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Abstract: Field N2O emissions are a key point in the evaluation of the greenhouse gas benefits of
bioenergy crops. The aim of this study was to investigate N2O fluxes from perennial (miscanthus and
switchgrass), semi-perennial (fescue and alfalfa) and annual (sorghum and triticale) bioenergy crops
and to analyze the effect of the management of perennials (nitrogen fertilization and/or harvest date).
Daily N2O emissions were measured quasi-continuously during at least two years in a long-term
experiment, using automated chambers, with 2–5 treatments monitored simultaneously. Cumulative
N2O emissions from perennials were strongly affected by management practices: fertilized miscanthus
harvested early and unfertilized miscanthus harvested late had systematically much lower emissions
than fertilized miscanthus harvested late (50, 160 and 1470 g N2O-N ha−1 year−1, respectively).
Fertilized perennials often had similar or higher cumulative emissions than semi-perennial or annual
crops. Fluxes from perennial and semi-perennial crops were characterized by long periods with low
emissions interspersed with short periods with high emissions. Temperature, water-filled pore space
and soil nitrates affected daily emissions but their influence varied between crop types. This study
shows the complex interaction between crop type, crop management and climate, which results in
large variations in N2O fluxes for a given site.

Keywords: bioenergy crops; N2O; automated chambers; fertilization; soil water; perennial crops;
miscanthus; switchgrass

1. Introduction

Nitrous oxide (N2O) is a potent greenhouse gas (GHG), with a 100-year global warming potential
of 265–298 CO2 equivalents [1]. Its atmospheric concentration has increased by 20% since pre-industrial
times and N2O represented 6.2% of the total anthropogenic GHG emissions in 2010 [1]. N2O is also
currently the most important ozone-depleting substance after the success of the Montreal Protocol to
regulate the emissions of chlorofluorocarbons [2]. Agriculture is the largest anthropogenic source of
N2O emissions, with a relative share in total anthropogenic emissions of about 60% [3]. Reducing N2O
emissions from agricultural soils is thus an important element of climate change mitigation and ozone
protection strategies [4].

N2O emissions from soils predominantly originate from two microbial processes [5]: nitrification
(oxidation of ammonium to nitrite and nitrate), which occurs under aerobic conditions, and
denitrification (reduction of nitrate to N2), taking place in anaerobic conditions. N2O emissions
are characterized by a very high spatial and temporal variability, caused by a multitude of interacting
controls [6]. Because the availability of mineral nitrogen (N) is a major driver of N2O soil emissions,
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N input to soil is globally a key factor of N2O fluxes from agricultural soils [7,8]. N2O emissions are
also strongly influenced by soil moisture and temperature, as well as other factors such as carbon
availability, soil texture or pH [6].

Bioenergy crops are expected to contribute to the energy transition in response to the challenges
of climate change and depletion of fossil resources [9]. However, the GHG benefits of first-generation
biofuels produced from conventional annual food crops have been widely questioned, notably because
of the N2O emissions associated to their large N requirements [10,11]. Among second generation
biofuel options, the use of perennial C4 crops (perennial crops which photosynthesize following the
mechanism called C4 photosynthesis) such as miscanthus and switchgrass is expected to improve the
GHG balance because of their high yields and low N requirements [12–14]. These low N requirements
are partly due to N cycling within the crop: in spring, part of the belowground nitrogen stocks
are remobilized from belowground to aboveground organs and, during autumn and winter, part of
the nitrogen accumulated in aboveground parts is subsequently remobilized from aboveground to
belowground organs [15]. Nevertheless, fertilizing these crops could remain necessary to maintain
high yields and soil fertility in the long term [15–17]. Beyond N fertilization, management of perennial
crops may also affect N2O emissions through other ways, notably harvest date. In Europe, miscanthus
and switchgrass are often harvested in late winter or early spring to benefit from improved quality with
regard to combustion processes (i.e., low moisture content). However, with the development of other
conversion technologies (such as second-generation biofuels), these crops could be also harvested in
autumn. One advantage of this early harvest would be to potentially achieve higher yields, because the
carbon transfer from aboveground to belowground organs in autumn and the loss of senescent leaves in
winter could be partly avoided [18]. On the contrary, early harvesting increases N removal and reduces
N transfer to the belowground organs, leading to lower N recycling and therefore higher fertilizer
N requirements [18]. The impact of harvest date on N2O emissions from perennial bioenergy crops
has received little attention in the literature. To our knowledge, only Johnson and Barbour [19] and
Peyrard et al. [20] compared autumn and spring harvests with switchgrass or miscanthus, respectively.
Both studies showed higher N2O emissions in late (spring) than in early (autumn) harvest for the same
fertilizer N rate. This effect was attributed for miscanthus to the stimulation of denitrification by the
accumulation of fallen leaves at soil surface in late harvest [20]. Further investigations are required
to better understand the drivers of N2O emissions from perennial bioenergy crops, particularly to
distinguish between crop-specific and management effects.

Semi-perennial forage crops (C3 grasses such as fescue) and annual crops also remain an option
for second-generation biofuels. To our knowledge, there is no experimental comparison between C4
perennial crops and semi-perennial crops available in the literature regarding N2O emissions. Only
few studies have compared N2O emissions from annual and perennial C4 bioenergy crops [19,21–24].
In four studies out of five, N2O emissions from perennial C4 bioenergy crops were lower than from
annual crops, but perennial crops were either not fertilized or fertilized at a much lower N rate than
annual crops. Only Johnson and Barbour [19] found higher N2O emissions under switchgrass than
under an annual crop rotation over three years, with fertilizer N rates similar between perennial and
annual crops. Almost all experimental studies evaluating the effect of N fertilization on N2O emissions
from C4 perennial bioenergy crops have shown a significant increase of N2O emissions with increasing
N rates [25–33]. Ruan et al. [28] tested eight N fertilizer rates from 0 to 196 kg N ha−1 year−1 during
three years and observed an exponential increase in annual N2O emissions from switchgrass with
increasing N fertilization. Beside fertilization, the length and timing of the growing season may also
vary between annual and perennial crops, affecting N and water uptake and thus mineral N availability
and soil water content [34].

A long-term experiment was set-up in 2006 in northern France in order to compare the yields
and environmental impacts of various bioenergy crop with different management options [17]. In this
study, we used this experiment to monitor N2O emissions from C4 perennial, C3 semi-perennial and
annual bioenergy crops. Emissions were measured quasi-continuously during at least two years for a
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given treatment, with 2–5 treatments monitored simultaneously. We aimed at: (i) obtaining references
on N2O emissions from C4 perennial crops, semi-perennial crops and annual crops; (ii) evaluating
the effect of management practices (N fertilization and/or harvest date) on N2O emissions from C4
perennial crops; and (iii) studying the relationship between N2O fluxes and soil conditions that drive
emissions (soil moisture, soil temperature and soil mineral nitrogen).

2. Experiments

2.1. Site and Experimental Design

The study was based on an ongoing long-term experiment located in Estrées-Mons, northern
France (49.872 N, 3.013 E), called “Biomass & Environment” (B&E). The soil is a deep loamy Haplic
Luvisol [35]. The 0–30-cm soil layer contains on average 17% clay, 78% silt and 5% sand. The climate
is oceanic with continental influence. Over the 2008–2014 period, the mean annual temperature was
10.6 ◦C and the mean rainfall and potential evaporation were 697 and 706 mm year−1, respectively.

The B&E experiment was set up in 2006 to study the production and environmental impacts of a
wide range of bioenergy crops, including C4 perennial crops, C3 “semi-perennial” crops (destroyed
by soil tillage every two or three years) and C3/C4 annual crops [36]. The C4 perennial crops are
miscanthus (Miscanthus × giganteus Greef & Deuter ex Hodkinson & Renvoize) and switchgrass
(Panicum virgatum cv. Kanlow). The C3 semi-perennial crops are tall fescue (Festuca arundinacea) and
alfalfa (Medicago sativa). Annual crops are fiber sorghum (Sorghum bicolor (L.) Moench cv. H133) and
triticale (×Triticosecale Wittmack). Two harvest dates are compared for perennial crops: early harvest
(E) in autumn (October) and late harvest (L) in late winter (February or March). The experiment also
includes two nitrogen treatments for all crops: low N (N−) and high N (N+). Treatments are repeated
three times with individual plots of 360 m2.

In this study, we focused on nine treatments (among the sixteen of the experiment), which were
chosen to explore N2O emissions of a diversity of crop types, as well as the effect of management
practices for perennial crops (Table 1): three treatments with miscanthus (early harvest N+, late
harvest N+ and late harvest N−), two with switchgrass (early harvest N+ and late harvest N+),
two with semi-perennial crops (rotations fescue–alfalfa N− and alfalfa–fescue N−) and two with
annual crops (rotations sorghum–triticale N+ and triticale–sorghum N+). These treatments received
120 kg N ha−1 year−1 of mineral N fertilizer, except miscanthus L N−, which was not fertilized,
and semi-perennial crops, for which fertilization was adapted according to the crop (alfalfa was not
fertilized) and the year (fertilization of fescue varied between 0 and 120 kg N ha−1 according to the
estimated soil N availability).

Miscanthus was planted in April 2006 and switchgrass was sown in June 2006. Fescue and alfalfa
were sown in 2006, 2009, 2011 and 2014, usually in April, the previous crops being destroyed in
early spring or late autumn by moldboard plowing (ca. 20 cm depth). These crops were harvested
in two or three cuttings per year with the last cut in October. Sorghum was sown in late May and
harvested in late September. Triticale was sown in mid-October and harvested in late July or early
August. Regarding annual crops, the whole aboveground biomass was harvested. A catch crop was
sown every year between triticale and sorghum (mustard–clover mixture). Annual crops were tilled
superficially before sowing (12–15 cm deep) without inversion plowing. The N fertilizer was applied
as urea ammonium nitrate (UAN) solution. Miscanthus and switchgrass received a single annual
application in late April (all treatments were fertilized at the same date). Fescue was fertilized at the
beginning of each cycle of growth, except for seedling crops which were not fertilized before the first
cut. Sorghum received N fertilizer in late May before sowing and triticale in March and late April. No
irrigation was used, except in May 2011 for semi-perennial and annual crops (58 mm in total).

Biomass production measured at harvest for the different treatments included in the study is given
in the Supplementary Materials (Table S1). Previous studies have shown that most of the treatments
included in this study have positive N surplus, except Mis E N+ and Mis L N− [17].
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Table 1. Treatments of the B&E long-term experiment (combining rotation and fertilizer-N rate) included in the study (Mis, miscanthus; Swi, switchgrass; Fes, fescue;
Alf, alfalfa; Sor, fiber sorghum; Tri, triticale; CC, catch crop; E, early harvest (October); L, late harvest (February); N−, low fertilizer rate; N+, high fertilizer rate; n.h.,
not harvested).

Rotation N Rate Crop and Fertilizer-N Rate (kg ha−1)

2006 2007 2008 2009 2010 2011 2012 2013 2014

Mis E Mis n.h. Mis E Mis E Mis E Mis E Mis E Mis E Mis E Mis E
N+ 0 120 120 120 120 120 120 120 120

Mis L Mis n.h. Mis L Mis L Mis L Mis L Mis L Mis L Mis L Mis L
N+ 0 120 120 120 120 120 120 120 120
N- 0 0 0 0 0 0 0 0 0

Swi E Swi n.h. Swi E Swi E Swi E Swi E Swi E Swi E Swi E Swi E
N+ 0 120 120 120 120 120 120 120 120

Swi L Swi n.h. Swi L Swi L Swi L Swi L Swi L Swi L Swi L Swi L
N+ 0 120 120 120 120 120 120 120 120

Fes-Alf CC/Fes Fes Fes Alf Alf Fes Fes Fes Alf
N− 0 120 80 0 0 0 120 120 0

Alf-Fes Alf Alf Alf Fes Fes Alf Alf Alf Fes
N− 0 0 0 40 120 0 0 0 0

Sor-Tri CC Sor Tri/CC Sor Tri/CC Sor Tri/CC Sor Tri/CC
N+ 0 120 120 120 120 120 120 120 120

Tri-Sor Sor Tri/CC Sor Tri/CC Sor Tri/CC Sor Tri/CC Maize *
N+ 0 120 120 120 120 120 120 120 120

* Fiber sorghum was replaced by silage maize (Zea mays L.) in 2014.



Atmosphere 2020, 11, 675 5 of 24

2.2. N2O Fluxes Measurement

N2O emissions were monitored between April 2008 and April 2014 using automated chambers [37].
Due to the limited number of available chambers, it was not possible to study the nine treatments at
the same time. Consequently, 2–5 treatments were monitored simultaneously. For a given treatment,
the monitoring duration varied between 17 and 42 months (29 months on average) (Figure 1). Three
large size chambers were used to characterize each treatment.
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This monitoring strategy was implemented in order: (i) to measure N2O emissions during at
least two crop cycles for each treatment; (ii) to be able to compare different management options for
perennial crops (harvest date and/or N fertilization) during the same periods, i.e., under the same
climatic conditions; and (iii) to be able to compare different crop types during the same periods
(miscanthus vs. semi-perennial crops and switchgrass vs. annual crops). Consequently, given the
potential impact of climatic conditions on N2O fluxes, we only compared the cumulative emissions
of treatments that were monitored over the same periods in order to avoid any confounding effect.
Another option could have been to monitor a given treatment during the whole study, as a control or
baseline for comparison between years. However, it would have reduced the possibility to explore
different treatments without ensuring reliable comparisons between years. Indeed, climatic conditions
may not have the same influence depending on the treatment and especially on the respective influence
of nitrification and denitrification on N2O fluxes.

A major advantage of the automated chamber method is that it provides quasi-continuous
measurements of N2O fluxes (four times per day). Compared to the manual closed chamber technique,
it leads to much less gap filling, allows to capture short-term changes in the dynamics of emissions [38]
and provides better estimates of cumulative emissions [39]. However, due to technical constraints
(limited length of cables and pipes), automated chamber replicates for a given treatment are usually
installed close to each other inside the same plot rather than in different plots (e.g., [40,41]). To check
that the comparisons between treatments remained meaningful, we monitored on five occasions
and during several months each time a given treatment simultaneously in two different plots (three
chambers in one plot and three chambers in a second plot). We assumed that, if the cumulative N2O
emissions were not significantly different between paired plots under the same treatment, differences
between plots under different treatments could be attributed to a treatment effect.

Chamber size was 0.49 m2 (0.7 m × 0.7 m) for miscanthus and semi-perennial crops, 0.28 m2 (0.7 m
× 0.4 m) for annual crops and 0.16 m2 (0.7 m × 0.23 m) for switchgrass. The chambers were inserted
8–11 cm into the soil, resulting in a headspace height of 14–17 cm, which was systematically measured.
Chambers were placed in inter-row zones for highest crops (miscanthus, switchgrass and sorghum),
while the plants were inside the chambers for fescue, alfalfa and triticale. They were removed only
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during field operations such as harvest or soil tillage. The chambers were distributed into sets of six
chambers, each set connected to two infrared gas analyzers: one for CO2 (LI-COR Biosciences, LI-820)
and the other for N2O (Thermo Environmental Instruments, 46c or 46i). Using pumps and valves
controlled by a data logger (Campbell Scientific, CR1000), the six chambers were successively closed
every 6 h (starting at 0, 6, 12 and 18 h GMT) during 18 min each. CO2 and N2O concentrations in
the headspace were measured every 10 s and recorded by the data logger. Homogeneity of the air
was maintained inside each chamber by a fan running during the measurement period. Ambient air
concentrations were monitored before and after each sequence of measurements in order to detect any
drift in concentration measurements.

CO2 measurements were mainly used to detect any problem with the chamber (e.g., leaks) and
to correct N2O concentration for interference with CO2 concentration (the correction being small
but not negligible). The CO2 flux (kg CO2-C ha−1 day−1) and N2O flux (g N2O-N ha−1 day−1) were
calculated from the rate of change in CO2 concentration (ppm min−1) and N2O concentration (ppb
min−1) as follows:

F = 0.144
h·Mm

VM

(
dC
dt

)
t=t0

(1)

where h (cm) is the headspace height, Mm the molar weight of C (12 g mol−1) or N (28 g mol−1), VM
the molar volume (24.1 L mol−1 at 20 ◦C) and C the gas concentration. The 0.144 coefficient allows
the conversion of m−2 min−1 to ha−1 day−1. To determine dC/dt at t0, a linear or an exponential
model was fitted to the gas concentration kinetic measured during the 18-min period. A linear model
was preferred if either the gas concentration kinetic was very close to linearity (rate constant of the
exponential model < 0.01 min−1) or the quality of fit of the exponential model was not much better
than that of the linear model (RMSEexp/RMSElin > 0.975). The setup and precision of the analyzers
make it possible to detect fluxes of 1 g N2O-N ha−1 day−1 or larger.

The daily emissions were calculated as the mean of the four measurements made at 6-h interval
for each chamber. Daily measurements were stored in a database managed with PostgreSQL. Missing
data inside the monitored periods, which were due to problems with chambers or gas analyzers or
to the removing of chambers during field operations, were filled in by linear interpolation. This gap
filling represented 8% of the total database (containing 27,405 daily fluxes) and only 4% in terms
of cumulative N2O fluxes. Cumulative emissions were calculated annually on year n by summing
up daily fluxes from March (year n) to end of February (year n + 1), which was considered more
pertinent than the calendar year from a crop cycle point of view. Six periods were thus distinguished
for cumulative N2O emissions, from 2008–2009 to 2013–2014.

2.3. Soil Measurements

Volumetric soil water content (0–30 cm) was monitored using water content reflectometers
(Campbell Scientific, CS616) in parallel with N2O measurements. Probes were inserted horizontally
into the soil, either at 10 and 20 cm depth with two replicates per plot or at 15 cm depth with
three replicates per plot. Soil temperature was monitored similarly using Campbell Scientific 107
probes. Data were recorded at an hourly time step using Campbell Scientific CR1000 data loggers
and regularly collected in a database managed with PostgreSQL. Measurements from CS616 probes
were then corrected for temperature variations using the equation provided by Rudiger et al. [42] and
calibrated using gravimetric water content measurements and bulk densities obtained from previous
measurements in the same experiment [34,43]. These data were aggregated to obtain daily values
of soil temperature (at 15 cm depth), water content (0–30 cm) and water-filled pore space (WFPS),
calculated assuming a solid density of 2.65 g cm−3.

Mineral nitrogen content (nitrate and ammonium) in the 0–30-cm soil layer was determined twice
a year [36]. Additional sampling was achieved for miscanthus and semi-perennial crops. Soil cores
(0–15 and 15–30 cm) were collected approximately eight times per year during two years with three
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replicates per plot. Gravimetric water content was determined; nitrate and ammonium were extracted
using a 1 M KCl solution and measured by continuous flow colorimetry.

2.4. Data Analysis

Data analysis was performed with R 3.3.2 [44]. To test the absence of confounding effect, we
first compared cumulative N2O emissions between plots having the same treatment and monitored
simultaneously, using a Student test and after checking normality of data (Shapiro–Wilk test). Then,
analysis of variance (ANOVA) was used to test the influence of the measurement period for each
studied treatment. Finally, for each period of measurement, ANOVA was performed to test if the
cumulative N2O emissions of the situations that were compared differed significantly. When significant
effects were observed, significant differences between modalities (p < 0.05) were identified using the
lsmeans function of the lsmeans package [45]. The assumptions of ANOVA were checked by visual
examination of the residuals against predicted values and using Shapiro–Wilk and Levene’s tests.
Box–Cox transformation was used when necessary to satisfy these assumptions.

We analyzed the influence of environmental conditions (temperature, WFPS, nitrate and
ammonium contents in soil) on daily N2O emissions. Since soil mineral nitrogen content was
not monitored continuously and not always available, we considered the period of 70 days following
N fertilization as a proxy for a higher mineral N content, compared to low availability otherwise. For
each crop type (perennial, semi-perennial and annual crops), we used a decision tree approach to
establish a hierarchy of factors controlling N2O emissions. We used for that the rpart package [46].
Decision tree models are nested if-else conditions that, at each level, identify a key predictor variable
and a threshold value that best separate a response variable of interest into two groups. The succession
of such partitions provides a prediction model of the variable of interest. Because there are limited
constraints on the choice of the variable used for partition, its distribution and the respective sizes
of the two resulting groups, such models are efficient to capture the often non-linear nature of the
processes driving N2O emissions and allow the identification of key thresholds in control variables.
To limit the size of the trees and to retain only the most significant controlling factors, we set minsplit
(minimum number of observation in a node to allow splitting) at 600 and cp (i.e., complexity parameter,
the minimum increase of the overall R-squared at each step) at 0.05. Correlations and linear regressions
were also applied as a complementary analysis. Finally, we used a covariance analysis to test if the
relationship between N2O emissions and WFPS or soil nitrate content was treatment dependent.

3. Results

3.1. Spatial and Temporal Variability

Paired plots having the same treatment, with miscanthus or switchgrass, were monitored
simultaneously during five periods lasting 184–328 days, with three chambers inside each plot. The two
plots were 65–85 m apart depending on the pair considered and the three chambers inside each plot were
about 5 m apart. For each of the five situations, cumulative N2O emissions did not differ significantly
between paired plots, neither at 95% nor at 90% confidence level (Table 2). Differences between the
paired plots under switchgrass were particularly small given the large cumulative emissions (1610 vs.
1733 g N ha−1 for Swi E N+ and 3294 vs. 2866 g N ha−1 for Swi L N+). It should also be mentioned that
the difference in soil characteristics between paired plots was similar to the variability observed over
the whole set of 15 plots used for N2O monitoring during the study (Table S2) and that the dynamics
of daily N2O emissions was very similar both between chambers in a given plot and between paired
plots. Finally, the intra-plot variability was comparable to the total variability (intra + inter plots)
since the mean standard deviation (all measurements) was 284 and 514 g N2O-N ha−1 for Plots 1
and 2 considered separately versus 466 g N2O-N ha−1 for both plots combined. The corresponding
coefficients of variation were 22% and 33% versus 33%, respectively.
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Overall, these results are consistent with previous studies showing no or weak spatial dependence
of N2O fluxes [47–50] and allow us to assume that the observed differences are related to the treatment
effects and not to confounding effects. The spatial variability was also much lower than the temporal
variability of daily emissions. The temporal coefficient of variation of the daily measurements was
291% on average for the five situations, compared to 33% for the spatial coefficient of variation. This
confirms that putting emphasis on temporal variability using automated chambers makes sense in
order to reduce the uncertainty on cumulative emissions.

We then compared cumulative N2O fluxes between periods of measurement for each treatment.
Significant differences between periods were found in only three treatments out of nine (Table S3).
Cumulative fluxes in Mis L N− (see Table 1 for treatment abbreviations) were negative in Period 2
(−157 ± 35 g N2O-N ha−1, net consumption of N2O) and significantly lower than in Periods 1 and
3 (277 ± 32 and 361 ± 70 g N2O-N ha−1, respectively). N2O fluxes in Fes-Alf N− and Alf-Fes N−
were lower in Period 3 than in Periods 2 and 4. These differences between periods probably resulted
from various factors including climate and management practices. No significant variation was found
between periods for the other treatments. The temporal variability was therefore much lower for
cumulative annual fluxes than for daily fluxes, which was expected. However, in the following, we
chose to compare cumulative emissions only for the treatments monitored simultaneously in order to
avoid any confounding effect.

3.2. Cumulative N2O Emissions Affected by Management and Crop Types

Cumulative N2O emissions were compared between treatments monitored during the same
period. There was a significant effect of the treatments in five periods out of six (Table 3). Cumulative
N2O emissions ranged between −157 ± 35 and 3362 ± 904 g N2O-N ha−1 for Mis L N− in Period 2 and
Swi L N+ in Period 6, respectively. The spatial variability was moderate since the coefficient of variation
varied from 10% to 62% around a mean value of 28% (excluding the situations with cumulative N2O
fluxes lower than 150 g N2O-N ha−1). The effect of N fertilization on cumulative N2O emissions
was tested during three years under miscanthus in Periods 1–3. N2O emissions were significantly
higher in the fertilized (Mis L N+) than in the unfertilized (Mis L N−) treatment: 1618 ± 609 versus
160 ± 46 g N2O-N ha−1 (average of the three periods in Table 3). Cumulative emissions were also highly
dependent on harvest date: the average emission over two years (Periods 3 and 4) was 51 g N2O-N ha−1

for the early harvest (Mis E N+) versus 1202 g N2O-N ha−1 for the late harvest (Mis L N+). The
same result was found for switchgrass over two years (Periods 5 and 6), although the difference
was not significant in Period 5. The mean cumulative emission (average of the two periods) was
1782 ± 355 g N2O-N ha−1 year−1 in the early harvest (Swi E N+) versus 3013 ± 835 g N2O-N ha−1 year−1

in the late harvest treatment (Swi L N+).
In the case of semi-perennial and annual crops (Table 3), the monitoring made simultaneously on

each crop of the rotation (e.g., Sor-Tri and Tri-Sor) indicated that emissions did not differ between the
two crops of the rotation except in Period 2, with higher fluxes for fescue than for alfalfa (1339 ± 346 vs.
370 ± 46 g N2O-N ha−1 in Alf-Fes N− and Fes-Alf N−, respectively). The comparison with miscanthus
showed that N2O fluxes of the alfalfa–fescue rotation were either significantly smaller or equal to
the late harvested, fertilized miscanthus (Mis L N+), but greater than the early harvested, fertilized
miscanthus (Mis E N+). Similarly, the fluxes in the sorghum–triticale rotation were similar to the late
harvested, fertilized switchgrass (Swi L N+), but greater than the early harvested, fertilized switchgrass
(Swi E N+).
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Table 2. Comparison of the cumulative N2O emissions (mean; SD, standard deviation, and CV, coefficient of variation) measured simultaneously in paired plots of the
same treatment during five periods. See Table 1 for treatment abbreviations.

Treatment Period Start End
Duration

Plot 1 Plot 2 Plots 1 + 2
p-Value 3

Mean SD 1 CV 1 Mean SD 1 CV 1 Mean SD 2 CV 2

(days) (g N ha−1) (g N ha−1) (g N ha−1)

Mis L N+ 3 18/05/2010 24/02/2011 283 757 (63) 8% 1517 (789) 52% 1137 (651) 57% 0.24
Mis E N+ 4 05/03/2011 04/09/2011 184 246 (73) 29% 102 (137) 134% 174 (126) 72% 0.21
Mis L N+ 4 05/03/2011 04/09/2011 184 814 (75) 9% 1354 (680) 50% 1084 (524) 48% 0.30
Swi E N+ 6 13/04/2013 06/03/2014 328 1610 (230) 14% 1733 (111) 6% 1671 (175) 10% 0.47
Swi L N+ 6 13/04/2013 06/03/2014 328 3294 (916) 28% 2866 (918) 32% 3080 (853) 28% 0.60

All 1307 1315 (284) 22% 1543 (514) 33% 1429 (466) 33%
1 Intra-plot variability. 2 Intra- and inter-plot variability. 3 Comparison of means between Plots 1 and 2 (Student test).
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Table 3. Cumulative N2O emissions measured in different treatments during six periods. Values between brackets are standard deviations (SD) between chambers
(CV = coefficient of variation). Letters indicate significant differences (p < 0.05) between treatments for a given period. See Table 1 for treatment abbreviations.

Treatment Fertilizer
Rate

Period Start End Duration Rainfall Mean Soil
Temperature

Mean
WFPS

Percentage of Days
with WFPS > 60%

N2O Emissions
Mean SD CV

(kg N ha−1) (days) (mm) (◦C) (%) (%) (g N ha−1)

Mis L N+ 120 1 23/04/2008 05/03/2009 317 632 10.8 72 90 2145 (551) 26% a
Mis L N− 0 23/04/2008 05/03/2009 317 632 10.8 72 90 277 (32) 12% b

Mis L N+ 120 2 06/03/2009 04/03/2010 364 604 10.6 67 63 1344 (619) 46% a
Mis L N− 0 06/03/2009 04/03/2010 364 604 10.7 70 70 −157 (35) 22% c

Fes-Alf N− 0 22/04/2009 04/03/2010 317 533 11.9 54 56 370 (46) 12% b
Alf-Fes N− 40 22/04/2009 04/03/2010 317 533 12.0 53 55 1339 (346) 26% a

Mis E N+ 120 3 18/05/2010 03/03/2011 290 583 −36 (28) 78% c
Mis L N+ 120 05/03/2010 03/03/2011 364 650 10.2 68 63 1364 (658) 48% a
Mis L N− 0 05/03/2010 03/03/2011 364 650 10.2 70 66 361 (70) 19% b

Fes-Alf N− 0 05/03/2010 04/03/2011 365 650 10.5 60 53 246 (42) 17% b
Alf-Fes N− 120 05/03/2010 04/03/2011 365 650 10.7 57 49 390 (242) 62% b

Mis E N+ 120 4 04/03/2011 18/10/2011 229 341 14.5 53 24 138 (133) 96% b
Mis L N+ 120 04/03/2011 18/10/2011 229 341 13.8 61 53 1040 (523) 50% a

Fes-Alf N− 0 05/03/2011 04/09/2011 184 271 14.7 61 63 987 (108) 11% a
Alf-Fes N− 0 05/03/2011 04/09/2011 184 271 15.1 71 100 740 (86) 12% a

Swi E N+ 120 5 23/03/2012 06/03/2013 349 689 10.4 72 79 1862 (532) 29% a
Swi L N+ 120 23/03/2012 06/03/2013 349 689 10.3 73 80 2663 (766) 29% a
Sor-Tri N+ 120 06/03/2012 05/03/2013 365 698 10.5 65 63 2059 (348) 17% a
Tri-Sor N+ 120 06/03/2012 05/03/2013 365 698 11.1 63 74 2319 (1190) 51% a

Swi E N+ 120 6 07/03/2013 12/03/2014 371 808 10.5 73 88 1702 (177) 10% b
Swi L N+ 120 07/03/2013 12/03/2014 371 808 10.7 75 88 3362 (904) 27% a
Sor-Tri N+ 120 06/03/2013 05/03/2014 365 809 11.0 72 88 1325 (474) 36% b
Tri-Sor N+ 120 06/03/2013 05/03/2014 365 809 10.6 60 54 1281 (201) 16% b
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3.3. Dynamics of N2O Emissions

Daily N2O emissions in miscanthus had very different dynamics between treatments (Figure 2).
In Mis L N+, N2O emissions were strongly stimulated by the N fertilization events, with very intense
emissions (up to 117 g N2O-N ha−1 day−1) lasting from 25 to 60 days. Apart from these periods,
emissions were very low except in early April 2011 when a small peak was measured before fertilization
(up to 20 g N2O-N ha−1 day−1). Emissions were uniformly very low in Mis L N−, with a maximal
value of 5 g N2O-N ha−1 day−1. Daily emissions in Mis E N+ also increased after fertilization but this
increase was much smaller than in Mis L N+ (maximum of 11 g N2O-N ha−1 day−1). Emission rates
far from fertilization events were very small and similar for all management options.
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High N2O emission peaks were also observed under switchgrass during the weeks following N 
fertilization, but they were slightly delayed compared to miscanthus, occurring 40–70 days after 
fertilization (Figure 3). Emission peaks were particularly high in spring 2013 for both harvest dates 
(up to 250 and 229 g N2O-N ha−1 day−1, respectively, for Swi E N+ and Swi L N+). The highest peaks 
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N ha−1 day−1) were also observed for Swi L N+ in winter and early spring 2013. 

Figure 2. Daily N2O emissions (a); daily rainfall and WFPS (0–30 cm) (b); and daily soil temperature
(15 cm) and soil nitrate content (0–30 cm) (c) under miscanthus: Mis E N+ (green), Mis L N+ (red) and
Mis L N− (blue). Each point in (a) represents a measured value (daily average). Vertical dotted lines
represent fertilization events with the N rate in kg N ha−1. Vertical lines in (c) represent the standard
deviations for soil nitrate content. WFPS and soil temperature for Mis E N+ were not available in 2010.
See Table 1 for treatment abbreviations.

High N2O emission peaks were also observed under switchgrass during the weeks following
N fertilization, but they were slightly delayed compared to miscanthus, occurring 40–70 days after
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fertilization (Figure 3). Emission peaks were particularly high in spring 2013 for both harvest dates
(up to 250 and 229 g N2O-N ha−1 day−1, respectively, for Swi E N+ and Swi L N+). The highest
peaks seemed to be synchronous with rainfall events and high WFPS. Smaller peaks (from 10 to
33 g N2O-N ha−1 day−1) were also observed for Swi L N+ in winter and early spring 2013.
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Contrary to C4 perennial crops, fescue did not show large N2O emissions peaks following N 
applications (Figure 4). Only a small peak (up to 10 g N2O-N ha−1 day−1) was observed in June 2010 
after an input of 30 kg N ha−1. The largest emissions were observed during the transition between 
alfalfa and fescue, i.e., after the sowing of fescue in spring 2009 and spring 2011 (up to 77 g N2O-N 
ha−1 day−1) (alfalfa was destroyed by plowing in mid-March 2009 and early November 2010). Very 
small emissions, always lower than 10 g N2O-N ha−1 day−1, were recorded under alfalfa. A short peak 
also took place just after alfalfa and fescue destruction (in treatments Fes-Alf N− and Alf-Fes N−, 
respectively) following a heavy rainfall event in November 2010. 

Figure 3. Daily N2O emissions (a); daily rainfall and WFPS (0–30 cm) (b); and daily soil temperature
(15 cm) and soil nitrate content (0–30 cm) (c) under switchgrass: Swi E N+ (green) and Swi L N+

(red). Each point in (a) represents a measured value (daily average). Vertical dotted lines represent
fertilization events with the N rate in kg N ha−1. Vertical lines in (c) represent the standard deviations
for soil nitrate content. Five daily N2O fluxes were higher than 120 g N2O-N ha−1 day−1 and do not
appear in (a). For Swi E N+: 250 g N2O-N ha−1 day−1 on 22/05/2013. For Swi L N+: 139, 229, 166 and
142 g N2O-N ha−1 day−1 on 21/05/2013, 22/05/2013, 21/06/2013 and 22/06/2013, respectively. See Table 1
for treatment abbreviations.

Contrary to C4 perennial crops, fescue did not show large N2O emissions peaks following N
applications (Figure 4). Only a small peak (up to 10 g N2O-N ha−1 day−1) was observed in June
2010 after an input of 30 kg N ha−1. The largest emissions were observed during the transition
between alfalfa and fescue, i.e., after the sowing of fescue in spring 2009 and spring 2011 (up to
77 g N2O-N ha−1 day−1) (alfalfa was destroyed by plowing in mid-March 2009 and early November
2010). Very small emissions, always lower than 10 g N2O-N ha−1 day−1, were recorded under alfalfa.
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A short peak also took place just after alfalfa and fescue destruction (in treatments Fes-Alf N− and
Alf-Fes N−, respectively) following a heavy rainfall event in November 2010.
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days (Figure 5). There was no increase in N2O emissions during the days following N fertilization, 
but short peaks were observed in 2013 2–4 weeks after N application. Two longer high emission 
periods were observed: the first during triticale in late spring and early summer 2012 (Sor-Tri N+), 
during a period with rather intensive rainfall, and the second after sorghum harvest and triticale 
sowing in autumn 2012 (Tri-Sor N+). In 2012, sorghum yield was exceptionally low (3.1 t DM ha−1) 
due to establishment difficulties (Table S1). This low biomass production resulted in a low N uptake 
by the crop and probably a high mineral N content in soil at harvest, stimulating N2O emissions. 

Figure 4. Daily N2O emissions (a); daily rainfall and WFPS (0–30 cm) (b); and daily soil temperature
(15 cm) and soil nitrate content (0–30 cm) (c) under semi-perennial crops: Fes-Alf N− (green) and
Alf-Fes N− (red). Each point in (a) represents a measured value (daily average for the treatment).
Vertical dotted lines represent fertilization events with the N rate in kg N ha−1. Horizontal arrows in (a)
indicate the crop duration (between sowing and crop destruction). Vertical lines in (c) represent the
standard deviations for soil nitrate content. See Table 1 for treatment abbreviations.

The dynamics of daily N2O emissions in annual crops was characterized by an absence of regular
pattern and many short emissions peaks (ranging from 10 to 70 g N2O-N ha−1 day−1) lasting a few
days (Figure 5). There was no increase in N2O emissions during the days following N fertilization, but
short peaks were observed in 2013 2–4 weeks after N application. Two longer high emission periods
were observed: the first during triticale in late spring and early summer 2012 (Sor-Tri N+), during
a period with rather intensive rainfall, and the second after sorghum harvest and triticale sowing
in autumn 2012 (Tri-Sor N+). In 2012, sorghum yield was exceptionally low (3.1 t DM ha−1) due to
establishment difficulties (Table S1). This low biomass production resulted in a low N uptake by the
crop and probably a high mineral N content in soil at harvest, stimulating N2O emissions.



Atmosphere 2020, 11, 675 14 of 24

Atmosphere 2020, 11, x FOR PEER REVIEW 15 of 26 

 

Figure 5. Daily N2O emissions (a); daily rainfall and WFPS (0–30 cm) (b); and daily soil temperature 
(15 cm) and soil nitrate content (0–30 cm) (c) under annual crops: Sor-Tri N+ (green) and Tri-Sor N+ 
(red). Each point in (a) represents a measured value (daily average for the treatment). Vertical dotted 
lines represent fertilization events with the N rate in kg N ha−1. Horizontal arrows in (a) indicate the 
crop duration (between sowing and harvest or destruction). CC, catch crop. Vertical lines in (c) 
represent the standard deviations for soil nitrate content. See Table 1 for treatment abbreviations. 
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Soil temperature, WFPS and fertilization history (presence or absence of fertilization events 
during the last 70 days) were used as input variables in a decision tree approach to explain daily N2O 
emissions for perennial, semi-perennial and annual crops. For the fertilization history, the 70-day 
duration was chosen because it corresponded to the maximum length of the peak emission period 
occurring after fertilization of perennial crops. It also corresponded more or less to the time at which 
soil mineral N returned to a very low level. We applied this method on daily data, after removing 
interpolated values for N2O and ancillary data, which resulted over all treatments in 3582, 1165 and 
1471 remaining daily fluxes for perennial, semi-perennial and annual crops, respectively. The 
decision trees explained 38% and 37% of the variance in daily N2O fluxes for perennial and semi-
perennial crops respectively (Figure 6). However, for annual crops, none of the tested variables had 

Figure 5. Daily N2O emissions (a); daily rainfall and WFPS (0–30 cm) (b); and daily soil temperature
(15 cm) and soil nitrate content (0–30 cm) (c) under annual crops: Sor-Tri N+ (green) and Tri-Sor N+

(red). Each point in (a) represents a measured value (daily average for the treatment). Vertical dotted
lines represent fertilization events with the N rate in kg N ha−1. Horizontal arrows in (a) indicate
the crop duration (between sowing and harvest or destruction). CC, catch crop. Vertical lines in (c)
represent the standard deviations for soil nitrate content. See Table 1 for treatment abbreviations.

3.4. Factors Influencing Daily N2O Emissions

Soil temperature, WFPS and fertilization history (presence or absence of fertilization events during
the last 70 days) were used as input variables in a decision tree approach to explain daily N2O emissions
for perennial, semi-perennial and annual crops. For the fertilization history, the 70-day duration was
chosen because it corresponded to the maximum length of the peak emission period occurring after
fertilization of perennial crops. It also corresponded more or less to the time at which soil mineral
N returned to a very low level. We applied this method on daily data, after removing interpolated
values for N2O and ancillary data, which resulted over all treatments in 3582, 1165 and 1471 remaining
daily fluxes for perennial, semi-perennial and annual crops, respectively. The decision trees explained
38% and 37% of the variance in daily N2O fluxes for perennial and semi-perennial crops respectively
(Figure 6). However, for annual crops, none of the tested variables had a sufficient influence on
N2O emissions to be retained. The first explaining factor for perennial crops was fertilization history,
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which we consider as a proxy for mineral N availability: emissions were very low when there was no
fertilization event during the last 70 days (1.6 g N2O-N ha−1 day−1 on average). During the 70 days
following fertilizer application, emissions were higher when WFPS exceeded 73% (mean N2O fluxes of
31 vs. 7 g N2O-N ha−1 day−1). For semi-perennial crops, the fertilization history did not appear as a
significant driving factor. N2O emissions were primarily dependent on soil temperature: low N2O
emissions (0.3 g N2O-N ha−1 day−1 on average) occurred when soil temperature was below 12 ◦C.
When soil temperature was higher than 12 ◦C, a second controlling factor was WFPS with a threshold of
66%. The highest emissions (8.4 g N2O-N ha−1 day−1 on average) occurred when WFPS was above this
threshold. Correlation analysis confirmed the significant positive effect of soil temperature and WFPS
on N2O emissions for perennial and semi-perennial crops. For annual crops, no significant correlation
was found between WFPS and N2O fluxes but a significant although weak positive correlation was
found with soil temperature (r = 0.17, p < 0.001).
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The relationship between WFPS and daily N2O emissions is shown in Figure 7. In perennial 
crops, high N2O emissions (>25 g N2O-N ha−1 day−1) occurred only during the 70 days following 
fertilization and above a WFPS threshold of ca. 70%, which is consistent with results from the decision 
tree. Emissions in Mis L N− were uniformly low despite similar WFPS to Mis L N+ (Figure 2). On the 
contrary, WFPS in Mis E N+ was on average lower than in Mis L+ and remained below 70% during 
the period following fertilization, which could explain the low emissions for this treatment. High 
N2O fluxes in semi-perennial crops also occurred only at high WFPS, whereas in annual crops high 
N2O fluxes were observed for a wide range of WFPS. Contrary to perennial crops, high N2O fluxes in 
semi-perennial and annual crops did not occur only following fertilization. 

Figure 6. Decision tree classifying daily N2O emissions according to soil conditions (soil temperature
and WFPS) and fertilization history (fert.history = 0 if there was no fertilization event during the
last 70 days) for: (a) perennial crops; and (b) semi-perennial crops. The number at the top of each
colored box corresponds to the mean daily N2O flux in the class (in g N2O-N ha−1 day−1). The number
of observations in each class (n) is also indicated, as well as the proportion of the total number of
observations in each class. Color intensity is proportional to mean N2O flux in the class (from green for
the lowest fluxes to orange for the highest fluxes). Below the colored box is the key variable and the
condition used for partition into two classes: the one on the left for when the condition is met, the one
on the right for when it is not met.

The relationship between WFPS and daily N2O emissions is shown in Figure 7. In perennial
crops, high N2O emissions (>25 g N2O-N ha−1 day−1) occurred only during the 70 days following
fertilization and above a WFPS threshold of ca. 70%, which is consistent with results from the decision
tree. Emissions in Mis L N− were uniformly low despite similar WFPS to Mis L N+ (Figure 2). On the
contrary, WFPS in Mis E N+ was on average lower than in Mis L+ and remained below 70% during
the period following fertilization, which could explain the low emissions for this treatment. High
N2O fluxes in semi-perennial crops also occurred only at high WFPS, whereas in annual crops high
N2O fluxes were observed for a wide range of WFPS. Contrary to perennial crops, high N2O fluxes in
semi-perennial and annual crops did not occur only following fertilization.

We investigated in more details the relationship between N2O emissions and WFPS for miscanthus
and switchgrass during the 70 days following fertilization. Excluding WFPS values lower than 60%, for
which denitrification was unlikely to be the dominant process, an overall linear relationship was found
between daily ln(N2O) fluxes and WFPS by grouping the four treatments together (R2 = 0.31, p < 0.001,
n = 474, Figure 8). A covariance analysis showed that this linear relationship was not significantly
different between miscanthus and switchgrass and between early and late harvest.
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The number of available data was much lower for soil mineral nitrogen than for soil temperature
and WFPS. Measured soil nitrate content in the 0–30-cm layer was 25 kg N ha−1 on average and ranged
between 0.1 and 158 kg N ha−1. Over the whole dataset (82 measurements), we found a significant
positive correlation between nitrate content and N2O emissions (r = 0.56, p < 0.001). The crops for
which we had the greatest number of available data were miscanthus (36 measurements, with 19
measurements for Mis L N+) and semi-perennial crops (30 measurements). We found a significant
positive correlation between nitrate content and N2O emissions for Mis L N+ (r = 0.67, p < 0.005) and
semi-perennial crops (r = 0.63, p < 0.001). A covariance analysis showed that the slope of the linear
regression was significantly higher for Mis L N+ than for semi-perennial crops while the intercept
did not differ (Figure 9). High soil nitrate content values in Mis L N+ corresponded to measurements
following N fertilization. Soil nitrate content was always low in Mis L N− (maximum of 20 kg N ha−1)
and N2O fluxes in Mis E N+ remained low after fertilization despite an increase in soil nitrate content
(only measured in 2011 for this treatment) (Figure 2). Soil nitrate content under semi-perennial crops
was higher after the sowing of fescue in spring 2009 and spring 2011 and before alfalfa sowing in
spring 2011, concomitantly with the highest N2O fluxes (Figure 4). This increase in nitrate content
was probably due to an active N mineralization (enhanced by the destruction of the previous crop)
and a low N uptake in spring after the seeding of the next crop. The soil ammonium content in the
0–30 cm layer was 10 kg N ha−1 on average and ranged between 0.3 and 120 kg N ha−1. Contrary to
nitrate, no significant correlation was found over the whole dataset between soil ammonium content
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and N2O fluxes. At the treatment level, only Mis L N+ showed a significant increase in N2O emission
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4. Discussion

4.1. Effect of Management Practices on N2O Emissions under C4 Perennial Crops

The strong dependence of cumulative N2O emissions on N fertilization for miscanthus harvested in
late winter was consistent with previous studies [25,26,32,51]. Cumulative emissions for Mis L N+ were
indeed high and ranged between 1040 and 2145 g N2O-N ha−1 year−1, which however falls in the lower
range of previously published data for similar high N rates (1135–4316 g N2O-N ha−1 year−1 reported
by Davis et al. [25]). This is also lower than cumulative emissions measured by Peyrard et al. [20] in
the same experiment and same treatment, but in different years (2014 and 2015) and with different N
fertilizers (ammonium sulfate or potassium nitrate), which were on average 4208 g N2O-N ha−1 year−1.
Cumulative emissions for Mis L N- were particularly low (−157 to 361 g N2O-N ha−1 year−1) and also
fall in the lower range of published results for unfertilized miscanthus. For example, Drewer et al. [21]
measured on average over three years 510 g N2O-N ha−1 year−1 and Davis et al. [25] reported fluxes
between 142 and 1061 g N2O-N ha−1 year−1.

To our knowledge, the effect of the miscanthus harvest date on N2O emissions has not been
evaluated before, except in the same experiment by Peyrard et al. [20]. These previous results
are consistent with our study, with much lower cumulative N2O emissions in early than late
harvest, although our fluxes were lower than those measured by Peyrard et al. [20] (−36 to
138 g N2O-N ha−1 year−1 vs. 895 g N2O-N ha−1 year−1 on average for Mis E N+). This effect
of harvest date was discussed in detail by Peyrard et al. [20], with a combination of several factors
favoring N2O emissions in a (continuous) late harvest treatment: (i) the mulch resulting from the
accumulation of senescent leaves fallen during winter in late harvest [52], which increases WFPS in
spring compared to early harvest; (ii) the potential denitrification, which was shown to be three times
higher in late than early harvest [53]; and (iii) the reduced N storage in the rhizome in the early harvest
treatment [18], which enhances N uptake in spring and induces a faster decline in soil mineral N
content after N fertilization.

As for miscanthus, late harvest increased N2O emissions from switchgrass, compared to early
harvest: cumulative N2O emissions were on average 1.7 times higher for Swi L N+ than Swi E N+.
This result is consistent with the findings of Johnson and Barbour [19], who reported a mean ratio of
1.4 between late and early harvest N2O emissions. The cumulative fluxes they measured (5633 and
7663 g N2O-N ha−1 year−1 on average over three years for early and late harvest, respectively) were
however higher than ours (1782 and 3013 g N2O-N ha−1 year−1 for early and late harvest, respectively)
with similar N fertilization rates. No comparison between harvest dates was done in other previous
studies, switchgrass being often harvested in late autumn, which is intermediate between our two
treatments. Reported cumulative fluxes were generally of the same order of magnitude than ours
with comparable N fertilization rates. Contrary to miscanthus, no leave fall occurs in winter under
switchgrass. The amount of crop residues on the soil surface was hence similar between early and late
harvest [54], as well as WFPS dynamics. Potential denitrification rate was also found to be similar
between early and late harvest for switchgrass. Finally, the N2O to N2 molar ratio tended to be
smaller in the late harvest treatment [53]. Differences in WFPS, potential denitrification rates or N2O
consumption rates thus cannot explain the higher emissions observed in the late harvest treatment.
The smaller emissions observed in early harvest might result from a higher and/or faster plant N
uptake due to lower plant N reserves [54], and therefore a faster depletion of soil mineral N content
after fertilization.

4.2. Effect of Crop Type on N2O Emissions

For similar N fertilization rates, N2O emissions from perennial crops (except Mis E N+) were
close or even higher than emissions from semi-perennial or annual crops. This result is in line with
Johnson and Barbour [19], who found higher cumulative emissions from switchgrass than from annual
crops with a N fertilization rate of ca. 120 kg N ha−1 year−1.



Atmosphere 2020, 11, 675 19 of 24

Cumulative emissions from annual crops (1281 to 2319 g N2O-N ha−1 year−1) were consistent
with the results from the meta-analysis of Bouwman et al. [55], who reported a mean value of 1.9 kg
N2O-N ha−1 year−1 for arable crops fertilized between 100 and 150 kg N ha−1 year−1. Semi-perennial
crops had rather low emissions compared to annual crops (679 versus 1746 g N2O-N ha−1 year−1

on average), in accordance with the findings of Abalos et al. [56], but the two crop types were not
monitored simultaneously.

Cumulative emissions seemed higher for fertilized switchgrass than for fertilized miscanthus
(50 and 1470 g N2O-N ha−1 year−1 on average for Mis E N+ and Mis L N+, respectively, versus 1782
and 3013 g N2O-N ha−1 year−1 on average for Swi E N+ and Swi L N+, respectively). However,
these emissions were not measured during the same periods, i.e., in the same climatic conditions,
and no firm conclusion can therefore be drawn from our study. For example, spring rainfall in
2010 and 2011 (99 and 94 mm, from April to June) was much lower than the average (156 mm,
2008–2013) while it was higher in 2012 and 2013 (242 and 176 mm, respectively). WFPS measured
under switchgrass during these two years were high (most of the time higher than 60%). Given the
strong influence of WFPS on N2O emissions, this could have favored emissions from switchgrass
compared to miscanthus and particularly Mis E N+. Smith et al. [23], who compared N2O emissions
from miscanthus and switchgrass during three years, did not find a significant difference between the
two crops. Oates et al. [24] found contrasted results for the same comparison according to the year and
the site.

If we take into account the crop production measured during the years of N2O monitoring, we can
calculate biomass-scaled emissions. There were large differences in biomass production: miscanthus
showed the highest production (27.7 t DM ha−1 year−1 for Mis E N+, 20.4 and 20.5 t DM ha−1 year−1

for Mis L N+ and N−, respectively), followed by switchgrass (16.6 and 15.6 t DM ha−1 year−1 for
Swi E N+ and Swi L N+, respectively), annual crops (10.7 t DM ha−1 year−1 on average) and finally
semi-perennial crops (6.4 t DM ha−1 year−1 on average). Biomass-scaled emissions were lower for
miscanthus (2, 8 and 72 g N2O-N t DM−1 for Mis E N+, Mis L N− and Mis L N+, respectively) than for
semi-perennial crops (106 g N2O-N t DM−1). They were also lower for Swi E N+ (107 g N2O-N t DM−1)
than for annual crops (163 g N2O-N t DM−1). Biomass-scaled emissions were thus more favorable to
perennial crops because of their high productivity.

4.3. Temporal Patterns of N2O Emissions

Beyond differences in cumulative emissions and the high temporal variability in daily N2O
emissions typical of agricultural systems [57], patterns of N2O emissions varied strongly between
crop types. N2O emissions from perennial and semi-perennial crops were characterized by long
time-periods with low daily emissions interspersed by short periods with intensive emissions, whereas
emissions from annual crops were less structured.

Main emission peaks in perennial crops appeared in spring just after N fertilization. This pattern
seems typical for miscanthus harvested late, as various authors observed previously [26,32,51]. It
was also found for switchgrass [19,28]. Several authors observed that these emissions were favored
by rainfall events and therefore high WFPS during the period following fertilization [19,24,28,51],
consistently with our findings. These emission peaks corresponded to soil conditions favorable for
N2O emissions induced by denitrification: relatively high soil temperature, high WFPS and high
mineral nitrogen content [58,59]. Apart from these emissions peaks, N2O fluxes from miscanthus
were very low. In total, 21%, 26% and 59% of the measured daily fluxes were negative (down to
−2 g N2O-N ha−1 day−1) for Mis L N−, Mis L N+ and Mis E N+, respectively. These negative
fluxes occurred for the whole range of observed WFPS and soil temperature but fluxes lower than
−1 g N2O-N ha−1 day−1 were mainly observed when soil temperature was higher than 10 ◦C, which is
consistent with lower N2O:N2 molar ratio observed when temperature increases [60]. Net negative
N2O fluxes have been frequently measured under various agricultural systems and soil conditions
including low WFPS [61]. The fact that we did not observe negative fluxes on switchgrass, contrary to
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miscanthus, may suggest that N2O reduction is more active on miscanthus, which could be related to
conditions more favorable to denitrification.

Fertilization events had less influence on semi-perennial than on perennial crops. Almost no
increase in N2O emissions was detected after N fertilization on fescue, which differs from results
obtained on grasslands where emission peaks have been reported after fertilizer N application
(e.g., [58,62]). Senapati et al. [63] found either a response of mowed grassland to N fertilizer or no
response, depending on the year. In our study, three out of four N applications occurred in late
spring or summer when WFPS was low, which could have prevented N2O emissions, as observed by
Bell et al. [62] for a fertilized grassland. In addition, the moderate N rates and probably important
plant N uptake at the time of application limited the increase in soil mineral nitrogen content after
N applications. Daily N2O emissions were uniformly low under alfalfa, which was not fertilized,
but strongly increased during spring following the crop destruction by moldboard plowing. Such
emissions were already observed by Johnson et al. [64], Abalos et al. [56] and Westphal et al. [65] and
were attributed to the decomposition of the alfalfa residues, which increased soil mineral nitrogen
content due to their low C:N ratio, of about 15. The same trend was observed for fescue (C:N ratio of
about 35) after destruction, but with a lower extra N mineralization [36] and then lower N2O emissions.
The emission peaks mainly occurred when WFPS was higher than 66%, as shown by the decision tree,
which suggests a dominant contribution of denitrification to N2O production.

N2O emission patterns under annual crops were only poorly explained by variations in soil
temperature and WFPS, contrary to perennial and semi-perennial crops. Soil mineral N content was
not monitored in these treatments, which did not allow for analyzing its influence. Soil mineral N
content was probably more variable in time under annual than other crops, due to frequent tillage and
bare fallow periods, so that a greater variability in N2O emissions was expected in annual crops. Peaks
higher than 20 g N2O-N ha−1 day−1 occurred for a wide range of WFPS (42–83%), suggesting that
nitrification and denitrification both contributed to N2O production under annual crops, which may
explain the lack of a clear temporal pattern in emissions. The short-term response of N2O emissions of
annual crops to N fertilization was not clear: there was no increase in emissions in 2012 during the
month following N application, whereas short peaks associated to rainfall events were detected after
fertilization in 2013.

5. Conclusions

This study provides an evaluation of N2O fluxes from different perennial, semi-perennial and
annual bioenergy crops. Our results were obtained using quasi-continuous measurements during
several years on cropping systems that had already been in place for at least three years.

The first main result of the study is the very strong effect of management practices on N2O
emissions. The observed range of cumulative emissions was indeed very wide for the same crop
on the same site. Fertilization was shown to have a strong influence on emissions, but emissions
also strongly varied for a given fertilization rate according to harvest date, which thus appears as
a critical management option for C4 perennial crops in the context of greenhouse gases mitigation.
Regarding crop types, fertilized C4 perennial crops had similar or higher emissions than semi-perennial
or annual crops. However, due to their high biomass productivity, C4 perennial crops were generally
more favorable in terms of biomass-scaled N2O emissions. The strong influence of fertilization on
emissions and the very low fluxes observed in unfertilized miscanthus encourage a strong limitation
of N fertilization of C4 perennial crops, but too low N inputs may impact biomass production in the
long term. Semi-perennials were found to have low N2O emissions, except after alfalfa destruction.
Introducing semi-perennial crops in crop rotations may thus be a good biomass production strategy
if the services provided, such as N supply or help in managing weeds, are more valuable than the
amount of biomass produced.

The second main lesson of this study is that understanding N2O emissions from cropping systems
remains a challenge: emissions are likely to result from both nitrification and denitrification, with a
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strong and combined influence of several environmental variables and management practices, and
with contrasted temporal dynamics. WFPS and soil nitrate were found to have a strong influence on
N2O emissions from C4 perennial crops, while their influence on annual crop was less apparent. That
stresses the importance of continuous and long-term monitoring of emissions, as WFPS is strongly
dependent on climate both at a short-term and annual scale. Soil–crop modeling, which allows
managing interactions between the different processes and controls involved, should contribute to the
better understanding and management of these cropping systems, especially for finding optimum
compromises between biomass production and GHG emissions.
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N2O emissions for the different periods of monitoring for each treatment.
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