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Abstract

Nitrogen (N) recycling is a key mechanism to ensure the sustainability of miscanthus production with no or small
fertiliser inputs, but little is known on the subject in miscanthus species other than the most cultivated Miscanthus
x giganteus. This field experiment on Miscanthus x giganteus and Miscanthus sinensis quantified plant biomass
and N stock dynamics during two years. Endogenous net N fluxes, calculated by the difference in plant N content
throughout time, were higher in Miscanthus x giganteus than in Miscanthus sinensis. Indeed, 79 kg N ha! and 105
to 197 kg N ha'! were remobilized during spring and autumn respectively for Miscanthus x giganteus, as opposed
to 13 to 25 kg N ha! and 46 to 128 kg N ha'! for Miscanthus sinensis. However, their N recycling efficiency,
defined as the ratio between N remobilisation fluxes and the maximum above-ground N content, did not differ
significantly. It ranged from 8 to 27% for spring remobilisation and from 63 to 74% and 24 to 38% for autumn
remobilization calculated on above-ground and below-ground N respectively. Exogenous N, the main source of N
to constitute maximum plant N content for all genotypes, was provided by fertilisation (22 to 24%) and organic
matter mineralisation or other sources (43 to 59%). During winter, 50 to 56% of plant N content was lost. Abscised
leaves constituted an additional loss of 6 to 12%. Our results show that Miscanthus sinensis is as efficient as

Miscanthus x giganteus and as performant as other perennial species concerning N functioning.

Keywords

Perennial crop, lignocellulosic biomass crop, nitrogen fluxes, nitrogen uptake, nitrogen losses, nitrogen use

efficiency
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Abbreviations

AP: Above-ground Parts

BP: Below-ground Parts

DM: Dry Matter

Mxg: Miscanthus x giganteus

Msin: Miscanthus sinensis

Msin Goliath: Miscanthus sinensis Goliath

Msin Malepartus: Miscanthus sinensis Malepartus

N: Nitrogen

Ndff: Plant N content derived from fertiliser (kg N ha!)

Nomer: N uptake by the plant not derived from fertiliser (kg N ha)
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N:ec: proportion of fertiliser-N recovered in the plant (%)

NUE: Nitrogen Use Efficiency (kg DM kg!' N)

NA: N content of the above-ground parts (kg N ha!)

NA;: N content of the above-ground parts when N content in the below-ground parts is minimal (kg N ha™')
NA>: Maximum N content of the above-ground parts (kg N ha'!)

NA;: N content of the above-ground parts when N content in the whole plant is maximal (kg N ha™!)

NA4: N content of the above-ground parts when N content in the below-ground parts is maximal (kg N ha™)
NAs: N content of the above-ground parts in February of year n+1 (kg N ha™)

NB: N content of the below-ground parts (kg N ha'!)

NBy: N content of the below-ground parts in February of year n (kg N ha'!)

NB;: Minimum N content of the below-ground parts (kg N ha'!)

NB:: N content of the below-ground parts when N content of the above-ground parts is maximal (kg N ha™)
NB;: N content of the below-ground parts when N content in the whole plant is maximal (kg N ha™)

NBy: Maximum N content of the below-ground parts (kg N ha'!)

NBs: N content of the below-ground parts in February of year n+1 (kg N ha'')

NT3: Maximum N content of the whole plant (kg N ha'!)

NTs: N content of the whole plant in February of year n+1 (kg N ha!)

WA: Biomass of above-ground parts (t DM ha™')

WAs: Biomass of above-ground parts in February of year n+1 (t DM ha™')

WAmax: Maximum biomass of above-ground parts (t DM ha!)

WB: Biomass of below-ground parts (t DM ha™!)

WT: Biomass of the whole plant (t DM ha™)
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1. Introduction

Nowadays, environmental issues are major concerns because anthropogenic activities have accentuated global
warming and the degradation of ecosystems. The extraction and use of fossil resources contribute to the increase
in greenhouse gas emissions, and their non-renewable stocks are rapidly decreasing. In the last decades, sustainable
resources have been developed [1-2] and biomass is the most studied [3]. To be acceptable, lignocellulosic biomass
crops must satisfy several criteria: producing a lot of biomass per unit area, generating low environmental impacts

and avoiding competition with food crops as much as possible.

Some perennial crops appear to be promising, as they combine high biomass production and low environmental
impacts, with particularly low nitrogen (N) fertiliser requirements [4], which are known to be a major source of
pollution in agriculture [5-7]. The perennial rhizomatous grass Miscanthus x giganteus (Mxg) is a good candidate
[4, 8-9]: it reaches its maximum biomass production after three to six years depending on locations [10] and
produces between 17 and 49 t DM ha™! at autumn harvest and 10 to 30 t DM ha™!' at winter harvest [11]. It is
important to note that this later type of harvest requires less exogenous N thanks to nutrient recycling by the plant
[12-14] and through leaf fall in winter which constitutes organic mulching. In contrast, the autumn harvest of non-
totally senesced plants in October does not allow plants to entirely recycle nutrients [14-15] and prevents the

accumulation of senescent leaves on the soil surface (mulch) which otherwise limits competition with weeds [15].

Although there are several species within the Miscanthus genus [16], European miscanthus cultivation mainly
focuses on interspecific hybrid Mxg cultivars derived from a single genotype both for research and biomass
production, resulting in low genetic variability [17-18]. This is risky in terms of production security, limits the
production area and restricts the possible end-uses due to a unique biomass quality. Varietal offer has to be

expanded to overcome these disadvantages.

The Miscanthus sinensis (Msin) species is interesting with regard the expansion of the varietal offer: it presents
huge genetic variability [19], better abiotic stress tolerance than Mxg [20], phytoremediation activity [21] and
intraspecific variability concerning the occurrence dates of developmental stages and the growing season length
[22]. All these characteristics make it possible to enlarge the production area while maintaining decent yields, from
Mediterranean Europe such as Turkey to northern regions like Sweden [20, 23]. Msin could potentially be
cultivated on marginal lands with higher yields and under more stressful conditions than Mxg [20]. Msin genotypes
also present contrasted biomass compositions which can be better adapted to different end-uses [10, 24-25].

Finally, sowing non-invasive triploids Msin seeds in comparison with planting rhizomes or plantlets of the sterile
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Mxg [20] can reduce crop establishment costs. Furthermore, Mxg and Msin show differences in their growth
dynamic: while Mxg provides a unique cohort of functional shoots at the beginning of the growing season, Msin
multiplies periods of shoot emission throughout the growing season [26-27] and a part of the latest shoots emitted

stays green during winter whereas all Mxg shoots are senesced.

Concerning N requirements to produce biomass, Zapater et al. [28] showed that the critical N dilution curve, i.e.
the minimum N concentration required in shoots at a given time to maximize above-ground biomass production,
was the same between Mxg and Msin. However, although endogenous N recycling is globally well characterized
for Mxg [12-14], to our knowledge, no study dealing with Msin has been published. At the beginning of the
growing season, nutrients stored in the rhizome and roots, which constitute the below-ground parts (BP), are
transferred to new buds and stems, the future above-ground parts (AP), to support their initial growth. This transfer
is called spring remobilisation. During the senescence, nutrients in leaves and stems are withdrawn and transferred
to the rhizome to be stored during winter. This transfer is called autumn remobilisation. These fluxes have been
quantified for Mxg in several studies, using the apparent N fluxes method, based on the comparison of N stocks
in the above-ground and below-ground parts at different times during the growing season [12-14, 29-30].
According to the different studies, spring N remobilisation ranged from 23 to 98 kg N ha' and autumn

remobilisation ranged from 45 to 134 kg N ha™! during the third growing year of Mxg.

The large variability found for Mxg spring and autumn N remobilisation can be partly explained by discrepancies
between the different calculation methods. Beale and Long [12] and Himken et al. [13] considered that N spring
remobilisation starts at emergence, perhaps underestimating spring remobilisation because N is probably
transferred to new buds in formation before emergence, during the winter. Strullu et al. [14] considered the
beginning of remobilisation to take place before emergence in February. This later proposition seems to be fairer
when considering the beginning of spring remobilisation. In the same way, the autumn N remobilisation can be
calculated either from AP or BP N stocks and using different starting dates. Beale and Long [12] used BP N stock
and defined the starting date of autumn remobilisation as the date when BP N stock was at its minimum, in summer,
while Himken et al. [13], Dierking et al. [30] and Strullu et al. [14] used AP N stocks and considered the beginning
of autumn remobilisation when AP N stock was at its maximum and starting to decrease, in autumn. As the increase
in BP N stock in summer can reflect soil N absorption and possible storage in the rhizome, we consider that the
beginning of autumn remobilisation should be taken at the beginning of N withdrawal from AP, in autumn.
Regardless of the compartment taken into account in the calculation (AP or BP), the end of autumn remobilisation

was taken in February or March of the year n+1 for Beale and Long [12], Himken ez al. [13] and Strullu et al. [14]
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in the case of a late harvest, while Dierking er al. [31] preferred to use the date of maximum BP N stock in
November. We consider that the most accurate suggestion is to define the end of autumn remobilisation at the
point when the rhizome is full, i.e. maximum observed BP N content. Furthermore, comparing the above methods
based on AP stocks or BP stocks highlighted higher N fluxes when calculated based on AP N stocks rather than
BP N stocks. As N in the fallen leaves was taken into account in the calculation, this suggests that a part of above-
ground N was “lost”, as it was not found in the rhizome and roots during winter. This point regarding total N
content of the whole plant was already underlined by Beale and Long [12], who calculated a loss of 111 kg N ha"
1, i.e. 33% of whole plant maximum N stock, between July and February of the following year in a fertilised trial.
Hence, all these discrepancies between studies in N apparent flux calculation and results emphasized the

importance of homogenising the calculation method.

This study deals with N management by miscanthus, with a focus on the comparison between Mxg and two
genotypes of Msin. The first objective of the study was to characterise and compare N endogenous recycling, i.e.
spring and autumn remobilisation periods and fluxes between Mxg and Msin by using the most relevant apparent
N flux calculation methods from the literature. As Mxg and Msin present the same N requirement to produce
biomass [28], and considering that Mxg produces more biomass than Msin, we hypothesised that the N apparent
fluxes of Mxg were higher than those of Msin. On the other hand, based on the same facts, we hypothesised that
N recycling efficiencies, i.e. the apparent N fluxes relative to the maximum N quantity in AP, can be equivalent
between species. Our second objective was to compare N management between miscanthus species, taking into
account not only endogenous fluxes but also exogenous N fluxes during acquisition (N uptake and fertiliser
recovery) and estimated N losses during autumn and winter for these three genotypes. For the reasons cited above,
we expected higher exogenous fluxes for Mxg than Msin, but comparable proportions of N uptake relative to

biomass produced, or comparable N losses relative to total N content of the plant.
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2. Material and methods

1. Experimental site and trial design

The field was located in northern France, at the French National Research Institute for Agriculture, Food and
Environment in Estrées-Mons (49°87 N, 3°01 E) with a deep silt loam soil (Haplic Luvisol, IUSS Working Group
WRB, 2006). During the last ten years (2007-2017), the oceanic climate has been characterized by an average
temperature of 11.0°C and precipitation of 640 mm. The four growing years, 2014 to 2017, corresponded to these
mean values with average temperatures of 11.9, 11.3, 11.0 and 11.4°C and average precipitation of 755, 631, 675
and 531 mm, respectively. Three contrasted genotypes were planted by hand in spring 2014 at a density of 2.08
plants m?: Miscanthus x giganteus (Mxg) from ADAS, Yorkshire, UK, Miscanthus sinensis Goliath (Msin
Goliath) and Miscanthus sinensis Malepartus (Msin Malepartus) both from Plant Estate, Netherlands. The field
was divided into four parts which corresponded to the four growing years studied, in order to sample plants each
year without destroying the entire trial. Within each part, the three genotypes were planted in three blocks
according to a complete block design with border plants between sampling zones to maintain equal competition
throughout the growing season. This study focused on the third (2016) and fourth (2017) growing years because

plants were supposed to have reached their maximum biomass production under these pedo-climatic conditions.

Crop emergence was determined when 50% of the observed plants had sprouted, with at least one bud emerged. It
occurred on April 5" in 2016 (third growing year). In 2017 (fourth growing year), emergence occurred at the end
of March but a frost event destroyed the young shoots. Therefore, a second emergence occurred on April 2372017.
The entire trial was harvested each year in the early spring. Chemical control was carried out in the first year to
prevent competition with weeds. All plots were irrigated during the four years of cultivation to create non-limiting
growing conditions: the annual amount of water added was 68, 250, 467 and 427 mm from 2014 to 2017. At the
end of the first year, the entire trial was cut down and the above-ground parts were shred and left in the field. The
trial was unfertilised during the first and second years. N fertiliser was applied at the beginning of May 2016 and
2017 at the rate of 120 kg N ha™! as a urea ammonium nitrate (UAN) solution. The soil mineral N content was
measured each year in March or April over 0-150 cm. It was 85, 85, 53 and 54 kg N ha™! on average in 2014, 2015,
2016 and 2017, respectively. During each plant sampling campaign, soil N content was measured in each sampling
zone within a 0-30 cm depth. The Nitrogen Nutrition Index (NNI) calculated according to the critical N dilution

curve [28] showed that plants had never been N deficient.
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To determine fertilisation efficiency, a '’N-labeled UAN fertiliser uniformly labelled on urea, NH4* and NO3", with
a N excess atom fraction of 0.125%, was applied on the experimental plots used for sampling on May 11% 2016
and May 3™ 2017. Plant isotopic excess was measured at each sampling date and N natural abundance was

analysed in control plants planted the same year, grown near the others but without fertilisation and irrigation.

2. Plant sampling

Sixteen whole plant sampling campaigns, separated into above-ground parts (AP: stems and leaves) and below-
ground parts (BP: rhizome and associated roots), were carried out between February and November, in 2016 and
in 2017, approximately every ten days during the full vegetation period. At each sampling campaign, the number
of shoots of every seventh plants of the sampling line was counted and the median number of shoots per plant was
determined for each block and genotype. For each sampling and block, the three plants whose shoot number were
closest to the median value were collected in the morning, providing nine sampled plants per genotype. Two
additional plants per genotype and block, also with a shoot number close to the median, were sampled only for
their above-ground organs. Hence, nine plants were sampled for below-ground parts and 15 plants for above-
ground parts, for each genotype, at each sampling date. The stems and leaves (AP) of each plant were immediately
weighed. The rhizome and associated roots (BP) of each plant were washed with cold water, dried with paper
towels and weighed fresh. Then, AP and BP of the plants were pooled by block and genotype. Subsamples of AP
and BP of each block and genotype were dried at 65°C during 96 hours and weighed to determine above-ground
and below-ground biomass (WA and WB), water content and dry matter. They were used to determine N content

and "N isotopic excess.

The abscised leaves were picked up weekly from the ground each year from September to February. They were

dried and weighed each week and pooled at the end of the year for analysis.

Because of a strong wind causing Mxg lodging in 2017, the Mxg plants studied were chosen among the plants that
remained standing and sampling was no longer representative of the plots, as competition for light was largely

modified for these plants. Hence, the corresponding data will not be shown.
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3. Plant nitrogen stocks and nitrogen derived from fertiliser

All plant samples were finely ground (< 500 um) and their N concentration was determined using an elemental
analyser (FLASH EA 1112 series, Thermo Electron, Germany). '’N abundance was measured with the ANCA-
IRMS technique, using the elemental analyser linked to a mass spectrometer (DELTA V Advantage, Thermo

Electron, Bremen, Germany).

The plant N stocks (N accumulated in the plant) were calculated using the following equations:

NA = WA - [N,] (1a)
NB = WB - [N;] (1b)
NT = NA + NB (lc)

where NA, NB and NT are the amounts of N (kg ha!) contained in the AP, BP and in the whole plant respectively;
WA and WB are the amounts of dry matter (t ha™!) in the AP and BP, and [N4] and [N5] are their N concentrations

(g N kg'! DM), respectively.

The amount of N derived from the "N fertiliser (Ndff, kg N ha'') in the plant (AP + BP) was determined using the

slightly modified equation by Hauck and Bremner [32]:
— NTE24
Ndff = NT = (2)

where p is the excess atom fraction of the labelled plant, g the excess atom fraction of a control plant and f the

excess atom fraction of the labelled fertiliser.

The fertiliser-N recovery (N, %), i.e. the proportion of the fertiliser-N recovered in the plant, was:

Nrec = 100@ 3)

where F is the amount of fertiliser-N (here F = 120 kg ha™).

4. Net nitrogen fluxes

According to the literature, different methods can be used to calculate net N fluxes. We chose the most relevant
methods based on our observations and assumptions and compared two methods for autumn N remobilisation.

Based on the evolution of N stocks in AP and BP, we were able to define six key dates (Figure 1): date O

10
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corresponded to the dormancy phase (February) of year n; date 1 was the time when the N content of BP (NB) was
minimal; date 2 was the time when the N content of AP (NA) was maximal; date 3 was the time when the N content
of the whole plant (NT) was maximal; date 4 was the time when NB was maximal; date 5 corresponded to the

dormancy phase of year n+1.

Spring remobilisation (SR, kg N ha™!') corresponded to the upward transfer of N from BP to AP to support the

growth of new shoots at the beginning of the growing season. It was calculated according to Strullu ef al. [14]:

SR = NB, — NB; 4)

where NBy and NB; represent the N content of below-ground parts at dates 0 and 1, respectively.

Autumn remobilisation (kg N ha!) corresponded to the downward transfer of N from AP to BP in autumn. It can

be calculated using two methods, according to Dierking et al. [31]. The first method is based on NA variations:

ARa = NA, — NA, (52)

where NA; and NA, are the N content of the above-ground parts at dates 2 and 4 respectively. The second method

is based on NB variations:

ARb = NB, — NB, (5b)

where NB, and NB; are the N content of the below-ground parts at dates 4 and 2 respectively.

The maximum N uptake (U, in kg N ha™!) was calculated as follows:

U = NT; — NB, (6)

where NT; is the N content of the whole plant at date 3.

Finally, N losses of the whole plant (L, in kg N ha'!) were:

L =NT, — NT; (7

where NTs is the N content of the whole plant at date 5.

The key dates in Figure 1 were determined for each genotype and year according to the observed dynamics of NA,
NB and NT (shown in Figure 4). Dates 2 and 3 were often found at the same time. Each N flux was calculated for
each block, year and genotype, and then the values of the three blocks were averaged by genotype and year to

determine the fluxes for each genotype and each year.

11
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5. Nitrogen Use Efficiencies

The Nitrogen Use Efficiency (NUE, in kg DM kg!' N) represents the amount of biomass produced per unit of N
accumulated in the plant. It can be calculated by considering the whole plant but we chose to consider AP to be
able to compare our results with other studies. Two NUE calculations were made according to Ra et al. [54], Olson

et al. [55] or Dierking et al. [56] at two different dates:

NUE, = ZAmax (8a)

NA,

where WA, is the maximum biomass accumulated in the above-ground parts during the cycle (kg DM ha™') and

NA:; is the N content of the above-ground parts at date 2;

WAs
NAs

NUE, = (8b)

where WA; is the biomass accumulated in the above-ground parts at date 5 (kg DM ha™) and NAs is the N content

of the above-ground parts at date 5.

NUE; represents the ability of the plant to produce above-ground biomass using N remobilized in the spring and

N absorbed from the soil. NUE: is the amount of biomass that can be harvested per unit of N exported.

6. Statistical analysis

Statistical analyses were performed using R Software version 3.5.1 (R Core Team, 2018). Linear models
(ANOVA) and Tukey tests were used to determine: (i) differences between genotypes for each variable during the
third and fourth growing years with genotype and block as fixed effects and (ii) differences between years for Msin
Goliath and Msin Malepartus with the year as a fixed effect. It is important to note that possible differences between
years could be attributed to age, climate or sampling effects that we were not able to identify. Unilateral student

tests were used to determine whether N fluxes were significantly different from O.
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3. Results

1. Biomass production and plant development

The dynamics of above-ground and whole plant biomass (WA and WT) followed the same pattern for the three
genotypes: it increased from emergence to reach a maximum in autumn and decreased between autumn and
February of the year n+17 (Figure 2a and c). Between February of year n and summer (June or July), below-ground
biomass (WB) decreased for Msin Goliath and Mxg (Figure 2b, squares and circles) but stayed unchanged or
slightly increased for Msin Malepartus. WB then increased for all genotypes to reach a maximum around November
(later than the observed WA,..,) (Figure 2b). Mxg produced about twice as much WA than Msin with a maximum
of 43 t DM ha! (vs 26 and 18 t DM ha’!' for Msin Goliath and Msin Malepartus respectively) during the third
growing year (2016). WA decreased during winter to reach 22 t DM ha™! in February for Mxg (13 and 10 t DM ha’
! for Msin Goliath and Msin Malepartus, respectively). These yields were similar between years for both Msin
genotypes. The WB of Mxg was also much higher than that of the other genotypes: in 2016 it reached a maximum

of 16 t DM ha™!, compared to 7 and 5 t DM ha™' for Msin Goliath and Msin Malepartus respectively.

Mxg produced only one group of shoots (cohort) at emergence, reaching a maximum of 37 shoots per plant in June
(Figure 3, circles), which then decreased to 26 shoots per plant in August due to shoot regression. In contrast to
Mxg, Msin Goliath and Msin Malepartus (Figure 3, squares and triangles) emitted an initial cohort at emergence,
then a second from late summer onwards which reached a high number of shoots, with a maximum of 55 shoots
per plant for Msin Malepartus and 77 for Msin Goliath in October in 2016. These additional cohorts were also
observed during the fourth growing year (2017) for Msin genotypes. However, while there were two periods of
shoot emissions in 2016, shoot emission appeared to be continuous from emergence to September or October 2017,
with higher maximum shoot numbers than in 2016 (69 and 107 shoots per plant for Msin Malepartus and Msin
Goliath respectively). Msin Goliath emitted more shoots than Msin Malepartus and seemed to emit new shoots
later than Msin Malepartus, particularly during the fourth year (2017). The highest number of shoots emitted by

Msin Goliath also corresponded to a higher WA than Msin Malepartus.
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2. Seasonal variation of above-ground and below-ground nitrogen

contents

All the studied genotypes presented similar N content dynamics during the two years of the experiment (Figure 4).
N content in above-ground parts (NA) increased from emergence to reach a maximum level in late summer or in
autumn, then decreased until February (Figure 4a). The maximum level was determined in September in 2016 and
late August in 2017 (Table 1). N content in below-ground parts (NB) decreased from the beginning of the growing
season to summer and then increased to reach a maximum level in late autumn (Figure 4b). During winter NB
presented contrasted evolutions depending on the year: in 2016, NB appeared to decrease during winter whereas it
remained stable in 2017. NB was minimal in June or July (Table 1). Whole plant N content (NT) evolution in time
(Figure 4c) showed the same dynamics as NA during the vegetative season: an increase from emergence to autumn

followed by a decrease.

Mxg NA, NB and NT in 2016 (Figure 4a, b and c, circles) were globally higher than for both Msin. The maximum
NA was 273 kg N ha'! for Mxg versus 158 to 213 kg N ha™! for Msin Malepartus and Goliath, respectively. NB was
twice as high for Mxg as for Msin during the whole 2016 year. It reached a maximum of 176 kg N ha! versus 80
kg N ha'! for Msin. Minimum NB levels were observed during the summer (date 1), and were 47 and 25 kg N ha™!
for Mxg and Msin respectively in 2016. Msin NB were higher in 2017 than in 2016 and similar between the two
genotypes. This higher N quantity in 2017 corresponded to a higher biomass and suggests that Msin growth had
not yet reached the plateau of biomass production in 2016. Interestingly, at the end of the growing season and in
the February of the year n+1 (dates 4 and 5) NA presented similar differences between genotypes for both years:
more N remained in Msin Goliath’s AP (47 and 63 kg N ha! in 2016 and 2017) than in Msin Malepartus (about

30 kg N ha'! for both years).

3. Nitrogen fluxes and plant nitrogen functioning

Endogenous nitrogen fluxes

During both years, there was no significant difference between genotypes concerning N spring remobilisation (SR)
fluxes (Eq. 4) and efficiencies (Table 2), probably due to the rather large variability in WB measurements.
However, N spring remobilisation in 2016 was greater for Mxg than Msin, in terms of quantity (79, 25 and 13 kg

N ha'! for Mxg, Msin Goliath and Msin Malepartus respectively) and efficiency (27%, 12% and 8% of the NA; for
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the three species, respectively). This indicated that 33 to 59% of the N stock present in below-ground parts at the
end of winter (NBy) was remobilised during spring according to the genotype. Spring remobilisation fluxes
appeared to be higher for Msin Goliath than for Msin Malepartus in both years, although statistically not

significantly different.

The autumn remobilisation fluxes calculated based on NA (AR,, Table 2) did not differ significantly between
genotypes either, although they seemed to be higher in Mxg (197 kg N ha'! versus 128 and 117 kg N ha™! for Msin
Goliath and Msin Malepartus in 2016). During the autumn 2016, NA decreased by 63 to 74% compared to the
maximum stock (NA;), with no significant differences between genotypes. In 2017, even if the autumn
remobilisation flux was not significantly higher for Msin Goliath than for Msin Malepartus, the efficiency was

significantly lower (p < 0.10) for Msin Goliath (57%) than for Msin Malepartus (75%).

Autumn remobilisation calculated based on NB (ARy, Table 2) was significantly higher (p < 0.05) for Mxg (105
kg N ha') than for Msin Goliath and Malepartus (46 and 48 kg N ha™! respectively). A significant difference (p <
0.10) was also found in terms of efficiency (i.e. the proportion of NA») which was higher for Mxg (38%) than for
Msin Goliath (24%). For Msin, autumn remobilisation calculated with this method appeared to be lower in 2017
than in 2016. The difference between years was significant for Msin Goliath (p < 0.05). In 2017, Msin Goliath
stored significantly less N into BP (21 kg N ha! i.e. 10% of NA;) than Msin Malepartus (37 kg N ha™ i.e. 17% of

NA>).

Autumn remobilisation calculated based on NB was systematically lower than autumn remobilisation calculated
based on NA. In 2016, the increase in NB corresponded only to 40-56% of the decrease in NA during the same
period, with no significant difference between genotypes. It was even lower for both Msin in 2017 (18% and 23%

for Msin Goliath and Malepartus respectively).

Exogenous nitrogen fluxes and whole plant nitrogen balance

Nitrogen uptake (U) was calculated using NT and NB as indicated in Eq. 6. In 2016, it reached 243 kg N ha™! for
Mxg, 183 kg N ha'! for Msin Goliath and 159 kg N ha! for Msin Malepartus (Table 3). Even if there was no
significant difference between the two years, U seemed to be higher for both Msin in 2017 than in 2016, with 213

and 240 kg N ha™! for Msin Goliath and Msin Malepartus respectively.
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In 2016, the N derived from fertiliser (Ndff) was significantly higher (p < 0.10) for Mxg (87 kg N ha'!) than for
both Msin (57 and 43 kg N ha! for Msin Goliath and Msin Malepartus, respectively) which suggested a better
utilisation of the applied fertiliser for Mxg (Table 3). Indeed, N recovery (N..) reached 72% for Mxg versus only
36% for Msin Malepartus and 48% for Msin Goliath. There was no difference in Ndff and N,.. between the two

Msin genotypes in 2017 or in 2016.

The maximum N stock in the whole plant (N73) originates from endogenous N which corresponds to the initial N
stock in BP in February (NBy) and has been partly remobilised during spring, and from exogenous N uptake (U)
which either comes from N fertiliser (Ndff) or from other sources (Nomer) (Figure 5). For all genotypes and both
growing years, endogenous N (NBy remobilised and not remobilised) constituted the smallest proportion of NT3
(19-34%). It was however higher for Mxg than for the two other genotypes in 2016 (34 versus 19-22%). The
exogenous N uptake represented 66 to 81% of NT3. Ndff in proportion to NT; was quite similar between genotypes
and years (16-24%). Finally, 43 to 65% of NT;came from the soil (other source than the rhizome or fertiliser, i.e.
initial soil mineral N, soil organic N mineralised, etc.) (Figure 5). This proportion was significantly higher for

Msin Malepartus than Mxg in 2016 (59 vs. 43%).

The N balance calculated for the whole plant (N7, Figure 4c) indicated that significant plant N losses occurred in
autumn and winter (Table 3). They represented large amounts: from 103 51 kg N ha™! in Msin Malepartus 2016
to 207+106 kg N ha'! in Mxg in 2016. Through statistical analyses, we verified that these losses were significantly
different from 0. It is interesting to note that, when expressed as a proportion of the maximum NT (NT3), these
losses were rather similar between genotypes and years (42 to 56%). These calculated N losses did not take into
account the N measured in abscised leaved during autumn and winter. The cumulative biomass of abscised leaves
varied from 3 to 4 t DM ha™! between genotypes and years, with a significant difference between Msin Malepartus
and Mxg in 2016 (4 and 3 t DM ha'! respectively). The corresponding N quantities ranged from 19 to 27 kg N ha-

! (Table 3) depending on genotypes and years, which represented 6 to 12% of NT3.

Nitrogen Use Efficiencies

The maximum above-ground biomass found in in Mxg (43 t DM ha™') was significantly higher than Msin Goliath
(26 t DM ha'!) which was itself significantly higher than Msin Malepartus (18 t DM ha™') (Table 4). The above-
ground biomass decreased during winter and was almost halved for the three genotypes. NUE; did not differ

significantly between genotypes in 2016 and 2017. In 2016, it ranged between 138 and 161 kg DM kg'! N. In 2017,
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408  NUE; was similar to its 2016 values for Msin Goliath (121 kg DM kg'! N) but was significantly lower (p < 0.05)
409  than in 2016 for Msin Malepartus (97 kg DM kg'! N). The N use efficiency NUE> was significantly higher than
410 NUE,. This is due to the decrease in NA in autumn. It was higher in 2016 for Mxg (653 kg DM kg! N) than Msin

411 (287-338 kg DM kg! N) and similar between years for Msin.
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4. Discussion

Studying the N functioning (i.e. endogenous and exogenous N fluxes and N use linked with biomass production)
of Msin is important in order to appreciate the fact that this species can contribute to the expansion of the varietal
offer of miscanthus to produce biomass with low environmental impacts. With this fine temporal study of Mxg
and Msin N stocks and biomass dynamics over two years, we estimated N recycling fluxes and showed similar
recycling efficiencies between these two species. This point is the first to be discussed below. We also highlighted
the importance of N uptake in constituting the whole plant N stock, and consequent N losses during winter which
have to be further investigated. These points were discussed in the second section below. Finally, NUE values
calculated for these two species allowed us to compare their performance with other annual and perennial plant

species in the third section of the discussion.

4.1. Nitrogen recycling efficiency is rather similar in Miscanthus x

giganteus and Miscanthus sinensis

Our study consisted in a detailed temporal analysis of the evolution of biomass and N content in above-ground and
below-ground parts of three contrasted miscanthus genotypes. Sixteen plant sampling campaigns were carried out
each year during two years, in contrast to four to eight sampling campaigns per year in other studies [12-14, 28,
30, 31, 36]. The short time steps between the sampling campaigns allowed us to identify precisely the periods of
spring and autumn N remobilisations. We found that the duration of remobilisation phases was similar between
genotypes. The only difference was relative to the end of spring remobilisation which occurred about three weeks
earlier for Msin Goliath. Assuming that autumn remobilisation starts when NA is at its maximum level, we found
that Mxg remobilisation began in the first part of September, whereas Strullu et al. [14] and Dierking et al. [31]
observed it slightly earlier in August. But they only carried out three sampling campaigns between July and
October or November respectively, whereas we carried out 11 between the beginning of July and the end of

November, each year.

The N remobilisation flux found in Mxg during spring 2016 (79 kg N ha!) was slightly lower than that obtained
(98 kg N ha!) by Strullu et al. [14] with similar crop management. Similarly, N efficiency (relative to NA2) was
smaller (27% vs 44%). The N remobilisation flux found in Mxg during autumn 2016 using NA (197 kg N ha!)

was comparable to Strullu ef al. [14], but three to four times greater than Dierking ef al. [31] who observed a
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decline in NA of 46-67 kg N ha™! depending on the fertilisation rate. The flux calculated using the evolution of NB
was also higher in our study (105 kg N ha™') compared to that obtained by Dierking et al. [31] who observed an
increase in NB of 40-60 kg N ha’!, but their work concerned two year-old plants that produced 15-19 t DM ha™!,
i.e. half as much as in our experiment, which suggests they may not have reached their maximum biomass

production.

No study has been reported in the literature concerning N fluxes in Msin. In our study, N fluxes were smaller in
Msin than in Mxg, due to lower biomass and N stocks in Msin. However, N remobilisation efficiency, relative to
the maximum above-ground N content (NA?), did not differ significantly between Mxg and Msin both in spring
and autumn. Autumn N remobilisation efficiency appeared to be greater for Msin Malepartus than Msin Goliath:
a greater part of the N contained in the AP was transferred into the BP in Msin Malepartus compared to Msin
Goliath in autumn 2017 (p < 0.10). This difference can be explained by the presence of stay-green shoots of the
last cohort during winter observed in greater number for Msin Goliath than for Msin Malepartus. These green
shoots could explain the higher NA in winter for Msin Goliath in 2017 and lower autumn N remobilisation.
Moreover, these stay-green shoots exhibit re-growth at the time of the emergence of new buds, and may provide
photo-assimilates at an early stage. The emission of the shoots of the different cohorts is known to be dependent
on climatic conditions and particularly temperature [26]. Indeed, spring was warmer in 2017 than in 2016 (the
mean temperature over May-June was 17.0°C in 2017 and 15.4°C in 2016) but late summer was cooler (the mean
temperature in August-September was 16.5 and 18.5°C respectively). This suggests that variations in autumn N

remobilisation for genotypes that presented cohort phenomena such as Msin could depend on climate.

In summary, Mxg and Msin appeared to have relatively similar periods of remobilisation and similar N recycling
efficiency. The remobilisation fluxes (SR and AR, in kg N ha™') were higher for Mxg because of its higher biomass
and N content. Since our trial was fertilised during two years out of four, our results may not apply to unfertilised

marginal lands and poor soils in which further studies have to be conducted.

4.2. Components of nitrogen uptake and fertiliser nitrogen recovery

The N content of the whole plant (NT) varied widely throughout the year. Part of this variation was due to the
significant N uptake (U) which occurred for the three miscanthus genotypes particularly during the first part of the
growing season, from late May to early September. N uptake, estimated with Eq. 6, ranged from 159 to 243 kg N

ha'! (Table 3, Figures 4c and 5). This exogenous N flux represented 66% to 81% of the maximum whole plant N
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stock (NT3). It came partly from N fertiliser which corresponded to 43-87 kg N ha! and mainly from other sources:
initial soil mineral N stock, irrigation water, atmospheric deposition and soil organic matter mineralisation. The
initial soil mineral N (measured in early spring) was rather stable between years (ca. 50 kg N ha! in 0-150 cm and
30 kg N ha! in 0-30 cm) and reached a minimum value of ca. 10 kg N ha! in 0-30 cm (it was not measured below
a 30 cm depth during the growing season), so it may have contributed at least 20 kg N ha™! to the N uptake.
According to the mean nitrate content measured in the irrigation water, N input through irrigation represented ca.
30 kg N ha!. Atmospheric deposition represented about 9 kg N ha! during the year [37]. If we take into account
these contributions (N from fertilizer, initial soil mineral N, irrigation and atmospheric deposition), there remains
57 to 132 kg N ha’!, which would have come from soil organic N mineralisation. This range of organic N
mineralisation is in agreement with Mary et al. [38] who estimated that annual N mineralisation was around 140
kg N ha in the same soil type (but not in the same year and under bare soil). Another source of N for the plant
might be N-fixing bacteria. The presence of N-fixing bacteria in the miscanthus rhizosphere has been demonstrated
[39] but their importance for plant N-nutrition is not well known. Using a '>N experiment on first-year Mxg plants,

Keymer and Kent [39] estimated that 16% of the new plant N was derived by N fixation during the growing season.

The fertiliser-N recovery in the whole plant in 2016 varied between 36% in Msin Malepartus, 48% in Msin Goliath
and 72% in Mxg. The recovery in Msin was also low in 2017 (45% and 40% respectively). The lower recoveries
in Msin can be explained by a smaller N demand since Msin has a smaller growth than Mxg, and/or a delay in the
developmental stages between genotypes, which means the date of fertiliser application for Msin Malepartus may

not have been optimal (too early), which contributed to fertiliser-N losses.

4.3. Nitrogen balance demonstrates substantial nitrogen losses in all

species

A very substantial decrease in the whole plant N content (NT) was observed between September and February for
all genotypes: it reached 103 %51 to 207 £106 kg N ha™!, which corresponds to 42 to 56% of the maximum N
accumulated in the whole plant at the end of summer (N73). Indeed, the strong decrease in N accumulated in the
AP during autumn and winter was much greater than the increase in N stored in the BP during the same period.
This explains why the autumn N remobilisation calculated based on NB was much lower than the N remobilisation
calculated based on NA. Biomass losses also occurred during the same period (30-52% of the maximum biomass

of the whole plant). N losses have already been observed in miscanthus in the literature but not really investigated.
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Calculations using data of Beale and Long [12] show that 33% of the whole plant N was lost between July and
February in three year-old plants of Miscanthus x giganteus. Himken et al. [13] observed a decrease of 165 to 203
kg N ha'! between September and February, which corresponds to 40 to 47% of NT3 in unfertilized and fertilized
plants respectively. The N lost by abscised leaves, which is not included in N calculated losses, represented only
19 to 27 kg N ha! in our experiment and 31 kg N ha™! in Strullu et al. [14], and cannot be responsible for the
unrecovered N. If biomass losses can be easily explained by root turnover and plant respiration, N losses
necessarily corresponded to N fluxes towards the soil or the atmosphere. Four main hypotheses could explain these
fluxes: H1) N storage in deep roots; H2) N rhizodeposition (release of organic and inorganic N from living plant
roots) and root turnover (due to root mortality); H3) NH;3 volatilisation into the atmosphere; H4) N>O emissions

into the atmosphere.

H1) Roots of Mxg and Msin were found down to a depth of 2.5-3.0 m (data not shown) whereas only rhizomes
and roots were sampled in the 30-40 first cm. However, the amounts of N contained in these roots seem to be
rather small. Neukirchen et al. [40] showed that N concentration and root dry mass decreased rapidly with depth.
Ferchaud et al. [41] found that the N content in roots of five year-old Mxg was 56 kg N ha! in the 0-20 cm layer

and only 10 kg N ha'! in the 20-60 cm layer. N storage in deeper roots was probably very low.

H2) The N rhizodeposition hypothesis has already been put forward by Heaton et al. [42] and supported by
Hromaddko et al. [43] who demonstrated that autumn root exudates of Mxg are composed of protein and are used
to feed the bacterial community. Rhizodeposition occurs in many plant species [44], and the amounts of N
rhizodeposited could be important, as in ryegrass with 94 kg N ha'! calculated over two years of cultivation [45].
Moreover, part of the root N also returns to the soil through root turnover. Neukirchen et al. [40] measured an
increase in the total root biomass between May and November of 3.3 t ha'! and a decrease of 2.4 t ha! between
November and March. Miscanthus produces new roots every year [46], but the proportion of root biomass that

dies every year is unknown.

H3) The emission of N gases by plants has been put forward by many authors who observed N losses in spring
barley, wheat or maize. For example, N losses varying between 45 to 81 kg N ha™! were reported for maize during
grain filling [49]. The authors suggested that losses are linked to ammonia volatilization from the aerial parts of
plants [47-49]. Schjgrring and Mattsson [50] concluded a two-year survey by stating that N volatilisation from
plants “will represent in many areas a significant input of ammonia to the atmosphere and that NH3 losses may

become large enough to significantly affect crop N budgets”.
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H4) Emissions of nitrous oxide (N»O) directly by plants have been reported in some studies made under controlled
conditions. An emission rate of 0.17 and 0.11 ng N,O g! fresh weight week™' was measured in maize and wild
barley [51] and a flux of 2.8 mg N>O-N m~2day ! was found in rye-grass [52]. After N fertilisation in soil, potted
beech (Fagus sylvatica) emitted between 0.4 and 2.0 ug N m 2 leaf area h™! [53]. Chang et al. [54] demonstrated
that potted canola can emit N>O from its aerial parts when soil is water saturated. Lenhart et al. [55] observed in
laboratory conditions that a few weeks old Msin produced 3 to 30 times more N,O than other species such as maize
or tobacco. Even if the growing conditions are far from that of the field, further investigations have to be carried

out to verify this in field conditions.

Our results demonstrate that N uptake is the major contributor to the N accumulated in plants at the end of summer
and that N losses into the soil or the atmosphere can be substantial in autumn and winter. Further investigations
are required to elucidate the origin of such N losses. From a management point of view, the significance of these
losses will depend on the main processes involved. If gaseous N losses are dominant, they will have to be reduced
to a minimum to ensure sustainable biomass production. If losses are mainly explained by rhizodeposition and
root turnover, then N remains in the soil system, contributes to the build-up of soil organic matter and can be

available for the crop in the following years.

4.4. Miscanthus x giganteus and Miscanthus sinensis gave as good

performances as other perennial species

The low contribution of spring N remobilisation to the N accumulated in AP may lead us to believe that Mxg and
Msin were not as efficient in terms of N recycling as expected. However, the spring remobilisation efficiency of
the three studied miscanthus genotypes was comparable to other herbaceous species such as big bluestem
(Andropogon gerardii) in which 46-58% of the rhizome N content was remobilised during spring [56], compared
t0 20-59% of the Mxg and Msin in our experiment. It was slightly lower than Festuca rubra and Agrostis capillaris
in which 34% and 45% of NA came from BP, respectively [57], compared to 8-27% in our experiment. Concerning
autumn remobilisation, efficiency for our Mxg, Msin Goliath and Msin Malepartus (63-75%) was similar or even

higher than for big bluestem (58%) [56] or switchgrass (3-61%) [58-59]).

Another criterion to characterize the performance of N use by plants is the Nitrogen Use Efficiency (NUE). In our

experiment, NUE was calculated as the amount of above-ground biomass produced per unit of above-ground N
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content. It did not differ significantly between Mxg and Msin at WA, but was higher for Mxg than Msin in
February because of a more important decrease in NA for Mxg. Dierking et al. [35] calculated the NUE of four
clones of Mxg, as the ratio between WA and NA in January. Their values were much smaller than ours, with 126
to 297 kg DM kg'! N on average between unfertilized and fertilized treatments, in contrast to 653 kg DM kg N
in February for our Mxg (NUE>). This difference can be explained by yields half as high as ours because of younger
plants (one and two years old). Ra et al. [33] and Olson et al. [34] calculated NUE in different plants dedicated to
biomass production as the ratio between WA and NA in autumn when WA was at its maximum. According to this
method, our three genotypes presented NUE from 97 to 161 kg DM kg!' N (NUE;), comparable to Johnsongrass
(Sorghum halepense), napiergrass (Cenchrus purpureus), sugarcane and sorghum (70 to 125 kg DM kg™! N) and
better than Erianthus, switchgrass and maize (76 to 97 kg DM kg! N) [33]. Olson et al. [34] worked with a hybrid
of sorghum that produced 50 t DM ha™! and thus presented a higher NUE of 370 kg DM kg™! N. We conclude that
Mxg and Msin had similar N recycling efficiencies and NUE to other perennial and annual species dedicated to

biomass production.
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5. Conclusion

This study provides the first experimental comparison of N pools and N fluxes (endogenous and exogenous) in
Miscanthus x giganteus and Miscanthus sinensis. According to our first hypothesis, Mxg has higher net N fluxes
than Msin due to higher biomass. As a result, our second hypothesis was also verified: because of the same N
requirement to produce a unit of biomass between species, the latter presented similar N recycling efficiencies. As
it appeared to be as efficient in terms of N recycling as Miscanthus x giganteus, Miscanthus sinensis can become
an alternative to Mxg for producing lignocellulosic biomass. Even if miscanthus is at least as efficient as other
perennial crops concerning N recycling, it is able to sustain high N uptake which is the main source of the whole
plant N stock at the end of summer. Consequent plant N losses were also concurrently measured at the end of the
growing season. Although they have already been observed in miscanthus and other plant species, the processes
involved have to be investigated, particularly the possible transfer on N from plant to soil through rhizodeposition
and root turnover. To complete the understanding of N recycling mechanism in miscanthus, particularly
Miscanthus sinensis, the link with development stages and growing season length associated with climate response
has to be studied to determine mechanism triggers. Finally, to avoid competition with land-use for food production,
miscanthus should be grown as much as possible on marginal lands. Further studies on N functioning on poor or
degraded soils have to be carried out to help choose the most appropriate genotypes that combine decent yields

and low environmental impacts.

24



585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

References

Owusu PA, Asumadu-Sarkodie S (2016) A review of renewable energy sources, sustainability issues and
climate change mitigation. Cogent Engineering, 3:1167990. https://doi.org/10.1080/23311916.2016.1167990
Islam MK, Hasanuzzaman M, Rahim NA (2017) Global Renewable Energy Resources, Smart Power
Generation and Environmental Impacts. International Journal of Renewable Energy Resources, 7:15-19
Manzano-Agugliaro F, Alcayde A, Montoya FG, Zapata-Sierra A, Gil C (2013) Scientific production of
renewable energies worldwide: An overview. Renewable and Sustainable Energy Reviews, 18:134-143.
https://doi.org/10.1016/j.rser.2012.10.020

Cadoux S, Ferchaud F, Demay C, Boizard H, Machet JM, Fourdinier E, Preudhomme M, Chabbert B, Gosse
G, Mary M (2014) Implications of productivity and nutrient requirements on greenhouse gas balance of annual
and  perennial bioenergy  crops. Global Change Biology  Bioenergy, 6:425-438.
https://doi.org/10.1111/gcbb.12065

Crutzen PJ, Mosier AR, Smith KA, Winiwarter W (2007) N>O release from agro-biofuel production negates
global warming reduction by replacing fossil fuels. Atmospheric Chemistry and Physics Discussions,
European Geosciences Union, 7(4):11191-11205. hal-00303019f

Sutton MA, Bleeker A, Howard CM, Bekunda M, Grizzetti B, de Wries W, van Grinsven HIM, Abrol YP,
Adhya TK, Billen G, Davidson EA, Datta A, Diaz R, Erisman JW, Liu XJ, Oenema O, Palm C, Raghuram N,
Reis S, Scholz RW, Sims T, Westhoek H, Zhang FS (2013). Our Nutrient World: the Challenge to Produce
More Food and Energy With Less Pollution. Centre for Ecology & Hydrology on behalf of the Global
Partnership on Nutrient Management (GPNM) and the International Nitrogen Initiative (INI).

Barosi R, Spinelli D, Fierro A, Jez S (2014) Mineral nitrogen fertilisers: environmental impact of production
and use. In: Fertilisers: Components, Uses in Agriculture and Environmental Impacts, 1* edn. NOVA science
publishers, pp 3—44

Hastings A, Clifton-Brown J, Wattenbach M, Stampfl P, Mitchell CP, Smith P (2008) Potential of Miscanthus
grasses to provide energy and hence reduce greenhouse gas emissions. Agronomy for Sustainable
Development, 28:465-472. https://doi.org/10.1051/agro:2008030

Smeets EMW, Lewandowski IM, Faaij APC (2009) The economical and environmental performance of
miscanthus and switchgrass production and supply chains in a European setting. Renewable and Sustainable

Energy Reviews, 13:1230-1245. https://doi.org/10.1016/j.rser.2008.09.006

25



614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

10.

11.

12.

13.

14.

15.

16.

17.

18.

Arnoult S, Brancourt-Hulmel M. (2015) A Review on Miscanthus Biomass Production and Composition for
Bioenergy Use: Genotypic and Environmental Variability and Implications for Breeding. Bioenergy Research,
8:502-526. https://doi.org/10.1007/s12155-014-9524-7

Clifton-Brown JC, Stampfl PF, Jones MB (2004) Miscanthus Biomass Production for Energy in Europe and
its Potential Contribution to Decreasing Fossil Fuel Carbon Emissions. Global Change Biology, 10(4):509-
518. https://doi.org/10.1111/§.1529-8817.2003.00749.x

Beale CV, Long SP (1997) Seasonal dynamics of nutrient accumulation and partitioning in the perennial C4-
grasses Miscanthus x giganteus and Spartina cynosuroides. Biomass and Bioenergy, 12(6):419-428.
https://doi.org/10.1016/S0961-9534(97)00016-0

Himken M, Lammel J, Neukirchen D, Czypionka-Krause U, Olfs HW (1997) Cultivation of Miscanthus under
West European conditions: Seasonal changes in dry matter production, nutrient uptake and remobilisation.
Plant and Soil, 189:117-126. https://doi.org/ 10.1023/A:1004244614537

Strullu L, Cadoux S, Preudhomme M, Jeuffroy MH, Beaudoin N (2011) Biomass production and nitrogen
accumulation and remobilisation by Miscanthus x giganteus as influenced by nitrogen stocks in belowground
organs. Field Crops Research, 121:381-391. https://doi.org/10.1016/j.fcr.2011.01.005

Ruf T, Schmidt A, Delfosse P, Emmerling C (2017) Harvest date of Miscanthus x giganteus affects nutrient
cycling, biomass development and soil quality. Biomass and Bioenergy, 100:62-73.
http://dx.doi.org/10.1016/j.biombioe.2017.03.010

Clifton-Brown JC, Chiang YC, Hodkinson TR. (2008) Miscanthus: Genetic Resources and Breeding Potential
to Enhance Bioenergy Production. In: Vermerris W (ed) Genetic Improvement of Bioenergy Crops. Springer,
pp 273-294

Clifton-Brown J, Schwarz K, Hastings A. (2015) History of the development of Miscanthus as a bioenergy
crop: From small beginnings to potential realisation. Biology and Environment Proceedings of the Royal Irish
Academy, 115B(1):1-13. https://doi.org/10.3318/BIOE.2015.05

Glowacka K, Clark LV, Adhikari S, Peng J, Stewart JR, Nishiwaki A, Yamada T, Jgrgensen U, Hodkinson
TR, Gifford J, Juvik JA, Sacks EJ (2015) Genetic variation in Miscanthus x giganteus and the importance of
estimating genetic distance thresholds for differentiating clones. GCB Bioenergy, 7:386-404.

https://doi.org/10.1111/gcbb.12166

26



642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

19.

20.

21.

22.

23.

24.

25.

26.

Sun Q, Lin Q, Yi ZL, Yang ZR, Zhou FS (2010) A taxonomic revision of Miscanthus s.l. (Poaceae) from
China. Botanical Journal of the Linnean Society, 164(2): 178-220. https://doi.org/10.1111/j.1095-
8339.2010.01082.x

Lewandowski I, Clifton-Brown J, Trindade LM, van der Linden GC, Schwarz KU, Miiller-Simann K,
Anisimov A, Chen CL, Dolstra O, Donnison IS, Farrar K, Fonteyne S, Harding G, Hastings A, Huxley LM,
Igbal Y, Khokhlov N, Kiesel A, Lootens P, Meyer H, Mos M, Muylle H, Nunn C, Ozgijven M, Roldan-Ruiz
I, Schiile H, Tarakanov I, van der Weijde T, Wagner M, Xi Q, Kalinina O (2016) Progress on Optimizing
Miscanthus Biomass Production for the European Bioeconomy: Results of the EU FP7 Project OPTIMISC.
Frontiers in Plant Science, 7(1620). https://doi.org/10.3389/fpls.2016.01620

Nurzhanova A, Pidlisnyuk V, Sailaukhanuly Y, Kenessov B, Trogl J, Aligulova R, Kalugin S,
Nurmagambetova A, Abit K, Stefanovska T, Erickson L (2017) Phytoremediation of military soil contamined
by metals and organochlorine pesticides using miscanthus. Communications in Agricultural and Applied
Biological Sciences, 82(2):61-68.

Zub HW, Brancourt-Hulmel M (2010) Agronomic and physiological performances of different species of
Miscanthus, a major energy crop. A review. Agronomy for Sustainable Development, 30:201-214.
https://doi.org/10.1051/agro/2009034

Clifton-Brown JC, Lewandowski I, Andersson B, Basch G, Christian DG, Kjeldsen JB, Jgrgensen U,
Mortensen JV, Riche AB, Schwarz KU, Tayebi K, Teixeira F (2001) Performance of 15 Miscanthus
Genotypes at Five Sites in Europe. Agronomy Journal, 93:1013-1019. https://doi.org/10.2134/agronj2001.
9351013x

Belmokhtar N, Arnoult S, Chabbert B, Charpentier JP, Brancourt-Hulmel M (2017) Saccharification
Performances of Miscanthus at the Pilot and Miniaturized Assay Scales: Genotype and Year Variabilities
According to  the  Biomass Composition. Frontiers in  Plant Science, 8:740.
https://doi.org/10.3389/fpls.2017.00740

Thomas HL, Arnoult S, Brancourt-Hulmel M, Carrere H (2019) Methane Production Variability According
to Miscanthus Genotype and Alkaline Pretreatments at High Solid Content. BioEnergy Research, 12(2):325-
337. https://doi.org/10.1007/s12155-018-9957-5

Kobayashi K, Yokoi Y (2003) Shoot population dynamics of persisting clones of Miscanthus sinensis in the
warm-temperate region of Japan. Journal of Plant Research. 116:443-453. https://doi.org/10.1007/s10265-

003-0119-1

27



672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Stewart JR, Toma Y, Fernandez FG, Nishiwaki A, Yamada T, Bollero G (2009) The ecology and agronomy
of Miscanthus sinensis, a species important to bioenergy crop development, in its native range in Japan: a
review. GCB Bioenergy, 1:126-153. https://doi.org/10.1111/1.1757-1707.2009.01010.x

Zapater M, Catterou M, Mary B, Ollier M, Fingar L, Mignot E, Ferchaud F, Strullu L, Dubois F, Brancourt-
Hulmel M (2016) A single and robust critical nitrogen dilution curve for Miscanthus x giganteus and
Miscanthus sinensis. Bioenergy Research, 10(1):115-128. https://doi.org/10.1007/s12155-016-9781-8
Christian DG, Poulton PR, Riche AB, Yates NE, Todd AD (2006) The recovery over several seasons of '*N-
labelled fertiliser applied to Miscanthus x giganteus ranging from 1 to 3 years old. Biomass and Bioenergy,
30:125-133. https://doi.org/10.1016/j.biombioe.2005.11.002

Roncucci N, Nassi O Di Nasso N, Tozzini C, Bonari E, Ragaglini G (2015) Miscanthus x giganteus nutrient
concentrations and uptakes in autumn and winter harvests as influenced by soil texture, irrigation and nitrogen
fertilisation in the Mediterranean. GCB Bioenergy, 7:1009-1018. https://doi.org/10.1111/gcbb.12209
Dierking RM, Allen DJ, Cunningham SM, Brouder SM, Volenec JJ (2017) Nitrogen Reserve Pools in Two
Miscanthus x giganteus Genotypes under Contrasting N Managements. Frontiers in Plant Science, 8:1618.
https://doi.org/10.3389/fpls.2017.01618

Hauck JD, Bremner JM (1976) Use of Tracers for Soil and Fertiliser Nitrogen Research. Advances in
Agronomy, 28:219-266. https://doi.org/10.1016/S0065-2113(08)60556-8

Ra K, Shiotsu F, Abe J, Morita S (2012) Biomass yield and nitrogen use efficiency of cellulosic energy crops
for ethanol production. Biomass and Bioenergy, 37:330-334. https://doi.org/10.1016/j.biombioe.2011.12.047
Olson SN, Ritter K, Medley J, Wilson T, Rooney WL, Mullet JE (2013) Energy sorghum hybrids: Functional
dynamics of high nitrogen use efficiency. Biomass and Bioenergy, 56:307-316.
https://doi.org/10.1016/j.biombioe.2013.04.028

Dierking R, Allen DJ, Brouder SM, Volenec JJ (2016). Yield, biomass composition, and N use efficiency
during establishment of four Miscanthus x giganteus genotypes as influenced by N management. Biomass
and Bioenergy, 91:98-107. http://dx.doi.org/10.1016/j.biombioe.2016.05.005

Lebas G (2012) Etude du métabolisme carboné et azoté de Miscanthus x giganteus. These soutenue a
I’Université de Picardie Jules Verne.

Autret B, Beaudoin N, Rakotovololona L, Bertrand M, Grandeau G, Gréhan E, Ferchaud F, Mary B. (2019)
Can alternative cropping systems mitigate nitrogen losses and improve GHG balance? Results from a 19-yr

experiment in Nothern France. Geoderma, 342:20-33. https://doi.org/10.1016/j.geoderma.2019.01.039

28



702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Mary B, Beaudoin N, Justes E, Machet JM (1999) Calculation of nitrogen mineralization and leaching in
fallow soil using a simple dynamic model. Eur. J. Soil Sci. 50:549-566. https://doi.org/ 10.1046/j.1365-
2389.1999.00264.x

Keymer DP, Kent AD (2014) Contribution of nitrogen fixation to first year Miscanthus x giganteus. GCB
Bioenergy, 6:577-586. https://doi.org/10.1111/gcbb.12095

Neukirchen D, Himken M, Lammel J, Czypionka-Krause U, Olfs HW (1999) Spatial and temporal distribution
of the root system and root nutrient content of an established Miscanthus crop. European Journal of
Agronomy, 11(3-4): 301-309. https://doi.org/10.1016/S1161-0301(99)00031-3

Ferchaud F, Vitte G, Machet JM, Beaudoin N, Catterou M, Mary B (2016) The fate of cumulative applications
of 15N-labelled fertiliser in perennial and annual bioenergy crops. Agriculture, Ecosystems & Environment
223:76-86. https://doi.org/ 10.1016/j.agee.2016.02.030

Heaton EA, Dohleman FG, Fernando Miguez A, Juvik JA, Lozovaya V, Widholm J, Zabotina OA, Mcisaac
GF, David MB, Voigt T.B, Boersma NN, Long SP (2010) Miscanthus: A Promising Crop. Advances in
Botanical Research, 56:75-137. https://doi.org/10.1016/B978-0-12-381518-7.00003-0

Hromadko L, Vranova V, Techer D, Laval-Gilly P, Rejsek K, Formanek P, Falla J (2010) Composition of
root exudates of Miscanthus x giganteus Greef et Deu. Acta Universitatis Agriculturae et Silviculturae
Mendelianae Brunensis, 58(1):71-76. https://doi.org/ 10.11118/actaun201058010071

Wichern F, Eberhardt E, Mayer J, Joergensen RG, Miiller T (2008) Nitrogen rhizodeposition in agricultural
crops: Methods, estimates and future prospects. Soil Biology & Biochemistry, 40:30-48.
https://doi.org/10.1016/j.s0ilbi0.2007.08.010

Hggh-Jensen H, Schjoerring JK (2001) Rhizodeposition of nitrogen by red clover, white clover and ryegrass
leys. Soil Biology and Biochemistry, 33:439-448. PII: S0038-0717(00)00183-8

Sprunger CD, Oates LG, Jackson RD, Robertson GP (2017) Plant community composition influences fine
root production and biomass allocation in perennial bioenergy cropping systems of the upper Midwest, USA.
Biomass and Bioenergy, 105:248-258. https://doi.org/10.1016/j.biombioe.2017.07.007

Schjgrring JK, Nielsen NE, Jensen HE, Gottschau A (1989) Nitrogen losses from field-grown spring barley
plants as affected by rate of nitrogen application. Plant and Soil, 116:167-175.

https://doi.org/10.1007/BF02214544

29



730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Harper LA, Scharpe RR, Langdale GW, Giddens JE (1987) Nitrogen Cycling in a Wheat Crop: Soil, Plant,
and Aerial Nitrogen Transport. Agronomy Journal, 79(6):965-973.
https://doi.org/10.2134/agronj1987.00021962007900060004x

Francis DD, Schepers JS, Vigil MF (1993) Post-Anthesis Nitrogen Loss from Corn. Agronomy Journal,
85:659-663. https://doi.org/10.2134/agronj1993.00021962008500030026x

Schjgrring JK, Mattsson M (2001) Quantification of ammonia exchange between agricultural cropland and
the atmosphere: Measurements over two complete growth cycles of oilseed rape, wheat, barley and pea. Plant
and Soil, 228:105-115. https://doi.org/ 10.1023/A:1004851001342

Hakata M, Takahashi M, Zumft W, Sakamoto A, Morikawa H (2003) Conversion of the nitrate nitrogen and
nitrogen dioxide to nitrous oxides in  plants. Acta  Biotechnologica, 23:249-257.
https://doi.org/10.1002/abio.200390032

Chen X, Boeckx P, Shen S, Van Cleemput O (1999) Emission of N>O from rye grass (Lolium perenne L.).
Biology and Fertility of Soils, 28:393-396. https://doi.org/10.1007/s003740050510

Pihlatie M, Ambus P, Rinne J, Pilegaard K, Vesala T (2005) Plant-mediated nitrous oxide emissions from
beech (Fagus sylvatica) leaves. New Phytologist, 168:93-98. https://doi.org/10.1111/.1469-
8137.2005.01542.x

Chang C, Janzen HH, Nakonechny EM, Cho CM (1998) Nitrous Oxide Emission through Plants. Soil Science
Society of America Journal, 62(1): 35-38. https://doi.org/10.2136/ss52j1998.03615995006200010005x
Lenhart K, Behrendt T, Greiner S, Steinkamp J, Well R, Giesemann A, Keppler F (2019) Nitrous oxide
effluxes from plants as a potentially important source to the atmosphere. New Phytologist, 221 :1398-1408.
https://doi.org/ 10.1111/j.1469-8137.2005.01542.x

Hayes DC (1985) Seasonal Nitrogen Translocation in Big Bluestem During Drought Conditions. Journal of
Range Management, 38(5):406-410. https://doi.org/10.2307/3899709

Bausenwein U, Millard P, Raven J.A (2001) Remobilised old-leaf nitrogen predominates for spring growth in
two temperate grasses. New Phytologist, 152:283-290. https://doi.org/10.1046/j.0028-646X.2001.00262.x
Yang J, Worley E, Wang M, Lahner B, Salt D.E., Saha M, Udvardi M (2009) Natural Variation for Nutrient
Use and Remobilisation Efficiencies in  Switchgrass. Bioenergy Research, 2:257-266.

https://doi.org/10.1007/s12155-009-9055-9

30



758 59. Wayman S, Bowden RD, Mitchell RB. (2014). Seasonal Changes in Shoot and Root Nitrogen Distribution in

759 Switchgrass (Panicum virgatum). Bioenergy Research, 7:243-252. https://doi.org/ 10.1007/s12155-013-9365-
760 9
761

31



762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

Figures and Tables Captions

Figl. Seasonal evolution of the nitrogen stocks in the above-ground (NA) and below-ground parts (NB)
during the key periods for N recycling over the course of one year in Miscanthus x giganteus (based on

Strullu (2011) and Dierking et al. (2017))

Fig2. Seasonal dynamics of above-ground (a), below-ground (b) and total (c) biomass in Miscanthus x
giganteus (circles), Miscanthus sinensis Goliath (squares) and Malepartus (triangles) during the third (2016)

and fourth (2017) growing years (mean + standard error)

Fig3. Seasonal dynamics of shoot numbers in Miscanthus x giganteus (circles), Miscanthus sinensis Goliath
(squares) and Malepartus (triangles) during the third (2016) and fourth (2017) growing years (mean *

standard error)

Fig4. Seasonal dynamics of above-ground (a), below-ground (b) and whole plant (c) nitrogen content in
Miscanthus x giganteus (circles), Miscanthus sinensis Goliath (squares) and Malepartus (triangles) during

the third (2016) and fourth (2017) growing years (mean * standard error)

Fig5. Nitrogen sources at date 3 (around September) in Miscanthus x giganteus, Miscanthus sinensis Goliath

and Malepartus: mean values calculated over two successive years.

Table 1. Observed dates 1 (Below-ground N stock is minimum) and 2 (Above-ground N stock is maximum) for
Miscanthus x giganteus, Miscanthus sinensis Goliath and Malepartus during the third (2016) and fourth

(2017) growing years. See Figure 1 for abbreviations.
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Table 2. Endogenous N fluxes in Miscanthus x giganteus, Miscanthus sinensis Goliath and Malepartus:
mean values calculated over two successive years. See Figure 1 for abbreviations. Standard errors are
indicated in parentheses. Letters indicate the results of Tukey tests applied to the comparison between genotypes
for a given year (A,B p<0.05, a,b p<0.10). Asterisks indicate the significant difference in N fluxes from 0 (*

p<0.10).

Table 3. Exogenous N fluxes and N balance in Miscanthus x giganteus, Miscanthus sinensis Goliath and
Malepartus: mean values calculated over two successive years. Standard errors are indicated in parentheses.
Letters indicate the results of Tukey tests applied to the comparison between genotypes for a given year (A,B

p<0.05, a,b p<0.10). Asterisks indicate the significant differences in N fluxes from 0 (* p<0.10).

Table 4. Nitrogen Use Efficiencies (NUE) by Miscanthus x giganteus, Miscanthus sinensis Goliath and
Malepartus: mean values calculated over two successive years. Standard errors are indicated in parentheses.
Letters indicate the results of Tukey tests applied to the comparison between genotypes for a given year (A,B

p<0.05, a,b,c p<0.10).
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Figure 1

Seasonal evolution of the nitrogen stocks in the above-ground (NA) and below-ground parts (NB) during
the key periods for N recycling over the course of one year in Miscanthus x giganteus (based on Strullu
(2011) and Dierking et al. (2017))
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Figure 2

Seasonal dynamics of above-ground (a), below-ground (b) and total (c) biomass in Miscanthus x
giganteus (circles), Miscanthus sinensis Goliath (squares) and Malepartus (triangles) during the third
(2016) and fourth (2017) growing years (mean + standard error)
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Figure 3

Seasonal dynamics of shoot numbers in Miscanthus x giganteus (circles), Miscanthus sinensis Goliath
(squares) and Malepartus (triangles) during the third (2016) and fourth (2017) growing years (mean #
standard error)
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Figure 4

Seasonal dynamics of above-ground (a), below-ground (b) and whole plant (c) nitrogen content in
Miscanthus x giganteus (circles), Miscanthus sinensis Goliath (squares) and Malepartus (triangles)
during the third (2016) and fourth (2017) growing years (mean * standard error)
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