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Abstract: The denitrification rate in C2H2-amended intact soil cores and soil N2O fluxes in closed
static chambers were monitored in a Mediterranean irrigated maize-cropped field. The measurements
were carried out during: (i) a standard fertilization management (SFM) activity and (ii) a manipulation
experimental (ME) test on the effects of increased and reduced application rates of urea at the late
fertilization. In the course of the SFM, the irrigations following early and late nitrogen fertilization
led to pulses of denitrification rates (up to 1300 µg N2O-N m−2 h−1) and N2O fluxes (up to
320 µg N2O-N m−2 h−1), thanks to the combined action of high soil temperatures and not limiting
nitrates and water filled pore space (WFPS). During the ME, high soil nitrates were noted in all
the treatments in the first one month after the late fertilization, which promoted marked N-losses
by microbial denitrification (from 500 to 1800 µg N2O-N m−2 h−1) every time the soil WFPS was
not limiting. At similar maize yield responses to fertilizer treatments, this result suggested no
competition for N between plant roots and soil microbial community and indicated a probable surplus
of nitrogen fertilizer input at the investigated farm. Correlation and regression analyses (CRA) on the
whole set of data showed significant relations between both the denitrification rates and the N2O
fluxes with three soil physical-chemical parameters: nitrate concentration, WFPS and temperature.
Specifically, the response functions of denitrification rate to soil nitrates, WFPS and temperature
could be satisfactorily modelled according to simple Michaelis-Menten kinetic, exponential and linear
functions, respectively. Furthermore, the CRA demonstrated a significant exponential relationship
between N2O fluxes and denitrification and simple empirical functions to predict N2O emissions
from the denitrification rate appeared more fitting (higher concordance correlation coefficient) than
the predictive empirical algorithm based on soil nitrates, WFPS and temperature. In this regard,
the empirically established relationships between the denitrification rate on intact soil cores under
field conditions and the soil variables provided local-specific threshold values and coefficients which
may effectively work to calibrate and adapt existing N2O process-based simulation models to the
local pedo-climatic conditions.

Keywords: denitrification rate; nitrous oxide; N2O simulation models; mediterranean climate;
Mollisols

1. Introduction

Agricultural soils contribute to about 60% of the global anthropogenic N2O emission, mainly due
to the increased input of N fertilizers [1]. It represents a relevant issue, since N2O is a potent greenhouse
gas (GHG) accounting for about 6% of the overall global radiative forces [1], also significantly
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contributing to the depletion of stratospheric ozone [2]. Estimating N2O emission from cropped
soils is therefore essential for determining the carbon footprint of agricultural supply chains and
for devising strategies to mitigate the impact of agriculture on global warming. The issue remains
challenging, especially at the within-field scale. N2O emissions show high variability in space and time
due to the complex interaction of several environmental and management factors, such as site specific
pedo-climatic conditions, crop type, irrigation systems and type, amount and timing of fertilizers
supply, which drive microbial processes and gas diffusivity in soils [3–7].

Despite the relevance of the agricultural sector to the overall economy and sustainable development
of the Mediterranean area, the topic of N2O emissions from Mediterranean cropped soils (both as
process and inventory studies) did not receive the same level of attention as N2O fluxes in temperate
agricultural areas. Only recent reviews have focused on a systematic analysis of N2O emissions from
Mediterranean cropping systems [8–10]. These studies have highlighted an average overall emission
factor EF (kg of on-site emitted N2O-N per kg of fertilizer N applied) for Mediterranean agriculture
(about 0.5%) substantially lower than the default value (1%) of the Intergovernmental Panel on Climate
Change (IPCC) [11] usually applied to inventory N2O emissions from fertilizer application. However,
the specific water and fertilizer management significantly affected the pattern of N2O fluxes [9,10].
In this regard, intensive spring-summer crops, such as maize, resulted in more marked cumulative
fluxes (close to the IPCC EF), due to the high N fertilization rate and water input (mainly through
sprinkler irrigation systems) at high soil temperatures [10]. Due to the Mediterranean summer drought,
the water input through irrigation (with its linked effect on soil WFPS) was highlighted as a key
controlling factor of bacterial processes responsible for N2O evolution, leading to pulsed fluxes and
also tuning the effect of different fertilizers strategies [9,10].

Denitrification represents a significant source of nitrous oxide emission from soils [3,4,7,12] and it
is often considered a cause of the low N use efficiency in agriculture, since it can interfere in soil-plant
relationships, competing for mineral N sources and leading to N loss from the system both as N2O
and N2 [13]. It plays a key role in the pathway of N2O evolution especially in fine textured soils,
characterized by high colloids content and water retention capacity affecting soil aeration and promoting
favourable anaerobic conditions for denitrifying activity [3,4,12,14,15]. Indeed, the denitrification
in soils results from the interaction of several parameters, among them the soil temperature, pH,
nitrate, carbon substrate availability and soil water content [4,16]. It is characterized by high values
of spatial variability, since it is usually confined to hotspots (i.e., soil aggregates characterised by
anoxic microsites, high nitrate availability and organic carbon content) which are not homogeneously
distributed along the soil profile [7,17,18].

As per N2O fluxes, several studies have been carried out to investigate denitrifying activity pattern
and its end-products under temperate climate in response to irrigation and both mineral N fertilizers
and organic amendments; otherwise, less extensive research has been executed in Mediterranean
spring-summer crops [19–23]. In these systems, denitrification can be promoted by the combined
enhancement of irrigation and high soil temperatures [21,22]. This especially applies to the widespread
zootechnical farms, where the use of the livestock slurry (in addition to mineral fertilization) can
promote the denitrifying activities, due to the easily degradable organic C supplied and the potential
surplus of N with respect to the crop requirements [21,22,24]. The understanding of the denitrification
dynamic in response to the driving soil parameters is a crucial step to achieve robust and reliable
estimates of bacterial denitrification and soil N2O fluxes through modeling approaches [12].

In order to avoid the emission measurements in the field, a great number of models have been
developed to simulate agricultural ecosystem carbon and nitrogen biochemical cycle and the response
of soil N2O emissions to different agricultural managements of cropped land, combining aspects of
mechanistic and empirical approaches [4–6,12,16]. The empirical models require minimal input data
and derive emissions estimates from the direct measurement of driving soil parameters such as soil
temperature, WFPS and mineral N availability [25,26]. They can effectively reflect peculiarities of the
investigated local scale; conversely, they might be so specific to be not applicable to different systems [16].
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The process models are quite complex, deal with huge sets of input data and calculate N2O fluxes from
their response to the pattern of relevant soil parameters and bacterial activities, in their turn derived
from mathematical functions based on chemical-physical laws [27–34]. This process-knowledge based
approach can be more reliable for the quantitative estimation of N2O emissions at field scale and the
development of N2O mitigation measures, but might require a parameterisation through numerical
fitting to match specific pedo-climatic conditions, adding elements of empiricism [5,6,16,30,34,35].

The agro-ecological process-models take into account N2O emissions by microorganisms through
specific process-based denitrification and nitrification sub-models, such as the NOE [31] and the
NGAS [27,28] models using potential process rates then tuned by key soil drivers. The denitrification
process in these models is calculated through similar rate-controlling variables, as a function of soil water
content, temperature, pH and concentrations of relevant substrates (e.g., labile carbon, ammonium,
nitrate, and so forth) [6,12,36,37]. Specifically, the denitrification rates in most simplified process-models
are based on potential denitrification (i.e., the capacity of soil microorganisms to reduce nitrates under
non-limiting conditions) weighted by a product of reduction functions taking into account the effect of
environmental soil conditions such as water content and degree of saturation (as a complementary
for oxygen diffusion), nitrate concentration, temperature and pH [6,12,36–38]. In this regard, there is
a general consensus about the mathematical rationale behind the simplified process models for
denitrification, with Michaelis-Menten kinetics, non-linear (exponential, power and sigmoidal)
functions and Arrhenius-type exponential equations usually applied to tune the denitrification rate in
response to soil nitrate availability, water content and temperature, respectively [6,7,36,38]. However,
there is no consensus about the specific algorithms for reduction functions. They are empirically
derived through regression analyses between denitrifying activity and soil driving variables from
different site-specific study and therefore can greatly differ among the models [35,36,38]. In this regard,
each simplified process model can effectively work only provided that the parameters are calibrated
for the local soil environmental conditions [7,34–36,38]. This especially applies to the water content
reduction function and the eventual threshold value for the degree of saturation (the critical WFPS
below which it is assumed no denitrification occurs) affecting in a more sensitive way the simulation
models and which therefore need to be determined through a great accuracy [7,12,35,36,38]. On this
matter, the denitrification rate in soils under field conditions, without nutrients amendment, has been
highlighted as an effective parameter to calibrate simplified denitrification models usually run as
subroutines in process simulation models for N2O emissions [35].

In the lack of a comprehensive characterisation of soil N2O fluxes from Mediterranean croplands
and of an exhaustive understanding of the driving microbial dynamic in response to the changing soil
physical-chemical variables, the objective of the present process study was to investigate the pattern of
the denitrification rate and the soil field N2O fluxes in an irrigated fine-textured maize-cropped soil in
Campania Region (Southern Italy), where maize silage represents the main forage for the widespread
buffalo livestock farms for “mozzarella” cheese production. To this end:

• the denitrification rate in C2H2- amended intact soil cores incubated under field conditions and
the soil field N2O fluxes by static closed chambers were monitored under the standard fertilization
management (SFM) of the farm and during a manipulation experiment (ME) testing the effects of
higher and lower application rates of urea at the late fertilization against the standard scheduling.
Set of ancillary soil variables were analysed on each sampling date as well. In this regard the
present study aimed at exploring the temporal pattern of denitrifying activity and N2O evolution
as a function of the changes of soil environmental conditions driven by the fertilization and the
irrigation agronomic practices;

• the whole dataset, coming from the SFM and the manipulation experimental (ME) monitoring
activities, was analysed to test potential correlations and regressions functions between the
denitrification rate, the N2O fluxes and the soil parameters. Specifically, the authors hypothesized
that the study could establish for both the denitrification rate on intact soil cores and the field
N2O fluxes: (i) correlations and empirical regression functions with each one of the driving
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soil variables showing significant variations in time, with local-specific threshold values and
coefficients for key soil parameters such as water content and nitrate availability; (ii) simple
predictive combined multiplicative models, based on the empirically established relationships
between variables, accounting for the main effect of each factor. Moreover, considering the fine
texture of soil at the experimental site, the authors also hypothesized a correlation between the
field N2O fluxes and the denitrifying activity, proving denitrification rate on intact soil cores as
a good predictor parameter for N2O fluxes. In this regard, the current study aimed at pointing
out empirically derived regression functions which could effectively work to further implement
site-specific N2O empirical models and/or to calibrate existing N2O process-based simulation
models to the local pedo-climatic conditions.

2. Materials and Methods

2.1. Study Site

The experimental field is part of a zootechnical farm located in the middle of the Sele River Plain
in Campania Region, Southern Italy (Eboli), latitude 40◦t31’25.5”, longitude 14◦57’26.8”, 15 m·a.s.l.
The farm kindly hosts research activities of the “Federico II” University of Naples and belongs
to the station networks of the CarboEurope-IP and NitroEurope-IP European projects. Climate is
Mediterranean, characterized by dry summer and cold rainy winter. According to data collected
from 1975 to 2005 by a nearby meteorological station (Bellizzi, mean altitude 15 m·a.s.l.), annual
mean temperature is 15.5 ◦C and annual rainfall is 908 mm [39]. The FAO soil classification is Calcic
Kastanozem Skeletic (WRB 2006) [26]. The soil parent material is calcium carbonate and has alluvial
origin, deriving from the nearby Sele River. The soil presents a clay texture: clay 52%, silt 28%,
sand 20%. In the top soil (0–15 cm), pH was on average subalkaline (7.5), according to the high presence
of carbonates, with values closer to neutrality on sampling dates after irrigation events. Average
organic matter was 2.5% (without significant variations in time during the monitoring activities);
bulk density was 1.2 g cm−3; FC was 0.391 g water per g dry soil and WFPS at FC was 85.9%.

2.2. Field Management

The farm extends on about 50 hectares and produces mainly dairy products from on-farm produced
milk by about 400 adult buffaloes. Relating to the nutrients cycle, it features as a semi-closed system.
Most of the agricultural fields are tilled to grow fodder plants (corn, alfalfa or winter grass crops such
as Lolium italicum) for fresh animal consumption or silage. The buffalo dejections from paddocks are
stored in ponds and the manure and the slurry sewage are used as main source of nutrients for crops
needs. Anyway, besides manuring, additional mineral and/or organic chemical fertilizers are spread
also. Soil tillage schemes are conventional and herbicides are spread soon after sowing to control
weeds during row crops. A centre pivot irrigation system is used to supply crops with water during
the spring-summer period. Information about the tillage, sowing, fertilization, irrigation and harvest
practices planned and performed by the farmer in the field during this study are listed in Table 1.
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Table 1. The main agronomic practices and output of the Zea mays L. cultivations in 2005 and 2006.

2005 2006

Preceding crop Lolium italicum L., supplied with
250 kg ha−1 NPK 11-22-16 Hydro
at the sowing time

Mixed crop of Lolium italicum L. and
Trifolium alexandrinum L., supplied with
250 kg ha−1 NPK 11-22-16 Hydro at the
sowing time

Soil management Ploughing Ploughing
Buffalo slurry sewage spreading 4 L m−2 (early September) 20 L m−2 (early September)
Sowing date 17 May 2005 12 June 2006
Sowing fertilization 200 kg ha−1ENTEC® 25+15 (NP

fertilizer with 3,4 DMPP
nitrification inhibitor)

250 kg ha−1ENTEC® 25+15(NP
fertilizer with 3,4 DMPP nitrification
inhibitor)

Late fertilization 26 days after maize sprouting;
500 kg ha−1 ENTEC®46 (urea
fertilizer with 3,4 DMPP
nitrification inhibitor) a

30 days after maize sprouting; 200 kg
ha−1 ENTEC® 46 (urea fertilizer) +
200 kg ha−1 urea 46%

Mowing 24 August 2005 28 September 2006
Above-ground biomass b 22.5 ± 1.1 (t ha−1) c 23 ± 1.2 (t ha−1)

a At the late fertilization, N+ and N- plots in the manipulation experiment were supplied with 300 kg ha−1 and
700 kg ha−1 urea COMPO-ENTEC 46 (with 3,4 DMPP nitrification inhibitor), respectively. b Mean values and
standard error of the mean from four replicates. c Crop yield in N+ and N− treatments did not differ significantly
from the control plots under standard fertilization management.

2.3. Experimental Set-Up

2.3.1. Monitoring Activities during the Standard Fertilization Management (SFM)

The measurements of the denitrification rate in intact soil cores and the field N2O fluxes were
performed: (i) throughout the growing period of the maize crop in 2005 (from corn sowing to mowing)
and (ii) starting from the late fertilization onward, during the maize growing season in 2006. In 2005,
the intact soil cores for denitrification assessment (12 replicates) were collected close to the cover box
collars (8 replicates) permanently placed in the field. On each sampling date, additional separate cores
(8 replicates) were collected close to the collars to determine soil pH, gravimetric water content, WFPS,
organic matter and nitrate concentration. In 2006, the experimental set-up was changed to further
investigate the spatial variability of the denitrification and the N2O fluxes from soil in relation to the
spatial variability of the driving soil parameter, such as nitrate and WFPS. To this end, the intact soil
cores to assess denitrification (4 replicates) were sampled from the soil surface inside the cover box
collars placed in the field on each sampling date (4 replicates). Part of the undisturbed soil cores was
then gently removed by a sharp knife for soil physical-chemical characterisation before starting the
denitrification measurement. At that time, also soil ammonium concentration was determined.

2.3.2. Monitoring Activities during the Manipulation Experiment (ME)

In the course of the Zea mays L. growth in 2005, in a marginal area of the agricultural field,
6 restricted experimental plots (3 m × 5 m) were subject to a different urea supply at the late fertilization
time (post-emergence), in the framework of integrated research activities aimed to investigate the plant
nitrogen metabolism and the efficiency use under different N fertilizer’s schemes. Specifically, 3 plots
received a lower urea-N fertilization (N−: 138 kg N ha−1 by 300 kg ha−1 ENTEC® 46) and 3 plots
received a higher urea-N fertilization (N+: 322 kg N ha−1 by 700 kg ha−1 ENTEC® 46) than the rest
of the field under standard fertilization management (C: 230 kg N ha−1 by 500 kg ha−1 ENTEC® 46)
(footnote a, in Table 1).

The measurements of denitrification and soil N2O fluxes were carried out at different stages of
maize growth: 35 days (29 June 2005, at the beginning of stem extension, soon after the late fertilization),
50 days (20 July 2005, at the beginning of flowering) and 68 days (28 July 2005, at the beginning of
ripening). Moreover, only for N2O emission, a further sampling was carried out at the very end of the
growing period (93 days, mealy ripe), soon before the mowing. On each sampling date, in the same plot
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for each treatment, intact soil cores were sampled close to the coverbox collars (4 replicates) to assess
denitrification rate, pH, soil moisture, nitrate concentration and organic matter content (4 replicates for
both denitrification and soil physical-chemical characterisation).

In the same experimental plots, in the course of the maize growth, measurements of plant maximal
PS2 photochemical efficiency and both soluble protein and total leaf free-amino acid content [40] were
carried out as well. The maximal PS2 photochemical efficiency is widely used as an indicator of plant
health under a wide range of environmental conditions. It is the ratio Fv/Fm of the variable chlorophyll
fluorescence (Fv) and the maximal fluorescence level (Fm), giving the potential quantum efficiency of
the leaf [41]. The soluble proteins are markers of the leaf N status, while the total leaf free-amino acid
content reflects the whole-plant N status [42].

2.3.3. Correlation and Regression Analyses CRA

The correlation and regression analyses were performed using all the data collected during the
monitoring activities in the SFM and ME, processing the mean values of each parameter on each
sampling date. Since the soil NO3

− concentration and WFPS can be limiting to a different extent and at
different times in the field, the whole set of data was divided into more restricted homogeneous groups
with similar soil physical-chemical characteristics, in order to better isolate the response functions
of denitrification and N2O fluxes on each soil parameter. Soil nitrate concentration, WFPS and
temperature were the driving variables taken into account, since no significant variations in time were
observed for soil pH and organic matter content. Also, the relationship between N2O fluxes and soil
NH4

+ concentration was omitted in this section, since few data were available only for the maize
growth in 2006. The CRA was performed according to the steps outlined below (details for statistical
analyses provided in Section 2.7).

• A correlation analysis was firstly performed to investigate the relationship between the
denitrification rate, the N2O fluxes and the soil driving parameters, also to determine specific
threshold values of soil variables for denitrifying activity and N2O evolution from soil;

• A regression analysis was secondly carried out to empirically derive: (i) specific response functions
of both the denitrification rate and the N2O fluxes to soil nitrate (f(NO3

−)), WFPS (g(WFPS)) and
temperature (h(Tsoil)); (ii) a specific regression function between the soil N2O emissions and the
denitrification rate (h(Denitrification rate));

• Afterwards, simple predictive equation were designed on the basis of the empirically derived
regression functions:
(1) a simple multiplicative model to simulate the denitrifying activity as a function of the three
driving soil parameters:

Denitrification ratepredicted = k f(NO3
−)* g(WFPS)* h(T soil) (1)

where
k = correction factor derived as the direction coefficient of the linear regression
r’ = k*Denitrification ratemeasured, with r’ = f(NO3

−)* g(WFPS)* h(Tsoil)
(2) a simple multiplicative model to simulate the soil N2O fluxes as a function of the three driving
soil parameters:

N2O fluxes predicted = k f(NO3
−)* g(WFPS)* h(Tsoil) (2)

where
k = correction factor derived as the direction coefficient of the linear regression f’ = k N2O fluxes
measured, with f’ = f(NO3

−)* g(WFPS)* h(Tsoil)
(3) a simple predictive equation of the soil N2O fluxes as a function of the measured denitrification
rates:

N2O fluxespredicted = h(Denitrification ratemeasured) (3)
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(4) a simple predictive equation of the soil N2O fluxes as a function of the simulated denitrification
rates (i.e., in response to the predicted values of denitrification rate from soil parameters through
equation (1)):

N2O fluxes predicted = h(Denitrification ratepredicted) (4)

• Finally, the predicted values were plotted against the averaged experimental estimates from each
sampling campaign to test deterministically the simple multiplicative models for simulating the
denitrification and the flux pattern. At this stage the measured soil nitrate concentration, WFPS and
temperature (as averaged values from each sampling date) were used as input parameters for
predicting the average values of the denitrification rate and the N2O soil fluxes recorded on each
campaign date. The agreement between simulated and measured variables was tested through
the coefficient of determination between observations and simulations (R2), whilst the concordant
correlation coefficient (CCC) was used to evaluate the different performances of the empirically
derived simple prediction functions of soil N2O fluxes from soil ancillary parameters (2) and
denitrification rate (3)(4).

2.4. Sampling and Processing Intact Soil Cores for Denitrification Rate

The denitrification rate was determined through the Acetylene Inhibition Technique (AIT) on intact
soil cores, without modifying soil physical-chemical characteristics and avoiding disturbance of oxygen
gradient [43–46]. It represents a simple and cheap method to assess the denitrification activity on a great
number of field replicates without altering the soil structure and the nutrient concentration, with the
aim to monitor the pattern of denitrification rates occurring in the field in response to agronomic
practices. However, the authors are aware the AIT is becoming increasingly criticized due to the risk
of underestimation of the denitrification rates, affecting the reliable assessment of total field N losses
by denitrification, due to the potential inhibition effect of C2H2 on NO3

− production via nitrification,
the possible slow diffusion of C2H2 into fine textured soils and rapid decomposition of C2H2 [44,47–49].
Nonetheless, beyond this limitation of the method, the AIT has been effectively and widely used and
recommended (also in recent pertinent literature) to compare sites and experimental treatments (in both
terrestrial and aquatic environments) and to evaluate controlling factors [44,46,50–52]. Specifically,
this is the real focus of the present work, which represents a process study aimed to investigate the
temporal pattern of denitrification and soil N2O fluxes and their dependence on soil parameters, rather
than the overall N losses by denitrification. Therefore, the authors agree with Groffman et al. [44]
and Hauert and Lamberti [50] that the AIT assay can be an effective tool to investigate the response
of denitrification to key controlling factors in intact soil cores. This is also linked to the very recent
evidence about the significant correlation between the denitrification rates measured by the AIT on
intact soil cores and the denitrification rates measured under the 15N gas-flux method [48].

Following the experimental set-up detailed in the Sections 2.3.1 and 2.3.2, the intact soil cores
(∅ = 5 cm, h = 15 cm) were collected from the field on each sampling date by an Eijkelkamp split tube
soil sampler (∅ = 5 cm, h = 40 cm) and afterwards gently removed to be further processed in PVC
containers (∅ = 5.4 cm, h = 17 cm). This allowed C2H2 access to the interior of the soil core from all over
the soil core surface [45,46]. At the lab, the PVC containers were sealed through air tight lids equipped
with output valves connectible to gas-chromatograph stopcocks and male-luers. C2H2 was added to
at least 10% of the volume of the headspace, by replacing about 30 mL of air with 30 mL of C2H2.
Additionally, to promote acetylene diffusion inside the core [45,46], the air space inside each container
was repeatedly mixed for 5 minutes by manual mixing through a 60 mL PP (polypropylene) syringe.

Afterwards, the containers were incubated at a constant field temperature (recorded in the field at
12:00 am on each sampling date) and gas samples were removed, 3 hours after and 6 hours after, for
N2O analysis via gas-chromatography by a 63Ni electron capture detector (GC 8000, Fison Instruments).
The column used was a Poropak Q 80–100 mesh (∅ = 2 mm, 2 m length), equipped with a pre-column
to remove water vapour and carbon dioxide from the sample. The carrier gas (Argon-methane 10%)
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flux was 30 mL min−1 and the injector, oven and detector temperatures were 38 ◦C, 38 ◦C and 300 ◦C,
respectively. The incubation always started within 24 hours. The rate of N2O production between the
initial and the final sampling time inside the headspace volume was taken as the rate of denitrification:

Denitrification rate = ((Cf* H) − (Ci* H))/(A* t)

where Ci = N2O concentration (µg N2O-N mL−1) at the initial sampling time, Cf = N2O concentration
(µg N2O-N mL−1) at the final sampling time, H = Headspace volume, A = Core surface area, ∆t = time
between initial and final sampling time. The total headspace volumes were determined by calculating
the volume of the empty containers and subtracting the volume of the soil cores inside, taking into
account for their pore space and water content. The accuracy of this calculation was checked by
measuring the volume of water required to fill the containers (with soil cores inside) completely.
The amount of N2O accumulated inside the PVC containers was then corrected for the gas dissolved in
the liquid phase. To this end the Bunsen coefficients were used to predict the amount of N2O dissolved
in the liquid phase from the concentration in the gas phase:

N2Otot = N2Og (Vg + Vl*β)

where N2Otot = total amount of N2O in water plus gas phase, N2Og = N2O concentration (µg N2O-N
mL−1) in the gas phase, Vg = volume of the gas phase, Vl = volume of the liquid phase, β = Bunsen
coefficient (1.06 at 5 ◦C; 0.882 at 10 ◦C; 0.743 at 15 ◦C; 0.632 at 20 ◦C; 0.544 at 25 ◦C; 0.472 at 30 ◦C).

2.5. N2O Fluxes Measurement

The N2O fluxes from soil were measured in-situ by cylindrical PVC no automated static chambers
(20 cm diameter, 15 cm height), inserted 5 cm dept into the soil and supplied with butyl rubber septa
on their air tight lids. On each sampling date, at solar noon, gas samples were collected by a 60 mL
PP syringe and stored in 6 mL airtight evacuated glass vials sealed by silicon. During the maize
crop in 2005, the gas samples were collected soon after closing the chambers, 15 minutes after and
30 minutes after. Afterwards, they were analysed via gas-chromatography, according to what detailed
for denitrification rate, except for the injector and oven temperatures (50 ◦C and 60 ◦C, respectively).
N2O fluxes from soil, expressed as µg N2O-N m−2 h−1, were calculated by the following equation:

FN2O = a/S

where, a = direction coefficient of the regression line of N2O concentration with time, s = surface area
of the soil inside the chamber.

During the maize crop in 2006, the headspace was sampled only twice: soon after closing the
chamber and 30 minutes after. In that case, the preceding equation was replaced as follow:

FN2O = (Cf − Ci)/(S* ∆t)

where Ci = N2O concentration (µg N2O-N mL−1) at the initial sampling time, Cf = N2O concentration
(µg N2O-N mL−1) at the final sampling time, ∆t = time between initial and final sampling time,
S = surface area of the soil inside the chamber

2.6. Soil Analysis

On each sampling date, following the experimental set-up detailed in the Sections 2.3.1 and 2.3.2,
ancillary analyses for the soil physical-chemical characterisation were performed on fresh sieved
(2 mm mesh) soil samples, stored at 4 ◦C and always processed within 24 hours. The gravimetric
soil water content θg was calculated as: θg = [(fresh weight soil − dry weight soil)/dry weight soil]*
100. Soil WFPS was calculated by dividing the volumetric soil water content θv by the total soil
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porosity [22,53,54]. θv was derived by θg and the soil bulk density (ρb) according to the following
equation: θv = θg* (ρb/ ρw), where ρw is the water density. The total soil porosity was derived by ρb,
according to the following relationship: soil porosity = [1 − (ρb/2.65)], assuming a particle density of
2.65 g cm−3 [22,53,54]. Soil pH was measured through a glass electrode (Methron 665 Dosimat, Hanna
Instruments) on soil samples extracted with deionized water. Soil nitrate concentration in the soil
samples collected in 2005 was determined by colorimetric reaction and spectrophotometry on soil
extracts with deionized water (LASA 50 DrLange portable spectrophotometer). In 2006, the soil mineral
N content, under the form of NO3

− -N and NH4
+ -N, was determined by ion-selective electrodes

on soil extracts with a 0.5 M K2SO4 solution according to Castaldi and Aragosa [55]. Soil organic
matter content (SOM) was evaluated according to Allen [56] and calculated as: SOM = [(dry weight
soil − dry weight ash)/dry weight soil]* 100. On each sampling date, soil temperature was measured
(4–8 replicates) down to a depth of 10 cm by means of a thermo-pHmeter (Hanna Instruments).

2.7. Statistical Analysis

The statistical analyses were performed using the Sigma Plot package (Systat Software, Inc.,
Germany, version 11.0). All the mean values were calculated as arithmetic mean and the bars in the
graphs represent the standard error of the mean. The simple correlation analyses between soil variables
were carried out through the Pearson product-moment Test (P < 0.05). The effect of different urea supply
rates on denitrification, N2O fluxes and soil chemical-physical characteristics, over time, was tested by
an analysis of variance (ANOVA-two way repeated measures), followed by the All Pairwise Multiple
Comparison Procedures (Holm-Sidak method) to test, for each analysed soil variable, significant
differences among treatments on each sampling date. To visualize and plot the curves best describing
the shape and behaviour of the association between the analyzed soil variables (denitrification rate,
direct N2O fluxes and soil driving ancillary parameters), the curve fitting procedure through linear
and nonlinear regressions (implemented in the SigmaPlot package) was used to find the equations
that most closely fitted the actual data (based on the coefficient of determination R2), using the values
of each one selected independent (predictor) variables to predict the value of the desired dependent
(response) variable. The concordance correlation coefficient (CCC) was estimated according to Lin [57].
The normal distribution of data was always checked (Kolmogorov-Smirnov Test, P < 0.05) before
running parametric tests and if necessary, data were log-transformed. All the data used for the
regression analyses, both linear and not, passed the Durbin-Watson Statistic Test, Normality Test and
Constant Variance Test.

3. Results

3.1. Monitoring Activities under the Standard Fertilization Management (SFM)

The denitrification rate showed a great variability, with coefficient of variation (CV) ranging from
10% up to 185.8% (mean value of about 90%).

During the Zea mays crop in 2005 (Figure 1e), soil nitrates stepped-up at the sowing and the
late fertilizations. At these stages, peaks of denitrifying activity (Figure 1b) were recorded at soil
rewetting through the first irrigation events (Figure 1a,d) following the N supply, up to values of about
650 µg N2O-N m−2 h−1 and 1050 µg N2O-N m−2 h−1 at the pre-plant and the post-emergence mineral
fertilization, respectively. A significant correlation was found between denitrification rate and WFPS
(Table 2), whilst the relation of the denitrifying activity with soil nitrate could not be assessed because
of the slight number of data at not limiting WFPS values.
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Table 2. Coefficients for the significant correlations between the N2O emissions, the denitrification
rate (Den. rate) and the driving ancillary parameters. Pearson Product- Moment Test: * P < 0.05;
** P < 0.01; *** P < 0.001. The numbers reported in parentheses in Italic font show the samples size.
Tsoil: soil temperature; WFPS: water filled pore space.

Tsoil WFPS NO3-N NH4-N Den. Rate

Standard cultivation management 2005
Den. rate 0.957***(7)

N2O fluxes 0.830*(7) 0.786*(7)

Standard cultivation management 2006
Den. rate 0.487**(32)

N2O fluxes 0.487**(32) 0.627*(12)
(WFPS > 48%) 0.562***(32)

Manipulation experiment 2005

Den. rate 0.862**(10) 0.856*(6)
(WFPS > 48%)

N2O fluxes 0.598**(17) 0.763*(7)
(WFPS > 48%) 0.906***(10)

The whole dataset

Den. rate
0.858*(6) a

(NO3
−-N > 15 mg kg−1,

48%<WFPS < 55%)
0.818**(24) 0.744**(9)

(48% <WFPS < 55%)

N2O fluxes
0.750**(6) b

(NO3
−-N > 15 mg kg−1,

48% < WFPS < 55%)
0.706**(24) 0.781*(9)

(48% < WFPS < 55%) 0.860***(24)

a Denitrification rate = −3207.883 + (174.565 * Tsoil); b N2O fluxes = −858.674 + ( 44.062 * Tsoil).

Similarly, in the course of the Zea mays crop in 2006, the nitrate availability in soil increased soon
after the late fertilization (Figure 2e). At this stage, the NO3

−concentration resulted consistently higher
than the values recorded at similar crop growing stages in 2005, as a consequence of the different
crops preceding Zea mays and the different kind and rate of fertilizes N supply in 2005 and 2006
(Table 1). The maize crop in 2005 was grown after a Lolium italicum grass crop; differently the Zea mays
in 2006 was preceded by a mixed cultivation of Lolium italicum and Trifolium alexandrinum (legume)
(Table 1), which might have led to a higher level of residual N in the soil. Moreover, before the sowing,
the maize crop in 2006 received an amount of buffalo slurry sewage 4–5 times higher than that one
applied in the field in 2005 and, at the late fertilization, 50% of the total urea fertilizer spread on the
field did not contain the 3.4 DMPP nitrification inhibitor (Table 1). At high soil nitrate availability,
WFPS was the only parameter significantly correlated to the denitrification rate (Table 2), with a
threshold value of about 48%. Moreover, at not limiting WFPS, despite the much higher soil NO3

−

concentrations, the denitrification rate peaked up to values comparable (about 1300 µg N2O-N m−2

h−1 as the maximum rate recorded) to those ones detected in the course of the maize crop in 2005.
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The N2O fluxes from soil showed a very high spatial variability as well (85.3% as mean value of
CV). On the whole, they were in the ranges of basal (10–100 µg N2O-N m−2 h−1) and low-medium
(100–200 µg N2O-N m−2 h−1) values, with peaks (>200 µg N2O-N m−2 h−1) being detected after
irrigation events during the maize cropping cycles, on sampling dates when the denitrification rates
were intense (Figures 1 and 2).

A significant correlation was found between N2O emissions and denitrification rate (Table 2);
however higher average fluxes were detected after soil irrigation at the late fertilization in 2006
(Figure 2) compared with similar crop growing stages in 2005 (Figure 1). The amount of N2O produced
increased at raising values of soil WFPS (Table 2) with: (i) 40% as the minimum WFPS value for the
low N2O fluxes, (ii) 48% as the minimum WFPS for the medium-high N2O fluxes (in the range of
200–500 µg N2O-N m−2 h−1). The N2O fluxes resulted also positively correlated to the soil NH4

+

concentration at values of WFPS below 48% (Table 2), although always remaining in the basal range.
Even if, on the whole, significant correlations were found between variables in the course of the

monitoring activities in 2006, both the denitrification rates and the N2O emissions exhibited a wide
range of values at given soil nitrates and WFPS, suggesting it’s not always possible to go beyond the
analytical variability of an intact soil core (data not shown).

3.2. Monitoring Activities during the Manipulation Experiment (ME)

After the late fertilization in 2005, a marked increase of denitrifying activity, N2O fluxes and soil
nitrate concentration was recorded in all the experimental plots C, N- and N+ (Figure 3). The different
urea supply rates affected soil processes and parameters, interacting with the changing environmental
conditions in the course of the sampling dates (inset tables in Figure 3).

Soil NO3
− concentration showed the highest values in N+ throughout the observation period

(Figure 3). After 1 month from the post-emergence fertilization, soil nitrates remained fairly stable in all
treatments; afterwards a generalized decrease was observed. Nonetheless, the soil NO3

− concentration
in N+ showed values of about 41.3 mg NO3

−-N kg−1 even at the very end of the maize growing season,
just few days before the mowing. Otherwise, no significant differences were recorded between C and
N- plots, even if slightly higher values of NO3

− were found on all the sampling dates in the control soil
(C) under the standard fertilization management.

As far as the denitrification and the N2O evolution were concerned, the fertilization scheme
interacted with the timing of the sampling campaigns, showing a temporal pattern in a close relation
to the irrigation scheduling (Figure 3). Peaks of denitrifying activity and N2O emissions from soil were
detected in all the experimental plots following the irrigation events during the stem extension and
flowering campaigns (Figure 3). At this stages, both the denitrification rate and the N2O fluxes showed
the highest average values in N+ (mean values of 1893 µg N2O-N m−2 h−1 and 570 µg N2O-N m−2 h−1,
respectively). Differently, C and N- plots showed commensurable denitrifying activity and N2O
emissions, with slightly differences driven by the dishomogeneous values of soil WFPS in the field.
On the third sampling date after the late fertilization, at maize ripening, low denitrifying activities
and N2O fluxes were detected in all treatments, when low values of soil WFPS were recorded as well.
Finally, at the end of the maize growing season, medium N2O fluxes (100–200 µg N2O-N m−2 h−1) were
measured after irrigation only from the soil of the N+ plots, where nitrate availability was still high.

Both the denitrification rate and the N2O emissions showed to increase at raising soil WFPS
and NO3

− concentration (at values of WFPS above 48%). They also revealed to be positively related
between each other (Table 2).
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Figure 3. Figure shows the mean values and standard errors for denitrification rate (a), N2O fluxes (b),
soil NO3

−(c) and WFPS (d) in the course of the manipulation experiment during the Zea mays growth
in 2005. The arrows indicate the irrigation events. The statistical results of the analysis of variance are
shown in the inset tables. The different letters point out significant differences between treatments on
each sampling date (All Pairwise Multiple Comparison Procedures, Holm-Sidak method). The crossed
bars indicate the N2O fluxes and the WFPS after irrigation events, on sampling dates when direct N2O
emissions were recorded before and after water supply.
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3.3. Correlation and Regression Analysis (CRA) on the Whole Dataset

Through the CRA on the whole data set (collected during the SFM and the ME), the response
functions of denitrification rate to soil nitrate concentration, WFPS and Tsoil could be satisfactorily
modelled according to simple Michaelis-Menten kinetic, exponential and linear functions, respectively
(Figure 4a,b; Table 2).

Specifically, the CRA confirmed for the denitrification rate the WFPS threshold value of 48%
(Figure 4a), corresponding to volumetric moisture contents (θd) below 0.260 cm3 cm−3. Otherwise,
at not limiting values of WFPS, the denitrification rates increased with rising values of nitrate availability
(Table 2) according to a Michaelis-Menten kinetic (Figure 4a), with 38.5 mg NO3

−-N kg−1 as Km
(half-saturation constant) giving a denitrification rate equal to 50% of the maximum value (about
1400 µg N2O-N m−2 h−1), for WFPS values in the range 48–55%. Nevertheless, the plateau appeared
to increase in the highest range of soil WFPS (58–61%) (Figure 4a). In a similar way, the N2O fluxes
did not correlated with soil nitrate concentration for WFPS below 48%, whilst above this value they
increased linearly with rising values of nitrate availability (Table 2 and Figure 4c).

Both the denitrification rate and the N2O fluxes were strongly correlated to the soil WFPS (Table 2).
Specifically, at soil nitrate concentration below 15 mg NO3

−-N kg−1, denitrification and N2O emissions
remained basal despite of the increasing values of the soil moisture. Otherwise, at not limiting soil
nitrates, the denitrifying activity and the N2O fluxes exponentially raised at increasing values of
soil WFPS, with a higher steepness of the curve at increasing ranges of soil nitrate concentration
(Figure 4b,d).

The effect of Tsoil was evidenced only for a narrow range of samples at not limiting values of both
WFPS and nitrate (Table 2).

According to these findings, the simple combined multiplicative models to predict denitrification
rate (1) and N2O fluxes (2) from soil parameters (Section 2.3.3) were set as follow:

• for Denitrification ratepredicted (1)

f(NO3
−) = Michaelis-Menten function describing the dependence of denitrification rate on soil

NO3
−-N concentration at 48% < WFPS < 55% (Figure 4a)
g(WFPS) = exponential function describing the dependence of denitrification rate on soil WFPS

at NO3
−-N > 60 mg kg−1, i.e., at nitrate concentration close to the plateau and so slightly influencing

denitrification rates (Figure 4b)
h(Tsoil) = linear function describing the dependence of denitrification rate on soil temperature at

not limiting soil NO3
−-N concentration and WFPS (Table 2).

• for N2O fluxes predicted (2)

f(NO3
−) = linear function describing the dependence of N2O fluxes on soil nitrate concentration

at 48% < WFPS< 55% (Figure 4c)
g(WFPS) = exponential function describing the dependence of N2O fluxes on soil WFPS at

NO3
−-N > 60 mg kg−1, close to the plateau for denitrification rate (Figure 4d)
h(Tsoil) = linear function describing the dependence of N2O fluxes on soil temperature at not

limiting soil NO3
−-N concentration and WFPS (Table 2).

A positive significant correlation was found between the N2O evolved from the soil and the
denitrifying activity (Table 2), with an exponential increase at a raising denitrification rate (Figure 4e).
Therefore, the additional predictive functions to estimate N2O fluxes by measured (3) and predicted (4)
denitrification rates (Section 2.3.3) could be set as follow:

h(Denitrification ratemeasured) = exponential function describing the dependence of N2O fluxes
on the measured values of denitrification rate (Figure 4e) (3)

h(Denitrification ratepredicted) = exponential function describing N2O fluxes from the predicted
values of denitrification rate through Equation (1) (4)
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Figure 4. Analyses on the whole data set. All the figures refer to the mean values from each
sampling date and R2 is the coefficient of determination for the linear and non-linear fitting equations.
(a) Denitrification rate vs. soil nitrate concentration at increasing range of soil WFPS (One site saturation
equation, f = (Bmax*x)/(Km+x), where Bmax (maximum rate) = 1469.6 µg N2O-N m−2 h−1 and Km
(half-saturation constant) = 38.5 mg NO3

−-N kg−1); (b) Denitrification rate vs. soil WFPS at increasing
range of soil nitrate concentration (Exponential growth, 2 parameter equation, f = a*exp(b*x); a = 6.780
and b = 0.086 at 19 mg·kg−1 < NO3

−-N < 29 mg·kg−1, solid line; a = 2.305 and b = 0.112 at NO3
−-N >

40 mg·kg−1, dashed line); (c) N2O fluxes vs. soil nitrate concentration at increasing range of soil WFPS
(Linear equation, f = y0+a*x, where y0 = 50.37 and a = 0.90 at 40% < WFPS < 45%, solid line); (d) N2O
fluxes from soil vs. soil WFPS at increasing range of soil nitrate concentration (Exponential growth,
2 parameter, equation, f = a*exp(b*x), where a = 0.32 and b = 0.12 at 19 mg·kg−1 < NO3

−-N < 29 mg·kg−1

and a = 0.79 and b = 0.11 at NO3
−-N> 40 mg·kg−1); (e) N2O fluxes from soil vs. Denitrification rate

(Exponential growth, 2 parameter, equation, f = a*exp(b*x), where a = 35.8461 and b = 0.0015.
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In Figure 5, the predicted values through equations (1), (2), (3), (4) were plotted against the
denitrifying activity and N2O emissions experimentally measured (Figure 5a–d). The denitrification
process (Figure 5a) appeared satisfactorily predictable by the simple multiplicative function considering
its dependence on the investigated soil parameters. Simulated and observed mean N2O fluxes were
significantly correlated for all predictive equations (2), (3) and (4) (Figure 5b–d). Additionally, the best
fit between measured and observed data was obtained through the functions considering the relation
of the N2O fluxes with the denitrification rate, both directly measured (3) (Figure 5c) or in its turn
derived from soil parameters (4) (Figure 5d), against the equation (2), which was based on the relation
of N2O fluxes with soil NO3

−, WFPS and Tsoil (Figure 5b), with CCC values of 0.85, 0.92 and 0.91 for
(2), (3) and (4), respectively (Figure 5b–d).
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Figure 5. Coefficients and concordance correlation coefficients (CCC) relating to the comparison of the
measured and simulated denitrification rate and N2O fluxes through the four simple empirically derived
predictiveequations: (a) equation (1); (b) equation (2); (c) equation (3); (d) equation (4). The correction
factors (k) of the predicting functions deriving the N2O fluxes and the denitrification rate from soil
parameters were: 743.871 and 32.913 for equation (1) and (2), respectively.

4. Discussion

4.1. Monitoring Activities during the Standard Fertilization Management (SFM)

Both the denitrification rate and the N2O emissions from soil showed a high spatial heterogeneity,
in agreement with the large spatial variability reported for denitrifying activity and trace gas fluxes at
all scales and especially at the finer within-field scale, where N2O fluxes and denitrifying activity are
characterised by the frequent occurrence of extreme values (hotspots) accounting for a significant part
of the total cumulative recorded [5,7,17,18].

Their patterns evidenced pulses after the irrigations following the fertilizers input, every time
soil nitrates and WFPS promoted the process, as highlighted by the other available studies inherent
Mediterranean irrigated spring-summer crops [21–23,26,53,54,58–63]. A stimulating priming positive
effect of urea N addition on the decomposition of native soil organic carbon (SOC) might also have
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contributed to the observed peaks of denitrifying activity and soil N2O fluxes [64–66], according to
the hypothesis that a sufficient N supply can supplement microbial demand for available N, thereby
stimulating microbial growth and activity and accelerating the SOC decomposition [66].

The maximum values of denitrification rate throughout the observation period (from 1100 to
1900 µg N2O-N m−2 h−1) appeared close to the lower bound of the range of denitrifying peaks recorded
by Vallejo et al. [21] and Meijide et al. [23] by the AIT on intact soil cores in Mediterranean irrigated
maize-cropped sandy loam soils in central Spain. Specifically, the Spanish Authors [21,23] detected
peaks ranging from about 2000 up to 10,500 µg N2O-N m−2 h−1, for several N fertilizer managements
including mineral fertilization and organic amendments. However, beyond mean annual rainfall,
daily mean temperature and soil NO3

− concentration comparable with the current study, the irrigation
water input was nearly doubled at the Spanish site (from 40 mm to 60 mm weekly), resulting in higher
WFPS throughout the maize cropping seasons [21,23].

Conversely, the denitrification peaks resulted markedly higher than the maximum values reported
by Arcara et al. [19] through the AIT for a rainfed maize crop in the Mediterranean basin in Northern
Italy under both urea and pig slurry fertilization (on average about 287 µg N2O-N m−2 h−1 with a
single peak up to 690 µg N2O-N m−2 h−1). This finding likely reflected the colder and wetter climate
conditions of the Po Plain promoting high stable soil WFPS due to frequent rainfall events [19]. In fact,
the denitrification has been shown to peak at higher values when soils are going through wetting/drying
cycles as opposed to soil water content kept constantly high [67].

The range of the detected pulses of direct N2O fluxes from soil (from 250 to 560 µg N2O-N
m−2 h−1) appeared in line with the values of the peaks recorded for similar Mediterranean maize
crop systems under sprinkler irrigation, ranging from 200 to 600 µg N2O-N m−2 h−1 [21,23,26].
Differently, they resulted significantly higher than the N2O pulses (from 30 to 80 µg N2O-N m−2 h−1)
monitored in Mediterranean drip irrigated maize cultivations [60,62,63], according to the key role of
the irrigation management on N2O evolution from soil under drought spring-summer Mediterranean
conditions [8,10].

4.2. Monitoring Activities during the Manipulation Experiment (ME)

The high denitrifying activities and the N2O fluxes detected in the different experimental plots
10 days and 30 days after the urea-N supply, at not limiting values of soil WFPS, suggested soil NO3

−

concentrations were probably enough high in all the treatments to cause no competition between
microbial community and plant system for mineral-N source demand. This result would suggest that
marked N-losses by denitrification might have occurred up to 1 month after the late fertilization (even
in the least fertilized treatment N-), every time soil moisture promoted the process. In this regard,
also the results coming from the assessment of nitrogen metabolism of plants indicated soil NO3

−

concentration was not limiting for soil-plant relationships. In fact, the Fv/Fm ratio, the soluble proteins
and the total leaf free-amino acid content [40] did not show statistical differences among the treatments
on all the sampling dates, pointing out that the different N management did not produce any influence
on maize performance in the field, also resulting in similar maize yields (Table 1).

These findings supported the idea of an N-surplus in the field management at the experimental
site, which represents a recognized issue in intensive agriculture where N supply often exceeds crop
requirements [68,69]. In fact, if amount and time of fertilizer application match crop needs during
the active growth phase, it is assumed that the N2O fluxes are relatively low, since plants are better
competitors for soil N than N2O-producing bacteria are [70]. Moreover, the residual soil NO3

−-N
concentration and the medium N2O fluxes measured in N+ plots right to the very end of the maize
season (at not limiting WFPS) pointed out that a more marked mismatch between the N supply and the
N crop requirements might result in higher N-losses from the system through microbial denitrification.
The greater N surplus might also enhance the risk of nitrate leaching through the first fall rains,
which represents a major concern in the post-harvest phase of the spring-summer cash crops in the
Mediterranean agricultural systems [69,71,72].
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Inhibitors are widely recognised to be a good strategy to mitigate direct N2O emissions from
soil [73] and the effectiveness of nitrification/urease inhibitors to reduce N2O fluxes has been also
verified under Mediterranean conditions [10]. On this matter, the DMPP nitrification inhibitor,
was commonly adopted by the farmer in the conventional fertilization management scheme (Table 1).
However according to the outcome of this study, a further optimization of the N fertilization reducing
the conventional urea-N supply rates appears desirable, in order to achieve high crop productivity
without exacerbating N2O emissions or the risk of nitrate leaching. Reducing N fertilizer rate not
only would constrain the related downstream pollutant emissions but also would improve the energy
use profile of the farm. In fact, according to the outcome of an emergetic analysis of the zootechnical
farm, the system greatly relied on non-stop external inputs of not renewable resources, among them
fertilizers N were the main driving factors [74].

4.3. Correlation and Regression Analysis (CRA) On the Whole Dataset

According to Vallejo et al. [21], the denitrification process measured by the AIT on intact soil cores
could be effectively simulated on the basis of the investigated soil parameters.

Specifically, the study confirmed the Michaelis-Menten kinetic for the denitrification dependence
on soil NO3

−, which is the type of relation usually reported to predict denitrification rate in most of
N-cycling models [6,7,36,38]. The derived value of the half-saturation constant Km at intermediate
soil WFPS (38.5 mg NO3

−-N kg−1) fell in the wide spectrum of values highlighted for Km in pertinent
literature, which ranged from 4 mg kg−1 [75] and 25 mg kg−1 [76], up to 117–138 mg kg−1 [77],
depending on soil texture, climatic factors and soil management practices. Additionally, Km and the
maximum value of denitrification rate resulted sensitive to the level of WFPS [7,31] and the threshold
WFPS value above which the Michaelis-Menten kinetic could be detected (48%) appeared peculiar for
the specific analysed soil-climate conditions.

The soil volumetric water content and the WFPS are key predictor parameters to estimate the
reduction of denitrifying activities at increasing O2 supply rates, since the oxygen gradient along the
soil profile is strongly affected by the soil water content, with air porosity decreasing at increasing
values of WFPS [36]. In this regard, the exponential response function of denitrification rate to WFPS
highlighted in this study agrees with the non-linear dynamics (exponential, power and sigmoidal
equations) usually employed in simulation models, due to coefficients of oxygen diffusion inside the
soil which are non-linearly related to soil air filled pore space [27,36]. However, the WFPS threshold
value in this study (i.e., the value of WFPS below which it is assumed the O2 content inside the soil
core is enough high to inhibit denitrifying enzymes) resulted quite lower than the values usually
identified and reported in pertinent literature ranging from 60%to 68.9% [6,19,21,22,31,37]. For instance,
as far as it concerns irrigated croplands under Mediterranean conditions, Vallejo et al. [21] found a
threshold volumetric moisture content (θd) of 0.285 cm3 cm−3 corresponding to a soil WFPS values
of 65%, in the top-layer of a sandy-loam soil, with a bulk density value of 1.47 g cm−3 and a total
organic matter content of 1.4%. Nonetheless, soil denitrifying micro-organisms are able to produce
N2O over a wide range of oxygen pressure, in anaerobic micro-zones when the soil is not at field
capacity or saturation [12,78]. Furthermore, the limiting value of WFPS for bacterial denitrification can
show marked variations depending on the soil texture, with a decrease of the required critical WFPS
(and the subsequent degree of saturation) in finer textured soil than in coarser textured soil [12,78].
Additionally, not always the empirical WFPS term is able to normalize the water regimes of intact soil
cores for different soil types, especially in the presence of shrinkage cracks [16,79,80]. Indeed, at the
experimental site the dynamics of continuous macropores in the clay soil can be strongly affected
by cracks formations during the spring and summer periods, as generally reported for clay soils of
Mediterranean regions [81]. One main characteristic of clay soils is, in fact, their capacity to change
their volume, through swelling and shrinking processes which induce the formation of cracks in the
horizontal plane and turn the soil into a two-domain structure: cracks (macropores) and soil matrix
(containing micropores), characterised by different conditions of water transport and retention affecting
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the dynamics of soil hydrological processes [80]. The shrinking of the soil at decreasing water content
produces a very heterogeneous network of macropores [80,81]. This might allow, during rainfall or
irrigation, a quicker and wider water infiltration towards the anaerobic denitrifying microsites (with
high intra-aggregated WFPS), which could therefore become very active at relatively low total WFPS.
The volumetric changes are driven by the clay minerals content, which affects the geometry of crack
network and the shrinkage characteristics [80]. In this regard, further research activities on the soil
water regime and related issues, also including the mineralogical analysis of soil clays, could improve
the understanding of key soil hydrological processes such as, water flow to cracks, water flow within
cracks and water flow from cracks to soil matrix [80], in their turn affecting microbial metabolism and
related GHG emissions.

This study supported the evidence that also N2O can be effectively predicted from empirical
relations with soil nitrate, WFPS and temperature [25,26].

As it relates to N2O response to soil nitrates, a linear increase was highlighted, despite the frequent
examined Michaelis–Menten kinetic [16]. Nonetheless, these results might portrait the linear phase
of a plateau curve and might be ascribed to the inhibitory and retarding effect of rising soil NO3

−

concentration on N2O reduction to N2 via bacterial denitrification, determining a marked increase of
the N2O/N2 product ratio [82,83]. N2O fluxes showed an exponential increase at raising soil moisture,
according to the sigmoidal relationship recognized for direct soil N2O emissions and WFPS in case
studies and simulation models [16,28,84,85]. However, while in N2O emission models the continuous
exponential curve usually starts at WFPS close to 60% [84], the threshold value for the N2O fluxes in
this study was about 48%. This value coincided with the threshold WFPS for the denitrification rate
and appeared in line with the scanty data for other Mediterranean fine textured soils under similar
agronomic management evidencing N2O peaks at WFPS above 50% [26].

Relating to the response of bacterial soil processes and N2O fluxes to soil temperature, the pertinent
literature has usually evidenced exponential, Arrhenius type and optimum functions [16,17,25,31,36,37].
However, in this study, the narrow range of soil temperature at not limiting values of soil nitrate and
WFPS did not allow to investigate in detail the relations between the denitrifying activity and the N2O
fluxes with day-to-day variations of soil temperature.

The positive exponential relationship detected between the N2O fluxes and the denitrification
rates suggested denitrifying activity was as a key factor determining the amount of N2O evolved
from this kind of fine textured soil characterized by high values of water retention capacity and
organic colloids [3,14–16]. Nitrification might have also contributed to the N2O-N losses in the low
range of nitrous oxide fluxes, under more aerobic conditions, as suggested by the positive correlation
found between soil NH4

+ concentration and the N2O emissions at values of WFPS <48%. Therefore,
the denitrification rate in C2H2- amended intact soil cores under field conditions proved to be a
good predictor parameter of direct N2O emissions from soil and the empirically derived regression
functions between soil variables could be useful to further develop site-specific N2O empirical models
or to calibrate existing N2O process-based simulation models to the local pedo-climatic conditions.
Other correlation analyses demonstrated significant exponential relationships for N2O fluxes with
both denitrification and nitrification [86], which indeed represent driving variables in several N2O
simulation models [27–29,31,32,84]. As far as denitrification is concerned, most process-models are
based on potential denitrification and its regulation through soil temperature, nitrate and water
content [6,12,36–38]. Numerical fitting/calibration through estimates of denitrification rate in intact
soil cores without nutrients amendments might improve the model’s output, since they could be
more representative of the denitrifying activities and linked N2O emissions occurring in the field.
For instance, Šimek et al. [18] found a significant correlation between the denitrification rate in relatively
undisturbed soil cores and the N2O fluxes from the soil of three perennial forage crops systems in Czech
Republic, whilst no similar relation was found for both denitrifying enzyme activity and denitrification
potential. Additionally, Hénault and Germon [37] showed that the simple denitrification process model
NEMIS worked well for two data sets with parameters specifically derived for, while it appeared
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not to furnish good estimates for other data sets, suggesting that parameters need to be calibrated
for different locations depending on specific pedo-climatic conditions. In this respect, Heinen [35]
managed to parameterise simplified denitrification models for different soil types by additional data
sets of measured actual rate of denitrification and concluded that many models parameterised for
each location may work better than a single one pretending to fit a wide range of conditions by using
averaged parameters.

5. Conclusions

The present study confirmed that the spring-summer Mediterranean crop peaks of denitrifying
activity and direct soil N2O emissions following the key agricultural practices of fertilization and
irrigation, thanks to the combined action of high soil nitrate concentration and temperature, every time
WFPS promoted the processes. In this regard, the low WFPS threshold value (about 48%) highlighted
for both denitrification and N2O fluxes appears characteristic of the analysed fine textured soil under
drought Mediterranean conditions.

The marked denitrification rate and direct N2O-N losses from soil (at promoting WFPS) following
the late fertilization (also in the case of reduced rate of N-input supply) supported the idea of an
N-surplus in the field management at the experimental site.

Significant correlations and regression functions were found for the clay soil between both
the denitrification rates and the N2O fluxes with three soil physical-chemical parameters: nitrate
concentration, WFPS and temperature. Denitrification rate could be satisfactorily simulated by a simple
empirical multiplicative function taking into account the main effect of each driving soil variable and
it showed to be significantly correlated with the amount of N2O evolved from soil according to an
exponential kinetic. The empirically derived regression functions between soil variables in this study
could be useful to further implement site-specific N2O empirical models and/or to calibrate existing
N2O process models in other to achieve proper estimations of N2O evolution at the local field scale for
fine textured Mediterranean maize-cropped soils.
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