
tivity (EC), and mineral N concentrations (NO2

−, 
NO3

−, NH4
+) in each plot. We measured plant height 

(cm) daily after germination using a measuring ruler. 
Soil samples (0–10  cm depth, Fig.  S1) were col-
lected every second day from the opposite end of the 
PVC collar in each plot (plots 1–9) using a metallic 
corer (Ø 3.5 cm). The collected samples were trans-
ported immediately to the laboratory at 4 °C for fur-
ther analyses and the sampling spots were marked 
to avoid overlap soil sampling on subsequent days. 
In laboratory, Milli-Q H2O and 1 M KCl extractions 
(1:5 w/v, soil:extractant) were performed to quantify 
NO2

−, NO3
−, and NH4

+ concentrations following 
Bhattarai et  al. (2018). The NO2

− and NO3
− con-

centrations were analyzed using ion chromatography 
(Thermo Scientific Dionex ICS-2100) coupled with 
an autosampler (AS-DV) whereas NH4

+ was deter-
mined spectrophotometrically at 650  nm using the 
colorimetric method described by (Fawcett and Scott 
1960). Soil pH and EC were measured from the same 
soil–water slurry prepared for NO2

− and NO3
− extrac-

tions. All extractions were performed every second 
day after sampling. The concentrations of NO2

− and 
NO3

− in water-extracts were analyzed immediately, 

(1)F1 =
fv

1000
∗

1

Vm

∗
T
0

(T
0
+ T)K

∗
p

p
0

∗
Δc

10
9
∗
60 ∗ h ∗ M

A
∗ 10

6

(2)F2 =
p
0
∗ k ∗ V ∗ M

R ∗ T ∗ A
∗ 60
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while KCl extracts were stored at 4 °C until analysis 
at the end of the field campaign. Soil moisture was 
measured daily after gas flux sampling at four points 
around each PVC core (~ 5 cm from the edge) using 
an ML3 ThetaProbe sensor. Readings (mV) from the 
probe were converted to gravimetric moisture content 
(GWC) using Eq.  3, where θᵥ is volumetric mois-
ture (%), ρw is water density (1 g cm−3), and ρs is soil 
dry bulk density. The ρs was calculated as dry mass 
divided by fresh soil volume.

Net nitrification rates (NNR, µg NO3
− gdw

−1 d−1) were 
calculated using Eq.  (4) as the change in nitrification 
products, defined here as the sum of soil NO3

−–N and 
NO2

−–N concentrations, day relative to the day 1 and 
divided by the elapsed time of the experiment. In Eq. (4), 
[

(NO−

3
+ NO

−

2
) − N

]

ti
 and 

[

(NO−

3
+ NO

−

2
) − N

]

t
0

 repre-
sent the NO3

−–N + NO2
−–N concentrations on sampling 

day i and day 1, respectively, while Δt represents the time 
interval between sampling day i and day 1. This approach 
follows standard soil N-transformation methods in which 
net nitrification is estimated from the accumulation of 
oxidized inorganic N products over time, while inclusion 
of NO2

− is justified because NO2
− is an intermediate 

product of nitrification before oxidation to NO3
− (Rob-

ertson et al. 1999; Robertson and Groffman 2015).

Statistical analysis

Time-series emissions and soil and plant data were 
analyzed using two-way mixed ANOVA (afex::aov_
ez) (Singmann et  al. 2012) with treatment and day 
as fixed factors and plot as a random factor. Nor-
mality and homogeneity were checked via QQ plots 
and Levene’s test and sphericity were assessed with 
Mauchly’s test and corrected using Greenhouse–Geis-
ser when violated. Significant interactions were fol-
lowed by Tukey-adjusted post-hoc tests. When nor-
mality assumptions failed, generalized linear mixed 
models (glmmTMB) with Gamma or Tweedie distri-
butions (log link) were used. The Wald χ2 tests (Type 
III) test was used to assess fixed-effect significance. 

(3)GWC(gg − 1) = �v ∗
�w

�S

(4)
NNR =

[

(NO−

3
+ NO

−

2
) − N]

ti
− [(NO−

3
+ NO

−

2
) − N

]

t0

Δt

Diagnostics were performed with DHARMa (Har-
tig 2016), and estimated marginal means (emmeans) 
(Searle et  al. 1980) were back transformed when 
needed. However, we used Gaussian linear mixed 
model (lme4::lmer) (Bates et al. 2015) for soil pH to 
avoid double log transformation and checked model 
assumptions via residual diagnostics, and fixed effects 
were tested using Type III ANOVA (car::Anova) 
(Fox et  al. 2001) and Tukey-adjusted contrasts were 
obtained with emmeans for post-hoc comparisons. 
Cumulative emissions and vegetation comparisons 
were analyzed using two-way and one-way ANOVA, 
respectively after log₁₀ transformation, with assump-
tions checked via Shapiro–Wilk and Levene’s tests. 
For cumulative emissions and mean emissions 
between vegetations Tukey-adjusted pairwise com-
parisons were made. When assumptions remained 
violated, Kruskal–Wallis tests were applied. Soil 
temperature was assessed using descriptive statistics, 
linear regression, and Kendall’s rank correlation. All 
statistical test with p < 0.05 were considered signifi-
cant. Correlations between total N-gas emissions and 
soil variables were examined using corrplot (Wei 
and Simko 2010). To elucidate vegetation effects on 
gaseous N emissions, we applied piecewise struc-
tural equation modeling using the piecewiseSEM 
package in R (Lefcheck 2016) to data from vegetated 
plots (oat + barley), specifying a set of linear mixed-
effects component models to quantify direct and 
indirect pathways among soil variables and N-gas 
fluxes. Prior to modeling, soil predictors were stand-
ardized and for each component model we assessed 
residual normality (QQ plots), multicollinearity, and 
model adequacy, and evaluated the integrated SEM fit 
with Fisher’s C and d-separation tests to validate the 
hypothesized causal graph (Shipley 2000). All analy-
ses were conducted in R (v4.5.2).

Results

Daily and cumulative emissions

The daily fluxes of HONO, NO, and N2O in terms of 
N (µg N m−2 h−1) were consistently positive, indicat-
ing net soil emissions, with N2O dominating, followed 
by NO and HONO across all treatments (Fig. 1a).

Both gases showed strong day effects (HONO: 
Type-III Wald χ2(11) = 86.70, p < 0.001, joint-tests 
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F = 28.48; NO: χ2(11) = 86.14, p < 0.001; joint-tests 
F = 0.94), with no overall treatment and interaction 
effect. The HONO emission on day 2 was much lower 
than day 1 (Bare p = 0.020, Barley p = 0.0005, Oat 
p < 0.0001) and significantly lower than most subse-
quent days (p < 0.001). Emissions increased through 
the mid-period (days 4–13) and then declined by 
day 14, with mid-period days being higher than day 14 
in all treatments (p < 0.01, Fig.  1a). Similarly, NO 
emission was very low on day 2 (~ 2.2 µg N m−2  h−1) 
and peaked on days 10–13 (~ 30–33  µg N m−2  h−1). 
Within treatments, NO emissions varied markedly over 
time. In bare plots, day 2 NO emission was lower than 
day 1 (p = 0.004) and days 10–13 (p < 0.001). In bar-
ley and oat plots, day 2 NO emission was lower than 
day 1 and late days (days 10–14; p < 0.001). These 
results indicate that HONO and NO emissions are 
broadly similar across treatments, with bare soil gen-
erally exhibiting the highest emissions. Their emission 
pattern largely reflected by temperature dynamics, ris-
ing during the mid-period and declining toward day 14 
and further by soil moisture change, with reduced 
fluxes during rain events on days 2 and 14 (Fig. 1a–b). 
Despite these shared effects, HONO and NO emissions 
showed a distinct temporal emission dynamic. HONO 
showed an earlier, sustained increase, whereas NO 
exhibited more pronounced late peaks. Effect size esti-
mates (large day χ2 and joint-test F values versus small 
treatment effects) confirm that temporal dynamics 
were the primary driver for both gases. The daily mean 

HONO emissions ranged from 1.23–13.0, 1.1–10.1 and 
1.0–8.8 µg N m−2 h−1 while NO ranged from 4.6–38.2, 
1.5–31.4 and 1.5–30.5 µg N m−2 h−1 for bare, oat and 
barely, respectively (Fig. 1a and Table S1).

The daily N2O emissions varied significantly across 
days (F14,84 = 49.38, p < 0.001) whereas effect of treat-
ment remained insignificant. Post hoc comparisons 
confirmed strong day-to-day shifts in all treatments. In 
bare plots, emissions rose significantly after day 1, with 
higher values on days 5–13 (p ≤ 0.045), a temporary 
dip on day 14 (p = 0.042), and a sharp peak on day 15 
(p < 0.001). Barley and oat followed a similar pattern, 
day 1 was lower than days 6–15 (barley: p ≤ 0.031; oat: 
p ≤ 0.0185), and day 14 was lower than day 15 (barley: 
p = 0.012; oat: p = 0.0256). Overall, emissions showed 
an early increase, a mid-period plateau, a late dip, and 
a final rebound across all treatments. The N2O emis-
sions were initially low in all treatments which con-
trasts with HONO and NO emissions. The daily mean 
N2O emissions ranged from 18.1–229.0, 13.5–131.7 
and 16.9–145.6 µg N m−2 h−1 for bare, oat and barely, 
respectively (Fig. 1a and Table S1).

The cumulative emissions (mg N m−2) varied sig-
nificantly (F2,18 = 128.82, p < 0.001) between gases in 
each treatment, however not among treatments nor their 
interactions (Fig. 1b and Table S2). In all treatments, 
cumulative emissions between gases were significant 
(p < 0.001) and followed the order N2O > NO > HONO. 
Compared to N2O, cumulative NO emissions were 2.9 
times lower in bare soil and 3.2 times lower in barley 
and oat, while HONO was 9.4 times lower in bare 
and ~ 11.2 times lower in both, oat and barley. HONO 
was also about 3.2 times lower than NO across treat-
ments. We found a significant difference between gas 
emissions (F2,363 = 338.5, p < 0.001) when vegetated 
and bare soil surfaces were compared (Fig.  1c). This 
effect of vegetation was significant (p = 0.027) only for 
mean NO emission rates, not for HONO and N2O. The 
mean NO emissions rates were higher in bare (22.6 µg 
N m−2  h−1) than vegetated (17.1  µg N m−2  h−1) sur-
faces (Fig. 1c and Table S3).

Changes in soil temperature, vegetation, moisture and 
pH

Soil temperature increased steadily over the 15-day 
period, ranging from 8 ºC on day 2 to 20 ºC on day 
12 (Fig.  1b). Linear regression indicated a signifi-
cant upward trend (slope = 0.57 ºC day−1, R2 = 0.56, 

Fig. 1   Daily fluxes, cumulative emissions of HONO, NO, 
and N2O and climatic conditions. Plots: a, daily mean emis-
sion rates (µg N m−2 h−1); b, daily soil and air temperature (ºC) 
and precipitations (mm as bars); c, mean cumulative emissions 
(mg N m−2) over 14  days; d, emission rates (µg N m−2  h−2) 
from vegetated (barley + oat) and bare plots. Colours in plots a 
and c represents experimental treatments—bare (black), barley 
(red), oat (blue); b represents—soil temperature (black line), 
air temperature (orange from eddy tower and violet from mete-
orological station), grey (precipitation) and in plot d represent 
vegetation—vegetated (brown), bare (green). In a and b, dots 
and error bars show mean ± SE (n = 3) whereas boxes in plot 
c show median (central black line), interquartile ranges (IQR), 
lower (1.5 × IQR as minimum) and upper whiskers (75th per-
centile + 1.5 × IQR as maximum) and mean emissions  (black 
solid triangles). Two dotted lines in plot a mark two precipita-
tion events on corresponding days. Note: Plot a uses different 
y-axis scales per gas; c uses log₁₀ scale on y-axis. In plots c 
and d, capital letters indicate significant differences (p < 0.05) 
among treatments and between vegetation, while lowercase let-
ters show differences among gases within each treatment and 
vegetation group

◂
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p = 0.0013) with a monotonic increase (τ = 0.59, 
p = 0.0027). Oat and barley germinated within six 
days (Fig. 2a), and their heights showed a significant 
interaction (days × treatment) (F8,32 = 3.84, p = 0.003) 
effect. The differences between plant height emerged 
from day 10 onwards when barley exceeded oat, 
especially on day 10 (p = 0.032), day 14 (p = 0.024), 
and day 15 (p = 0.022) while early comparisons 

(days 7–9) were mostly non-significant. The mean 
plant height also varied; it was significantly higher in 
barley than oats (Fig. 2a).

Soil moisture (GWC; χ2 = 531.84, df = 14, p < 0.001, 
Fig.  2b) and soil pH (χ2 = 83.14, df = 13, p < 0.001, 
Fig. S2) showed stronger temporal than treatment vari-
ations. Within each treatment, soil moisture showed a 
consistent temporal trend with two sharp rises, one on 

Fig. 2   Soil and plant properties during experimental period. 
Plots: a, plant height (cm); b, gravimetric moisture content 
(GWC, g H2O gdw

−1); c, net nitrification rates (NNR, µg NO3
− 

gdw
−1d−1), and d, soil nitrite concentrations (µg N gdw

−1). 
Colors in plots a-d represents experimental treatments; bare 
(black), barley (red), oat (blue). The box plots on the right 
summarize the same variables grouped as vegetated (bar-

ley + oat, brown) and bare (green). Points and error bars indi-
cate means ± SE (n = 3). The box plots show median (central 
black line), interquartile ranges (IQR), lower (1.5 × IQR as 
minimum) and upper whiskers (75th percentile + 1.5 × IQR 
as maximum), mean (triangle) and total number (n) of obser-
vations. Two dotted lines in each plot mark two precipitation 
events on corresponding days
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early period (day 2) and another on late period (days 
14–15) aligning with precipitation events. Soil moisture 
increased sharply on day 2 compared to day 1 (p < 0.01) 
across all treatments and remained significantly higher 
than mid-period soil moisture (days 7–13 in Bare; 
days 3–13 in Barley and Oat). Soil moisture declined 
gradually across all treatments after day 2 until second 
sharp rise on days 14–15, which also exceeded early 
and mid-period levels (p < 0.01). Soil pH shows an ini-
tial rise until day 4, after which it decreased steadily 
until day 13 followed by an increasing trend until day 
15. However, this trend for most day-to-day differences 
remained non-significant across all treatments except 
barley. In Barley plots, pH was significantly higher on 
day 4 compared to days 7, 12, and 15 (p < 0.05). Both, 
soil moisture and pH remained non-significant between 
bare and vegetated (barley + oat) surfaces.

Net nitrification and mineral nitrogen dynamics

The NNR or net NO3
− production (χ2 = 46.59, df = 12, 

p < 0.001, Fig. 2c), NO2
− concentrations (χ2 = 170.83, 

df = 13, p < 0.001, Fig.  2d), NO3
− concentrations 

(F13,78 = 2.84, p = 0.002, Fig.  S2), and NH4
+ con-

centrations (F13,78 = 1.95, p = 0.036, Fig.  S2) showed 
strong temporal than treatment variations except NNR 
which showed also treatment effect (χ2 = 7.11, df = 2, 
p = 0.029).

In general, NNR showed an early peak followed by 
a pronounced late reduction that was uniform across 
treatments. When averaged over days, oat showed 
a ~ 5.5-fold higher (p = 0.021) NNR compared to bare 
while other treatment differences were insignificant. 
Within treatment, NNR revealed a consistent pattern 
across days where day 2 exhibited the highest NNR, 
significantly (p < 0.05) higher than late-period, espe-
cially day 5 and days 14–15 NNR. Although non-sig-
nificant, on day 3, a day after the moisture peak, the 
bare treatment exhibited greater net NO3

− consump-
tion than production, contrasting with the patterns 
observed in the oat and barley treatments.

Soil NO2
− concentrations exhibited a consist-

ent temporal pattern across all treatments showing a 
gradual decline over 15-days period. Until day 6, soil 
NO2

− concentrations remained relatively stable and 
insignificant across treatments although there were 
some variations. On day 7, it decreased significantly 
(vs. days 1–2 and day 6, p < 0.05) and then increased 
sharply on day 8, two-days after seed germination, 

which was significantly higher than many early 
(days 1, 3 and 7, p < 0.05) and all late days (days 
9–15, p < 0.05). After Day 8, NO2

− concentrations 
declined steadily further toward the end of the meas-
urement period. However, there was a slight increase 
in NO2

− concentrations on the second precipitation 
event (day 14) which was comparable to few early 
high NO2

− concentrations days (days 3, 5 and 7).
Overall, soil NO3

− and NH4
+ concentrations across 

treatments (Fig. S2) followed a broadly similar trend 
from day 3 onward, showing a gradual increase until 
day 11 with temporary declines on days 8 and 9. In 
contrast, the first three days exhibited distinct pat-
terns, NH4

+ concentrations increased on day 2 before 
dropping sharply on day 3, whereas NO3

− remained 
similar between days 1 and 2 and then declined mark-
edly on day 3 across all treatments. The increasing 
NO3

− concentrations after day 3 were significant only 
for bare plots (not barley and oat) only on few occa-
sions. Bare plots showed significantly higher NO3⁻
concentrations on day 3 than day 1 (p = 0.028) and 
further increases on days 5 and 7 compared to day 3 
(p < 0.05), while other contrasts were non-significant. 
For NH4

+, most contrasts were non-significant; only 
oat plots showed higher NH4

+ concentrations on 
day 7 than day 1 (p = 0.029).

When bare and vegetated (barley + oat) groups 
were compared, only NNR (χ2 = 16.53, df = 1, 
p < 0.001) showed a significant difference, indicating 
that vegetation status affected NNR, it was higher in 
vegetated than bare plots. This effect likely contrib-
uted from oat treatment as it showed higher NNR (5.5 
folds) compared to barley.

Ecosystem respiration

The ecosystem respiration (CO2 emissions in the dark 
chamber) varied significantly across days (F14,84 = 30.71, 
p < 0.001), among treatments (F2,6 = 6.41, p = 0.032) and 
interactions (treatment × day; F28,84 = 8.76, p < 0.001) 
indicating that temporal patterns of CO2 emissions 
were treatment dependent (Fig. S2). The CO2 emissions 
showed a gradual increase with time, especially in barley 
and oat while contrasting pattern was seen in bare treat-
ments. The difference in CO2 emissions between treat-
ments start to emerge from day 8 onward, where barley 
and oat consistently showed higher CO2 emissions than 
bare, with strong significance (p < 0.001) on days 8, 
10–14. On day 15, CO2 emissions were significantly 
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higher (p = 0.035) only in Barley (not oat) compared to 
bare. Barley and oat did not differ significantly through-
out the period except on day 5, where oat showed sig-
nificantly (p = 0.026) lower CO2 emissions than barley. 
The CO2 emissions showed a significant difference 
(F1,133 = 20.12, p < 0.001) between vegetation status, it 
was higher in vegetated than bare plots.

Effects of precipitation on emission rates

Rainfall events caused pronounced shifts in HONO, 
NO, and N2O emissions. Both HONO and NO emis-
sions declined on both, the first low (day 2) and 
second high (day 14) precipitation events, whereas 
N2O emissions increased on the first and decreased 
on the second (Figs. 1 and 3). Although reductions 
were generally similar among treatments, differences 
emerged between gases. During the first event, mean 
NO emissions decreased by 92%, significantly more 
than HONO reductions (72–77%) in barley and oat 
(p < 0.05). In contrast, mean N2O emissions increased 
by 18–46% across treatments, a significant rise com-
pared to HONO and NO reductions (p < 0.05). During 
the second event, mean NO reduction (83%) exceeded 
N2O reduction (28%) only in oat (p < 0.05), while 
other differences among gases and treatments were 
statistically nonsignificant. These patterns highlight 
contrasting gas-specific responses to rainfall, with 
N2O exhibiting both resilience or even stimulation 
under conditions that suppressed HONO and NO.

While the above describes the immediate impact 
of rainfall on the day it occurred, its effects on sub-
sequent N-gas emissions are also distinctive. Both 
HONO and NO showed similar responses after rain-
fall, particularly following the first event, though 
patterns varied among treatments (Fig.  1a–b). After 
the initial smaller rainfall (6  mm  day−1), HONO 
emission increased sharply in bare soil on days 5–7, 
whereas barley and oat treatments exhibited a grad-
ual increase. In contrast, NO emissions showed a 
steady increase across all treatments during the same 
period. Following the second rainfall, an opposite 
trend emerged. HONO emission displayed an upward 
trajectory, while NO emission declined (day 15 vs. 
day 14, Fig.  1a–b). This pattern, although mainly in 
bare soil (oat and barley were not measured), sug-
gests that NO is more sensitive to moisture than 
HONO and supports the greater reduction of NO 
during the first rainfall compared to HONO. N2O 
responded differently than HONO and NO after the 
rainfall events, especially after the higher second 
rainfall event. After the first rainfall, N2O emissions 
increased steadily until day six across all treatments, 
then rose sharply after the second rainfall, peaking at 
229.0 µg N m−2 h−1 in bare soil, 145.6 µg N m−2 h−1 
in barley, and 131.7 µg N m−2  h−1 in oat. These pat-
terns highlight contrasting gas-specific responses 
after the rainfall period likely due to changes caused 
by precipitation to soil moisture and interactions with 
vegetations.

Fig. 3   Percentage (%) 
change in HONO, NO, and 
N2O emission rates follow-
ing two rainfall events. The 
left panel represent the first 
event (6 mm on day 2), and 
the right panel the second 
event (15 mm on day 14). 
Positive values indicate 
increased emissions com-
pared to the day before rain-
fall, while negative values 
indicate reductions
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Association between N‑gas emissions and soil and 
plant variables

Associations between N-gas emissions and soil vari-
ables were more pronounced in vegetated plots than 
in bare soil (Fig. 4). Under vegetation, HONO fluxes 
showed strong positive association with NO, soil 
temperature, and N2O emissions, and moderate posi-
tive links with CO2 emissions. NO exhibited similar 
positive associations with soil temperature, N2O, and 
CO2 emissions. N2O emissions were most strongly 
associated with soil temperature followed by CO2 
emissions, and plant height. In contrast, HONO and 
NO were negatively associated with soil moisture, 
with NO showing a stronger negative relationship. 
N2O displayed a moderate negative association with 
soil NO2

− concentration. Soil NO2
− itself was mod-

erately negatively correlated with plant height, CO2, 
N2O and NO emissions, and soil temperature, how-
ever positively associated with soil pH. Soil pH on 
the other hand showed moderate negative links with 
plant height, NH4

+ and NO3
− concentrations and 

electrical conductivity. Soil moisture showed a mod-
erate negative link with soil temperature. These pat-
terns indicate that vegetation amplifies interactions 
among gas fluxes and soil physiochemical proper-
ties, particularly temperature and plant growth, while 
moisture and NO2

− exert contrasting controls.
In the absence of vegetation, HONO emissions 

were strongly associated with NO and moderately 
with N2O, however showed no significant links to 
soil variables. NO emissions exhibited a moderate 
negative correlation with soil moisture and a strong 
positive correlation with soil temperature. N2O emis-
sions were positively associated with CO2 emissions 
and weakly with soil moisture. Soil NO2

− showed a 
moderate negative relationship with soil temperature 
and a moderately strong positive association with soil 
pH. Both NO3

− and NH4
+ displayed positive associa-

tions, though these were notably stronger in vegetated 
soils compared to bare plots. These patterns suggest 
that vegetation absence reduces the complexity of 
gas–soil interactions, leaving temperature and mois-
ture as the primary drivers for NO and N2O fluxes.

Fig. 4   Associations between HONO, NO, and N2O emissions 
and soil–plant variables in bare (left) and vegetated (right) 
soils. Acronyms: ST = soil temperature (°C), GWC = gravimet-
ric water content (g H2O g−1 dw), EC = electrical conductivity 
(µmol S−1), NH4

+  = ammonium (µg N g−1 dw), NO3
−  = nitrate 

(µg N g⁻1 dw), NO2
−  = nitrite (µg N g−1 dw), CO2 = CO2 flux 

(mg C m−2  h−1). Numbers in boxes indicate the strength of 
association, with the sign denoting direction: positive for simi-
lar trends and negative for opposite trends. Only statistically 
significant associations (* p < 0.05) are shown
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Role of vegetation: Insights from piecewise SEM

Piecewise structural equation modelling revealed dis-
tinct yet interconnected controls on HONO, NO, and 
N2O emissions under boreal conditions. Across gases 
(Fig. 5), physical constraints dominated during the early 
season, while rhizosphere chemistry exerted secondary, 
mediated influences. Model fit was excellent for HONO 
(Fisher’s C = 1.61, df = 6, p = 0.95), NO (Fisher’s 
C = 2.02, df = 6, p = 0.92) and N2O emissions (Fisher’s 
C = 2.21, df = 6, p = 0.90).

HONO emissions were primarily controlled by 
soil temperature and moisture. Soil temperature had 
a strong direct positive effect (β =  + 0.60, p < 0.001) 
and an additional indirect positive effect (≈ + 0.19) 
via its negative impact on soil moisture (Tempera-
ture → Moisture = –0.541), yielding a total tempera-
ture effect ≈ + 0.79. Soil moisture exerted a strong 
direct negative effect (β = –0.35, p < 0.001). Plant 
height (proxy for vegetation) showed a negative 
total effect (≈ –0.35), dominated by its indirect path 
through moisture (Plant height → Moisture =  + 0.433; 
indirect ≈ –0.12), while its direct effect was modest 
(β = –0.22, p = 0.057).

NO emissions followed similar patterns however 
with contrasting strengths. Soil moisture exerted the 

strongest direct negative effect (β = –0.60, p < 0.001), 
while soil temperature had a moderate positive direct 
effect (β =  + 0.37, p < 0.001). Temperature also con-
tributed an indirect positive effect (≈ + 0.35) via 
moisture, giving a total temperature effect ≈ + 0.72, 
compared to moisture’s total effect of –0.60. Plant 
height had a negative total effect (≈ –0.19), primarily 
through its influence on moisture (indirect ≈ –0.14). 
Direct effects of pH, NO3⁻, NH4

+, and NO2
− on 

HONO and NO were non-significant, and their indi-
rect contributions remained minor compared to the 
dominant impacts of soil temperature and moisture.

In contrast, N2O emissions were controlled 
almost exclusively by soil temperature (β =  + 0.89, 
p < 0.001), with no significant direct effects of mois-
ture, pH, NO3

−, NH4
+, or plant height.

The mediator network was consistent across 
gases: soil moisture declined with rising tempera-
ture (β = –0.54, p < 0.001) and increased with plant 
height (β =  + 0.43, p < 0.001); soil pH decreased with 
plant height (β = –0.41, p < 0.001), NO3

− (β = –0.42, 
p < 0.001), and NH4

+ (β = –0.26, p < 0.05). Mineral 
N coupling was strong (NH4

+  → NO3⁻: β =  + 0.53, 
p < 0.001), and NO2

− increased with soil pH 
(β =  + 0.32, p < 0.01) and NO3

− (β =  + 0.34, p < 0.01) 
however decreased with plant height (β = –0.30, 

Fig. 5   Conceptual frame-
work from piecewise SEM 
showing shared network 
of physical constraints 
and plant induced soil 
chemical shifts for HONO, 
NO, and N2O emissions. 
The solid and dotted lines 
indicate direct and indirect 
effects, respectively and 
yellow and green lines 
represent negative and 
positive effects, respec-
tively. Values on arrows are 
standardized coefficients 
with significance (*** 
p < 0.001; ** p < 0.01; * 
p < 0.05; · p < 0.10). Acro-
nyms are, NO2

−  = nitrite, 
NO3

−  = nitrate, 
NH4

+  = ammonium, and 
soil pH
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p < 0.05). Model explanatory power was highest for 
NO and N2O (R2

m = 0.67) and moderate for HONO 
(R2

m = 0.52).

Discussion

Our study provides the first simultaneous in-situ meas-
urements of HONO, NO, and N2O from Finland, rep-
resenting boreal agricultural soils, and confirms that 
these soils are active sources of all three gases (Fig. 1). 
Importantly, this is the first report of concurrent in-
situ emissions of HONO, NO, and N2O from boreal 
mineral agricultural soils. Previous work has either 
documented all three gases under controlled laboratory 
conditions (Bhattarai et al. 2019, 2018; Maljanen et al. 
2013) or reported concurrent emissions pairing NO 
and N2O only, primarily from organic soils (Koponen 
et  al. 2006; Regina et  al. 1998a, b) and, to a lesser 
extent, from mineral soils (Maljanen et al. 2007).

N2O as the dominant emission, followed by NO and 
HONO

Our study shows that in-situ emissions of N-gases 
are dominated by N2O, followed by NO and HONO 
regardless of crop types (oat vs. barley) and presence 
of vegetation (bare vs. vegetation) (Fig.  1, Tables 
S2—4). This hierarchy of N-gas emissions agrees 
with previous studies on boreal soils that have either 
addressed all three gases on grassland (Bhattarai et al. 
2018), wheat (Bhattarai et  al. 2019) and cultivated 
peat soil (Maljanen et al. 2013) or in pairing NO and 
N2O on peatland forest (Regina et  al. 1998a, ba, b, 
1998a, ba, b) and grassland (Maljanen et  al. 2007) 
except to those of boreal afforested soils that showed 
higher NO than N2O, especially at lower temperatures 
(Koponen et al. 2006). These findings are consistent 
with studies across various crops and climate zones. 
For example, research in subtropical regions reported 
higher NO than HONO emissions under diverse agri-
cultural practices, with emissions strongly influenced 
by precipitation, temperature, and fertilization (Meng 
et  al. 2024; Tang et  al. 2020). Similarly, fertilized 
winter wheat fields showed greater N2O than NO 
emissions, with patterns shaped by soil moisture and 
fertilizer N input (Gao et al. 2018). Long-term meas-
urements in the North China Plain confirmed higher 
NO than HONO emissions from maize and wheat, 

driven by mineral N availability (Song et  al. 2024). 
Overall, these studies suggest that the hierarchy of 
N-gas emissions is largely independent of crop or soil 
type however strongly controlled by environmental 
factors and N cycling processes, particularly mois-
ture regimes, fertilization events, and NO2

− dynamics 
(Cheng et al. 2025; Song et al. 2024).

Negligible effects of treatment on emissions of all 
N‑gases

Total HONO, NO and N2O emissions did not dif-
fer among treatments, despite marginal within-
period fluctuations and higher variability in bare soil 
(Fig.  1). Statistics indicated only temporal effects, 
with no main treatment effect or treatment × time 
interaction, implying that vegetation presence per se 
had little influence during the campaign. The absence 
of strong treatment effects likely reflects the com-
bined influence of short experimental duration, lim-
ited vegetation biomass accumulation, competing 
rhizosphere processes, and overriding physical con-
trols, especially soil temperature and moisture.

We found that air temperature increased steadily 
(0.57  °C Day⁻1) alongside soil temperature (Fig.  1b), 
suggesting temperature-driven processes masked vege-
tation impacts. This overriding effect of temperature is 
consistent with existing knowledge about temperature-
sensitive N transformations masking subtle vegetation 
signals (Firestone and Davidson 1989; Butterbach-
Bahl et al.  2013), which especially valid for vegetation 
that are at their early growth phases like in our study.

Mechanistically, warming accelerates nitrifier 
and denitrifier activity, increases substrate turnover 
(NH4

+ → NO2
−/NO3

− and NO3⁻ → NO/N2O), and 
enhances microbial respiration, collectively elevat-
ing baseline N-gas production (Butterbach-Bahl 
et al.  2013). At the same time, moisture-driven dif-
fusional limits and pH-sensitive NO2

− chemistry 
constrain HONO and NO emissions more than N2O, 
allowing abiotic controls to overshadow short-term 
vegetation effects (Linn and Doran 1984; Oswald 
et  al. 2013; Scharko et  al. 2015). We nevertheless 
observed vegetation contrasts relevant to N cycling. 
Barley, relative to oat, is associated with higher-
molecular-weight exudates and more robust rhizos-
heaths, which strengthen root–soil contact and can 
promote mineralisation and nutrient acquisition (Gal-
loway et  al. 2022; Lu et  al. 2020). In line with this, 
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barley reached greater height (Fig.  2a) and often 
showed higher CO2 emissions (Fig. S2), indicating 
stronger C inputs and microbial stimulation. Yet such 
rhizosphere priming (Kuzyakov 2010, 2002) did not 
translate into direct and discernible HONO, NO, or 
N2O responses, likely because early growth phases 
deliver modest, patchy C exudation and the mono-
tonic warming and near-surface microclimate exerted 
first-order control on net emissions (Davidson 1993; 
Pilegaard 2013). Also, due to short measurement 
period (15-day), plant-driven changes in mineral N 
demand, rhizosphere C supply, and soil microclimate 
may not yet have accumulated sufficiently to produce 
strong treatment-level differences. Although root exu-
dates during early growth can stimulate microbial 
activity and N transformations, this stimulation may 
have been partly offset by plant–microbe competition 
for mineral N, particularly under fertilized conditions. 
These results accord with recent in-situ studies show-
ing that management (fertiliser placement, irrigation, 
tillage) and microclimate explain seasonal HONO, 
NO and N2O budgets better than plant presence alone 
(Song et al.  2024; Meng et al.  2024). This interpre-
tation is further supported by piecewise analysis for 
vegetated soils, which identified physical constraints, 
soil temperature, and moisture as primary regulators 
of emissions rather than vegetation (Fig. 5).

Soil temperature promotes the emissions of all three 
N‑gases

The SEM results demonstrate that HONO, NO and 
N2O emissions during early stages of vegetation 
growth in boreal agricultural soils are primarily con-
trolled by microclimatic factors, particularly tempera-
ture and moisture (see more details below) rather than 
direct influences from mineral N pools and vegetation 
(see more details below).

The strongest positive effect on HONO was from tem-
perature, both directly (+ 0.60) and indirectly (+ 0.19 via 
reduced soil moisture), implying that HONO emissions 
are higher at higher soil temperatures. This supports pre-
vious findings that warmer, drier soils enhance HONO 
release by favouring NO2

− accumulation and abiotic 
release pathways (Bhattarai et  al. 2021; Oswald et  al. 
2013; Song et al. 2024, 2023; Wu et al. 2019, 2019). This 
effect could primarily link with thermal acceleration of 
NO2⁻chemistry, enhanced gas-phase diffusion under 
drier conditions and NO2

− producing microbial process.

An enhanced abiotic desorption and volatilization 
from surface NO2

− reservoirs could be expected as 
thermal energy increases increasing diffusional trans-
port of HONO from near-surface reaction sites to the 
atmosphere (Su et  al. 2011). Additionally, tempera-
ture-accelerated microbial turnover that may refresh 
near-surface NO2

− pools even if bulk NO2⁻does not 
rise to predictive levels, again increasing HONO 
emissions. Although, HONO formation depends on 
the equilibrium between aqueous phase HONO and 
NO2

− (HNO2 ⇌ NO2
−  + H⁺), making it sensitive to 

pH and NO2
− pools, however these chemical factors 

contributed only minor indirect effects compared 
to temperature and moisture constraints. For boreal 
soils, we previously have shown that seed germination 
stimulates NO2

− production (Bhattarai et  al. 2019) 
and that denitrification serves as a major HONO 
source by enhancing NO2

− accumulation (Bhatta-
rai et  al. 2021). Consistent with this, we observed a 
marked increase in soil NO2

− concentrations during 
the germination phase (see peak on day 8, Fig.  2d). 
Although not statistically significant, the mean 
NO2

− levels were slightly higher in vegetated surfaces 
compared to bare soil (0.27 vs. 0.23  µg N gdw−1, 
Fig. 2d), with NO3

− rather than NH4
+ contributing to 

the NO2
− pool in vegetated soils (Fig. 5), an indica-

tion that of active denitrification fuelling HONO pre-
cursor, i.e., the NO2

− pool at our study site. Never-
theless, the absence of detectable direct effects from 
NO3

−, NO2
− or pH on HONO during early growth 

of vegetation suggests that release and transport con-
straints (e.g., thermal desorption, gas-phase diffusion, 
boundary-layer exchange) outweighed substrate sup-
ply constraints. This further aligns with the observed 
network of N transformations where NH4

+ oxidation 
to NO3

− was strong, NO3
− (and NH4

+) lowered pH, 
and pH together with NO3

− increased NO2
− (Fig. 5). 

However, this biogeochemical transformation did not 
translate into a direct effect controlling HONO emis-
sions, implying that the bottleneck for HONO emis-
sion under early growth was not the formation of 
NO2

− per se however the efficiency of transfer from 
reaction sites to the air column, a process that scale 
positively with temperature.

Similarly, strongest positive effect on NO emissions 
was also from temperature, both directly (+ 0.37) and 
indirectly (+ 0.35 via reduced soil moisture), imply-
ing that NO emissions increase with increasing soil 
temperatures. This result agrees with previous both 
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field and laboratory studies from boreal soils show-
ing increased NO emissions with higher soil tem-
perature (Koponen et al. 2006; Maljanen et al. 2007). 
This could primarily link with accelerated nitrifica-
tion (AOB/AOA) and abiotic NO formation from 
NO2

− at warmer soil temperatures (Butterbach-Bahl 
et  al. 2013; Pilegaard 2013). This is also supported 
by significantly higher mean NNR indicating higher 
nitrification in vegetated surfaces compared to bare 
soil (Fig. 2c). Higher soil temperature increases micro-
bial turnover and enzyme kinetics of soil nitrifiers 
(e.g., ammonia monooxygenase) and denitrifiers and 
can enhance chemo-denitrification of NO2

−, elevat-
ing near-surface NO production and diffusional escape 
(Butterbach-Bahl et al. 2013; Pilegaard 2013) similar 
to HONO (Bhattarai et al. 2019, 2018; Maljanen et al. 
2013; Oswald et al. 2013; Song et al. 2024; Su et al. 
2011; Wu et al. 2019).

In contrast, N2O emissions were exclusively tem-
perature-driven (Fig. 5), with no significant direct or 
indirect effects of moisture, and vegetation induced 
shift to soil pH, and mineral N pools. These findings 
are consistent with earlier work in boreal ecosystems 
showing that N2O emissions often increase with ris-
ing soil temperature (Buckeridge et al. 2020) although 
studies reporting no clear temperature dependence 
also exist (Maljanen et  al. 2007), indicating that the 
strength of this relationship may vary across sites 
and conditions. Nevertheless, our N2O results sug-
gests that during early growth phase of vegetation in 
boreal soils, kinetic acceleration of nitrification and/
or denitrification steps dominates N2O production 
(Butterbach-Bahl et al.  2013), while moisture and 
substrate availability are not limiting. This interpreta-
tion is consistent with findings from our recent work, 
in which we identified a potential link between nitri-
fication activity and N2O emissions at the same site 
(Bhattarai et al. 2025). This sole and direct effect of 
temperature on N2O emission is justified as we found 
no supported indirect pathways and no direct effects 
from mineral N or pH on N2O.

Soil moisture reduces HONO and NO emissions 
whereas it exerts minimal effect on N2O

Moisture exerted a negative effect (≈ –0.35, Fig.  5) 
on HONO fluxes indicating drier conditions favoured 
higher HONO release. Although soil moisture cova-
ried with soil temperature, the SEM identified a 

direct negative moisture effect independent of the 
temperature pathway, consistent with surface dryness 
and diffusional access acting as key controls. This 
result agrees with previous studies showing lower 
HONO emissions at higher moisture (Cheng et  al. 
2025; Oswald et al. 2013; Song et al. 2023; Wu et al. 
2019). We attribute this mainly to the diffusion bar-
rier created by soil moisture. Under wet conditions, 
HONO emissions are reduced because more HONO 
dissolves in water, is re-adsorbed or consumed, and 
its movement through the soil slows down, making it 
harder for HONO to escape. Additionally, at higher 
soil moisture slow nitrification processes could be 
expected (Wu et al. 2019) which could further lower 
the HONO emissions. Some studies have reported 
HONO peaks at high soil moisture, driven either by 
microbial NO3

− reduction to NO2
− (Wu et al. 2019) 

or fertilizer-induced NO2
− accumulation (Wang et al. 

2021). In contrast, our results suggest a nitrification-
dominated HONO and NO regime at our study site, 
although both nitrification and denitrification likely 
contributed to the overall HONO precursor, i.e., 
NO2

− pool (Bhattarai et al.  2021). In addition to 
direct moisture effect, we also found that vegetation 
growth (plant height) indirectly suppressed HONO 
emissions (–0.19, Fig.  5) by increasing soil mois-
ture. This points to a vegetation-mediated hydrologi-
cal control during their early growth phase, likely 
driven by canopy shading, moderation of the soil-
surface microclimate, reduced evaporative demand, 
and potential root-driven redistribution of water in the 
surface soil layers. In addition, young vegetation with 
relatively low evapotranspiration demand may have 
contributed to higher surface soil moisture retention, 
thereby slowing the HONO emission rates. Although 
NO3

−, NO2
−, and pH were interlinked, NO3

− and 
pH jointly accelerates NO2

− production, and NH4
+ 

strongly favoured NO3
− production, their direct 

effects on HONO were weak. This indicates that 
while mineral-N dynamics shape reactive N interme-
diates, they do not translate into HONO unless paired 
with conducive micro-environmental conditions. This 
agrees with the findings by Song et  al. (2023), who 
highlighted soil water regimes and meteorology as 
key drivers of HONO emissions in managed fields.

A similar negative effect was also seen for NO 
emissions, however more strongly (≈ –0.60, Fig.  5) 
than HONO, emphasizing the dominant role of 
soil moisture in governing NO production and 
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consumption and its transport than HONO and 
agrees with previous research that have reported con-
current measurements of HONO and NO (Cheng 
et al.  2025). The influence of soil moisture on NO 
emissions is further corroborated by daily flux meas-
urements during rainfall events, where both episodes 
exhibited a markedly stronger decline in NO emis-
sions compared to HONO (Fig.  1a  and Fig.  3). We 
infer this finding mainly with the effect of moisture 
on soil porosity as well as underlying oxic N-cycling 
process. It is well known that high soil moisture (e.g., 
water filled pore space, WFPS) reduces the extent of 
gas-filled porosity limiting the gaseous escape and 
inhibiting aerobic NO producing nitrification process 
(Pilegaard 2013). Further, high soil moisture can limit 
NO emission reducing it to N2O or N2 in denitrifica-
tion (Davidson 1993; Pilegaard 2013). Our observa-
tion of NO-moisture relationship agrees with previous 
report from a boreal pasture soil that shows a higher 
NO emission with lower soil moisture (Maljanen 
et al. 2007) and a study by (Syväsalo et al. 2004) who 
highlights soil moisture (e.g., WFPS) as key predictor 
of reactive N-gas fluxes in boreal soils.

Based on SEM, soil moisture did not directly predict 
N2O during early growth phase of vegetation at least 
for the duration of our study although it is well known 
that moisture promotes N2O emissions via denitrifica-
tion and nitrifier-denitrification, particularly where 
roots sustain carbon supply and create redox heteroge-
neity (Butterbach-Bahl et al.  2013). However, no con-
siderable effect of moisture reflects few possibilities. 
A limited moisture range (average; 0.14 − 0.30 g H2O 
gdw

−1; Fig.  2, corresponding to 26 − 56% WFPS) dur-
ing our study period, a short experimental duration, or 
micro-scale heterogeneity that kept denitrification sub-
strates/electron acceptors below a threshold for a mois-
ture effect to emerge. This is also further supported by a 
contrasting pattern of emission change during two pre-
cipitation events (Fig. 3) followed by varying strength 
of N2O emissions between treatments (oat and barley 
vs. bare, Fig. 1a) after second precipitation, indicating 
in inconsistent moisture effect on N2O emissions as 
vegetation grows. To reveal moisture or substrate con-
trols, we suggest future studies to consider a longer time 
series with broader moisture variability (e.g., wetting/
drying events) and functional gene profiling (nirK/nirS, 
nosZ) which could clarify whether electron acceptor 
limitation or N2O reduction capacity (Hallin et al. 2018) 
modulates emissions under boreal conditions.

Early vegetation growth mediates soil chemistry 
more than direct impacts on gaseous emissions

At our study site, early vegetation growth phases 
appeared to drive rhizosphere processes, such as 
root exudate supply, proton release/uptake, and oxy-
gen drawdown that shifted pH and NO2

− availabil-
ity more than they directly altered gas fluxes (Fig. 5). 
As plants developed, these changes likely modulated 
nitrification vs. denitrification kinetics and the aque-
ous–gas partitioning of HONO, yielding predictable 
shifts in the HONO and NO balance relative to N2O 
for the period of our study. First, soil pH strongly influ-
ences NO2

− speciation. At higher pH, NO2
− is favoured 

over HONO, stabilizing NO2
− in solution and increas-

ing the potential substrate for HONO and NO when 
soils dry, whereas lower pH promotes protonation, 
leading to HONO and NO formation and loss (Donald-
son et al. 2014; Su et al. 2011). Second, plant N uptake 
can drive rhizosphere alkalinization with NO3

− uptake 
or acidification with NH4

+ uptake, thereby steering 
both nitrifier communities (AOB/AOA) and NO2

− sta-
bility (Pilegaard 2013; Prosser and Nicol 2008). Third, 
growth-related changes in root exudation and oxygen 
release reshape micro-redox mosaics, influencing 
the balance between nitrification, denitrification, and 
nitrifier-denitrification. Laboratory work shows that 
NO2

− accumulation strongly stimulates HONO and 
NOₓ (10–29% of added NO2

− converted to HONO) 
and that the relative contribution of AOB/comammox 
versus AOA is pH- and soil-specific (Su et  al. 2011; 
Bhattarai et al. 2021; Song et al.  2023).

Our findings indicate that N-gas emissions dur-
ing early crop growth are more closely associated 
with vegetation-induced changes in soil chemistry 
than with direct vegetation involvement, at least over 
the study period. Increasing plant height was associ-
ated with reductions in pH and NO2

− concentrations 
(Fig.  5), suggesting that shifts opposing acid–base 
equilibrium may limit HONO precursors and conse-
quently suppress HONO emissions. The absence of 
significant direct effects of pH, NO2

−, and NO3⁻ on 
HONO implies that, under relatively stable redox and 
pH conditions typical of early growth stages, abiotic 
processes such as NO2

− protonation and HONO vola-
tilization are less influenced by N-pool concentra-
tions than by soil moisture and temperature dynamics 
(Wu et al. 2019). This interpretation is supported by 
a marginally significant negative effect of vegetation 
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on HONO emissions. Additionally, the potential for 
HONO uptake by vegetative surfaces (e.g., leaves and 
branches) (Schimang et al. 2006; Sörgel et al. 2015) 
should be considered in future studies, as it may fur-
ther contribute to observed emission patterns.

Our results for NO point to a transport-dominated 
regime rather than strong direct regulation by soil 
chemistry. The modest negative effect of plant height 
in the SEM is consistent with vegetation-mediated 
microclimatic and hydrologic influences, such as early 
canopy shading and altered evaporative demand that 
elevate near-surface moisture and thereby dampen 
NO fluxes (Malique et al. 2019; Pilegaard 2013). For 
N2O, a similar interpretation is plausible if conditions 
favoured nitrifier pathways and/or complete denitrifica-
tion to N2 via nosZ-carrying organisms, limiting N2O 
accumulation even as NO2

− and NO3
− varied (But-

terbach-Bahl et  al. 2013; Hallin et al. 2018; Venterea 
and Rolston 2000). The absence of a direct vegetation 
effect on N2O despite vegetation influences on mois-
ture and pH supports the view that microclimate (par-
ticularly temperature) was the immediate constraint 
on N2O emissions during early crop stages, whereas 
soil–vegetation interactions primarily shaped NOₓ/pH 
dynamics.

Interestingly, we observed significantly lower NO 
emissions (p < 0.05) in vegetated soils compared to 
bare soils (Fig. 1d), accompanied by a notably higher 
net nitrification rates (NNR; p < 0.001, Fig.  2c). This 
apparent mismatch suggests complex interactions 
between NO production and consumption pathways, 
influenced by soil moisture and plant-derived carbon. 
While a higher NNR implies active nitrification and 
potentially producing higher NO, yet denitrifiers in the 
same microsites may consume nitrifier-generated NO 
(NO → N2O → N2) (Medinets et  al. 2015), reducing 
NO emissions to the atmosphere. Consequently, even 
with active nitrification, NO emissions may remain 
low due to intensified denitrification, especially during 
early vegetation growth, when soil microsites gradu-
ally shift between oxic and anoxic environment before 
strong effect of vegetation can emerge. Furthermore, 
vegetation can directly uptake NO2 (and thus indirectly 
affect NO dynamics) via stomatal exchange (Chaparro-
Suarez et al. 2011; Delaria et al. 2020). These mecha-
nisms likely converge to produce both lower NO emis-
sions and higher NNR under vegetation.

Collectively, the limited direct influence of individ-
ual soil variables underscores the need for integrated 

emission frameworks that consider all N-gases together 
and explicitly separate climate from substrate controls 
to clarify mechanistic pathways and improve process-
based estimates. Future research should adopt this 
holistic approach while also examining both below-
ground and aboveground mechanisms, including plant-
mediated N-gas uptake through stomata and micro-
scale interactions between nitrifiers and denitrifiers in 
boreal agricultural soils.

Limitations of the study

While we provided first simultaneous in-situ emissions 
and causal insights into HONO, NO, and N2O emis-
sions during early growth phase of crops, our study 
has limitations. Our inference reflects an early growth 
window (0–15  days after sowing) at early period of 
growing season (early June) with a limited moisture 
range and potential microsite heterogeneity, which 
likely constrained the expression of substrate-driven 
controls. Focusing on the very early crop growth stage 
(0–15  days) restricts our ability to generalize findings 
across the full crop life cycle, during which plant devel-
opment can markedly influence soil C and N dynam-
ics and, consequently, gas fluxes. In addition, our study 
evaluates N-gas emissions primarily under growing-
season conditions and does not account for boreal sea-
sonal dynamics. Long non-growing periods, frost, and 
freeze–thaw cycles are known to strongly regulate N 
cycling and gaseous losses in these systems. Moreo-
ver, our study examined N-gas dynamics primarily as 
a function of vegetation-driven changes in soil proper-
ties, which limits understanding, especially of HONO 
because above-canopy and surface-atmosphere chemis-
try (e.g., NO2 → HONO conversion) can also contribute 
considerably (Meng et al. 2024; Stemmler et al. 2006).

Directions for future research

Future research should extend measurements across the 
full crop life cycle to capture how emissions vary with 
plant development and associated shifts in soil C and N 
dynamics. Such studies will improve our understanding 
about whether root-exudate-driven microbial stimula-
tion eventually exceeds plant–microbe competition for 
mineral N and leads to stronger vegetation effects on 
N-gas emissions. Year-round monitoring is also essen-
tial in boreal agroecosystems to quantify cumulative 
emissions and identify critical periods, especially during 
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freeze–thaw transitions and non-growing seasons, which 
remain poorly characterized for HONO and NO relative 
to N2O (Koponen et al. 2006).

To strengthen mechanistic understanding, future 
studies should integrate gas flux measurements with 
microbial functional markers (e.g., amoA, nirK/nirS, 
norB, nosZ) and explicitly link emissions to nitrogen 
transformation pathways. Incorporating vegetation-
mediated carbon inputs, particularly root exudates 
and labile carbon supply, together with pore-water 
NO2

−/HNO2 speciation, will be especially impor-
tant for resolving HONO production mechanisms 
(Su et al.  2011; Song et al. 2023). Given the vary-
ing strengths of temperature and moisture sensitivities 
of HONO and NO versus N2O, studies should also 
explore these relationships across varying N levels and 
soil types in boreal agroecosystem. Long-term, multi-
season experiments that incorporate these factors will 
be essential for improving mechanistic understanding 
and enhancing predictive models of N-gas emissions 
and supporting sustainable agricultural practices under 
changing climate and management scenarios.

Conclusions

This study provides the first simultaneous in-situ evi-
dence that boreal agricultural soils emit HONO, NO, and 
N2O during the early crop growth phase. Emissions fol-
lowed a consistent hierarchy, with N2O dominating over 
NO and HONO, highlighting the importance of boreal 
agricultural soils as sources of both climate-relevant and 
atmospherically reactive N-gases. Across the measured 
gases, soil temperature emerged as the strongest posi-
tive driver, whereas soil moisture suppressed HONO 
and NO emissions however had limited direct influence 
on N2O within the observed moisture range. Early veg-
etation growth influenced emissions mainly indirectly 
by modifying soil moisture, pH, and mineral N pools, 
rather than through strong direct effects on N-gas fluxes. 
These results show that, during early crop establishment, 
physical controls, particularly warming, drying, and gas 
transport constraints outweigh bulk chemical controls 
in regulating reactive N-gas emissions. These insights 
suggest that management practices aimed at buffering 
warm–dry soil conditions could help mitigate reactive 
N-gas losses from boreal agricultural soils. In particular, 
irrigation should be scheduled to avoid high-tempera-
ture and dry afternoon periods, when HONO and NO 

emissions are likely to peak, and should instead be timed 
to maintain moderate soil moisture during critical warm 
periods. Longer-term measurements across full crop 
phenology, combined with microbial functional gene 
analyses, are needed to determine when substrate-driven 
and microbial controls become dominant.
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