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ABSTRACT
Understanding nitrogen-use strategies in Miscanthus sinensis is essential for optimizing biomass production while minimizing 
environmental impact, and providing sustainable bioenergy and ecosystem services. Nitrogen recycling in M. sinensis is known 
to be efficient, but the extent of intra-specific variability and its translation into distinct functional strategies remain unknown 
to date. Our objective was to assess the intergenotypic variation in nitrogen uptake and recycling and their relation to biomass 
yield in a diploid M. sinensis progeny. Endogenous remobilization fluxes were calculated for 80 genotypes from seasonal nitrogen 
dynamics under nitrogen deficient conditions, showing substantial intergenotypic variation, ranging from 0.2 to 85 kg N ha−1 in 
spring and 5 to 158 kg N ha−1 in autumn. Recycling efficiency, defined as the remobilized nitrogen relative to maximum nitro-
gen quantity, did not correlate with biomass yield, indicating that nitrogen recycling was independent of plant size. Exogenous 
nitrogen uptake varied widely (5–241 kg N ha−1) and was strongly correlated with biomass yield (r = 0.72), making it the dom-
inant factor influencing productivity, while principal component analysis highlighted the contribution of nitrogen recycling 
traits. Three functional groups emerged from hierarchical clustering on the principal components. The first group comprised 
nitrogen-acquisitive genotypes with high uptake and productivity, suitable for low-input bioenergy systems and potential eco-
system services like nitrate removal in water catchment areas. The second group followed a conservative strategy, with efficient 
belowground nitrogen storage and endogenous recycling, supporting resilience to environmental stress. The third group com-
prised nitrogen-deficient genotypes with low uptake, remobilization, and productivity. These findings demonstrate that substan-
tial variation in nitrogen economy traits defined distinct functional groups in M. sinensis, providing a framework for breeding 
ideotypes that sustain biomass under nitrogen-limited conditions through enhanced uptake or remobilization, while delivering 
ecosystem services through contrasting remobilization strategies that can support nutrient retention, soil nitrogen conservation, 
and water quality regulation.

1   |   Introduction

The concept of ecosystem services arises from the observation 
that by degrading ecosystems, societies compromise their own 
well-being by losing the benefits provided by nature (Barnaud 
and Muradian 2024). A crop like miscanthus can play a role in 
such a context, as Tavakoli-Hashjini et al. (2020) identified it as 

a multifunctional crop providing provisioning services (energy), 
supporting services (soil formation, nutrient cycling, water 
holding capacity, and biodiversity), regulating services (climate 
regulation, water regulation, pollination), and cultural and 
socio-economic services. In particular, the water regulation ser-
vice is of special interest in water catchment areas to maintain 
the quality of drinking water. For instance, Weik et al.  (2022) 
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have proposed the cultivation of miscanthus in water catchment 
areas in some German regions as a contribution to mitigating 
the negative impacts of increasing nitrate levels in the soil. 
Such ecosystem benefits are further supported by miscanthus's 
ability to reduce nitrate leaching (Cibin et  al.  2016; Ferrarini 
et al. 2017), manage inorganic and organic contaminated land, 
and restore ecosystem services (Nsanganwimana et al. 2014).

In this context, the cultivation of miscanthus, based on the 
interspecific hybrid Miscanthus × giganteus, is interesting, as 
this rhizomatous perennial grass is highly productive and can 
remobilize nitrogen (N) from aboveground to belowground 
organs in autumn so that the stems harvested in winter have 
a low mineral nutrient quantity (Beale and Long 1997; Strullu 
et al. 2011; Magenau et al. 2022). The nitrogen stored in the 
rhizomes is then available for the following year of growth 
thanks to its remobilization during spring regrowth, which 
reduces the need for exogenous nitrogen inputs (Strullu 
et  al.  2011). These two processes are known as autumn and 
spring remobilization, respectively. Harvest can be carried out 
every year, mainly at the end of winter, when the stems are 
senescent, to maintain the sustainability of the crop, as early 
harvesting depletes belowground nitrogen stocks and there-
fore increases the need for exogenous nitrogen inputs (Strullu 
et  al.  2011). In addition to high amounts of biomass, it has 
several environmentally favorable traits, such as low nitrate 
losses (Lesur et al. 2014), high water-use efficiency (Ferchaud 
and Mary 2016), and low nitrogen input needs as defined by its 
critical nitrogen dilution curve (Zapater et al. 2017). In their 
review, Cadoux et  al.  (2012) link these low requirements to 
(1) high nutrient uptake, (2) high absorbed nutrient efficiency, 
(3) significant spring nutrient remobilization, (4) efficient 
autumn nutrient remobilization, which is an important trait 
linked to the perennial nature of the crop, and lastly (5) a po-
tential contribution of nitrogen fixation by bacteria. Moreover, 
it has demonstrated potential for phytostabilization on trace 
element-contaminated soils (Nsanganwimana et al. 2021).

Despite these favorable characteristics, a single sterile triploid 
clone of Miscanthus × giganteus (Greef et  al. 1997; Głowacka 
et  al.  2015) is currently grown commercially for biomass pro-
duction (Ben Fradj et  al.  2020; Kumari et  al.  2024), which is 
risky in the case of new environmental pressures (climate, 
pathogens) and is even more serious as it is a perennial crop. 
Miscanthus sinensis is targeted for the development of new va-
rieties because it can offer good performance in terms of bio-
mass production (Arnoult and Brancourt-Hulmel  2015) and a 
composition suitable for new markets (Belmokhtar et al. 2017; 
Codina Gironès et al. 2017). It also shows good tolerance to frost 
(Farrell et  al.  2006; Zub et  al.  2012), water deficit conditions, 
including drought (van der Weijde et  al. 2017; Nie et  al.  2017; 
Stavridou et al. 2019; Weng et al. 2022), and flooding stress (De 
Vega et al. 2021), as well as salt stress (Chen et al. 2017; van der 
Cruijsen et al. 2024). In addition, it also has good capacity for 
carbon sequestration (Briones et al. 2023) and phytoremediation 
(Zheng et al. 2022). It exhibits high intra-specific genetic vari-
ability (Sun et al. 2010; Zhao et al. 2013), which could help secure 
and expand the production area while maintaining decent yields. 
Like M. × giganteus, M. sinensis also exhibits nitrogen recycling 
capacities by efficiently remobilizing nitrogen during spring and 
autumn (Leroy et al. 2022), allowing nutrient-depleted stems at 

harvest and supporting growth under nitrogen-poor conditions 
(Lewin et al. 2024).

However, while the existence of nitrogen recycling in M. sinensis 
is established, the extent of its variability within the species re-
mains poorly documented. Leroy et al. (2022) report variability 
in nitrogen recycling between two M. sinensis genotypes, sug-
gesting that such variability may be widespread. Yet, beyond 
these isolated comparisons, no systematic evaluation has been 
carried out to characterize intra-specific diversity in nitrogen re-
cycling. Whether this diversity leads to distinct nitrogen-use or 
nitrogen-economy strategies within M. sinensis is still an open 
question. Functional groups are often used to classify genotypes 
based on shared physiological traits, enabling researchers to 
identify plant types with distinct resource-use patterns (Byun 
et al. 2013; Fry et al. 2014). Yet, no such studies have been con-
ducted to date for nitrogen-economy-related traits in M. sinensis, 
underlining the need to better understand how this variability 
may translate into functional differences among genotypes.

This study aimed to evaluate the intergenotypic diversity in ni-
trogen economy in a progeny of M. sinensis through the ability 
to reuse nitrogen stored in belowground parts. We hypothesized 
that the progeny would exhibit substantial functional diversity 
among genotypes, with variability across nitrogen-economy-
related traits. Leroy et al. (2022) observed notable differences in 
nitrogen recycling between two genotypes, suggesting broader 
variability within the species. Analyzing variation between two 
parental cultivars and their progeny therefore provides a valu-
able framework to begin addressing this gap, while also laying 
the groundwork for broader studies across more genetically di-
verse accessions. Furthermore, we hypothesized that this diver-
sity would follow structured patterns, leading to the formation 
of distinct functional groups. Rather than displaying a continu-
ous gradient of nitrogen economy or nitrogen-use-related traits, 
the M. sinensis progeny may segregate into groups where some 
genotypes rely predominantly on nitrogen remobilization while 
others depend more on continuous uptake. To our knowledge, 
this is the first study to evaluate intra-specific variability in ni-
trogen economy in M. sinensis at the progeny scale, addressing 
a critical gap in understanding the species' nitrogen-use strate-
gies. Furthermore, it pioneers the use of hierarchical clustering 
on principal components to identify distinct functional groups, 
providing new insights into how genotypic diversity shapes 
nitrogen-use strategies with direct implications for breeding and 
ecosystem service applications.

2   |   Materials and Methods

2.1   |   Experimental Site and Trial Design

The field experiment was conducted at the French National 
Research Institute for Agriculture, Food, and Environment 
(INRAE) in Estrées-Mons, northern France (49°87′ N, 3°01′ 
E). The site belonged to the UE GCIE, Unité Expérimentale 
Grandes Cultures Innovation Environnement (doi: 10.1545
4/1.5572425838988464E12). Regarding climatic data, the site 
experienced a marine west coast climate (Cfb). Over the last 
8 years (2017–2024), the experimental site was characterized by 
a mean annual temperature of 11.2°C and an average annual 
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precipitation of 675 mm. During the growing season of the study 
(February 2023 to February 2024), the mean temperature was 
11.4°C, and the mean precipitation was 925 mm.

The study was carried out over the 2023–2024 growing sea-
son and included two complementary field trials: the progeny 
trial and the parental trial. The progeny trial comprised 127 
Miscanthus sinensis genotypes derived from a diploid cross be-
tween M. sinensis ‘Malepartus’ (MAL) and ‘Herman Mussel’ 
(HER). Seeds resulting from the cross were germinated in vitro 
in 2014. The resulting seedlings were planted in a greenhouse 
in 2015 and then transferred to Orléans in 2016, where the 
plants were clonally propagated by dividing rhizomes in 2017. 
The trial at Estrées-Mons was established in 2018 using an in-
complete block design with four blocks and a planting density of 
1 plant m−2. A subset of 80 genotypes was selected for detailed 
analysis of nitrogen uptake and remobilization. Each genotype 
was represented by at least one replicate in each block. The pa-
rental trial, established with the two parental genotypes (MAL 
and HER), included increased replications with 15 plants per 
genotype at each sampling date (60 replications per genotype 
per season) and extended sampling over two growing seasons 
(2023–2024 and 2024–2025) to support the characterization of 
nitrogen status in the progeny trial. In the progeny trial, plant 
emergence occurred between March 24 and April 11, 2023. 
The duration of the growing season, defined as the time from 
emergence to complete senescence (95% of the aboveground part 
senesced by visual scoring) ranged from 201 to 270 days across 
genotypes. On average, 50% senescence was reached on Day of 
Year (DOY) 304, while 95% senescence occurred around DOY 
333. Both the progeny and parental trials were unfertilized 
and irrigated throughout the 5 years of cultivation to ensure 
non-limiting water conditions. Recorded irrigation volumes 
for the years 2021 to 2023 amounted to 36, 926, and 393 m3 in 
the progeny trial, and 140, 738, and 521 m3 in the parental trial, 
respectively.

From establishment in 2018 until 2023, management primarily 
consisted of standard agronomic practices, including manual 
weed control, with no chemical inputs applied, and the plants 
were harvested each year in February. Leaf litter and other 
plant residues senesced naturally during autumn to winter and 
were left on the soil surface. During the 2023–2024 measure-
ment cycle, however, fallen leaves from plants designated for the 
fourth (February 2024) sampling were systematically collected. 
Nets were installed over these plants throughout the senescence 
period, and leaves were gathered at regular intervals to quantify 
nitrogen losses through fallen leaves.

The soils at the Estrées-Mons site are deep silt loam, classified as 
Haplic Luvisols (IUSS Working Group WRB 2022). Soil texture 
was approximately 16.5% clay, 72.7% silt, and 7.8% fine sand, 
with a near-neutral pH (7.9), a high cation exchange capacity 
(96.8 meq 100 g−1), and a moderate organic carbon content 
(11.4 g kg−1; C/N = 10.6). These physicochemical characteristics 
were determined in 2017 and are considered representative of 
the site's baseline fertility. Soil mineral nitrogen concentrations 
were measured in both the progeny and parental trials over the 
0–150 cm depth in early spring. In March 2023, the mean soil 
mineral N concentrations were 20 kg N ha−1 in the progeny trial 
and 13 kg N ha−1 in the parental trial. In March 2024, these 

values increased to 29 kg N ha−1 and 25 kg N ha−1, respectively. 
These levels were markedly lower than those recorded in a 
previously studied, fertilized trial, located at the same site, in 
which 120 kg N ha−1 was applied as a urea-ammonium-nitrate 
solution in May. In which the soil mineral N concentrations 
measured in March or April over the 0–150 cm profile were 85, 
85, 53, and 54 kg N ha−1 in 2014, 2015, 2016, and 2017, respec-
tively (Leroy et al. 2022).

During each plant sampling campaign, soil N concentra-
tions were also measured in the 0–30 cm horizon, where most 
root activity occurs. In the progeny trial, mean values were 
8 kg N ha−1 in March 2023, 11 kg N ha−1 in July 2023, 12 kg N ha−1 
in September 2023, and 19 kg N ha−1 in March 2024. In the pa-
rental trial, corresponding values were 5 kg N ha−1 in March 
2023, 8 kg N ha−1 in August 2023, 10 kg N ha−1 in September 
2023, 15 kg N ha−1 in March 2024, 16 kg N ha−1 in July 2024, and 
15 kg N ha−1 in September 2024.

The nitrogen status of the progeny trial was assessed using 
the genotype Miscanthus sinensis ‘Malepartus’ (MAL), which 
served as a probe genotype. A probe genotype, as defined by 
Brancourt-Hulmel (1999), helps to diagnose nitrogen limitation 
through the nitrogen nutrition index (NNI) (Justes et al. 1994). 
MAL was chosen because it is one of the two parents of the prog-
eny and, importantly, was present across all three reference tri-
als: the unfertilized progeny trial, the unfertilized parental trial, 
and the historical fertilized trial (Leroy 2021). This allowed a di-
rect comparison across nitrogen-limited and nitrogen-sufficient 
conditions, making it possible to diagnose the nitrogen status of 
the progeny trial.

The NNI was calculated as the ratio between the actual nitro-
gen concentration in the aboveground vegetative parts (Na) and 
the critical nitrogen concentration (Nc), defined as the min-
imum concentration required to achieve maximum biomass 
production.

For M. sinensis, this critical nitrogen concentration was de-
termined using the nitrogen dilution curve established by 
Zapater et al. (2017):

where W is the aboveground dry biomass (t ha−1).

NNI was calculated with aboveground biomass and nitrogen 
concentration data for MAL, collected in July 2023 from the 
two previous trials represented by blue and red points, respec-
tively, in Figure 1. These values were compared with historical 
data from 2016 and 2017 collected in the fertilized trial in July 
as well (Leroy 2021). In Figure 1, MAL data from the fertilized 
trial (green triangles) were positioned, as expected, close to or 
above the critical dilution curve, indicating nitrogen sufficiency 
or luxury status. In contrast, all MAL data points from the prog-
eny and parental trials, both unfertilized, (red and blue) fell con-
sistently below the curve, indicating nitrogen deficiency in both 
trials.

NNI =
Na

Nc

Nc =23.4W
−0.42 whenW >1 t ha−1

and Nc =23.4 whenW ≤1 t ha−1
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This diagnosis confirmed that the studied progeny trial was 
nitrogen-deficient for the probe genotype, suggesting that nitro-
gen availability may also be a limiting factor for other genotypes. 
NNI values calculated across the progeny population showed 
variation, with some genotypes classified as nitrogen-deficient 
and others as nitrogen-sufficient (data not shown).

2.2   |   Plant Sampling

Plant sampling was carried out during four campaigns between 
February 2023 and February 2024 to assess nitrogen fluxes 
and remobilization dynamics in the Miscanthus sinensis prog-
eny, following a refined protocol based on Leroy et al. (2022) 
(Figure  2). On each sampling date, both aboveground parts 
(AP: stems and leaves) and belowground parts (BP: rhizomes 
and associated roots) were collected to determine nitrogen 
quantities associated with specific stages of the plant's annual 
growth cycle. Rhizomes and associated roots were sampled to 
a maximum depth of approximately 30–40 cm, which corre-
sponded to the maximum rhizome depth.

Each sampling date represented a key period in the annual 
cycle, characterized by distinct nitrogen stocks in the abo-
veground and belowground parts of the plants: February 2023 
(dormancy, representing maximum nitrogen quantity in below-
ground parts), July 2023 (minimum nitrogen quantity in below-
ground parts), September 2023 (maximum nitrogen quantity in 

aboveground parts during active growth), and February 2024 
(end of the growth cycle, when nitrogen had been remobilized to 
belowground parts for winter dormancy).

The samplings were conducted on 80 genotypes from the prog-
eny trial, along with the two parental genotypes in the parental 
trial. Of the progeny genotypes, 65 had at least four replicates 
each, allowing one plant per genotype to be sampled on each 
of the four sampling dates. The remaining 15 genotypes had at 
least eight replicates each, which allowed two plants per geno-
type to be sampled per date, providing within-date replication 
for the analysis of variance.

2.3   |   Plant Measurements and Determination 
of Biomass and Nitrogen Concentration

At each sampling date, the collected aboveground and below-
ground plant parts were used to assess biomass and nitrogen 
concentration. Aboveground plant parts were harvested at 7 cm 
above the soil surface, a commonly used cutting height in mis-
canthus plot trials (Cadoux et al. 2014; Scordia et al. 2022), con-
sistent with standard mechanical harvesting practices. In our 
study, aboveground biomass included both the harvested part 
and the basal stems remaining below the cutting height, which 
were collected during rhizome excavation to ensure complete 
accounting of aboveground biomass and better reflect biomass 
and nitrogen dynamics. Belowground parts were excavated 

FIGURE 1    |    Relationship between aboveground nitrogen concentration and aboveground biomass of Miscanthus sinensis (Malepartus), sampled 
across three field trials with contrasting soil nitrogen availability. Red and blue points represent samples from two non-fertilized trials (parental and 
progeny) collected in July 2023, while green points represent samples from a fertilized trial (120 kg N ha−1 applied as UAN) collected in 2016 and 
2017. The black curve depicts the critical nitrogen dilution curve for M. sinensis, given by the equation: Nc = 23.4 × W−0·42 for W > 1 t ha−1, Nc = 23.4 
for W ≤ 1 t ha−1 (Zapater et al. 2017), where Nc is the critical nitrogen concentration (g N kg−1) and W is the aboveground biomass (t ha−1). Dotted lines 
represent a ±5% confidence interval around the critical nitrogen dilution curve.
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as described previously. The collected samples were weighed 
fresh, and a representative subsample was taken for dry matter 
determination. The subsample was weighed fresh, dried at 65°C 
for 96 h until a constant weight had been achieved, and then 
weighed again to determine dry weight. The dry matter content 
was calculated as:

This dry matter content was then used to estimate the dry bio-
mass of the entire sample:

Biomass yield (t ha−1) was subsequently determined based on the 
dry biomass and the planting density.

Corrections of the raw biomass data were made to reduce poten-
tial bias due to a plant effect, as sampling belowground biomass 
is a destructive process. The same plants could not be reused 
on several sampling dates. As a result, a different plant for each 
genotype was sampled at each of the four time points, leading 
to plant-to-plant variability between the four plants sampled. 
This plant effect introduced potential bias in nitrogen flux cal-
culations due to confounding between the nitrogen fluxes and 
the plant effect.

To mitigate this bias, the adjustment was based on aboveground 
biomass, given its strong and stable correlation with below-
ground biomass (r = 0.85 in February 2023; r = 0.84 in February 
2024, Figure 3). The procedure followed four steps:

Step 1. Calculate the mean aboveground biomass of all plants 
per genotype sampled in the preceding years (February 2022 
and February 2023).

Step 2. Determine the mean aboveground biomass of each indi-
vidual plant across the two preceding years (February 2022 and 
February 2023).

Step 3. Compute a correction percentage for each plant:

Step 4. Apply this correction percentage to both aboveground 
and belowground biomass values:

By applying this correction, the bias introduced by plant-to-plant 
variability was minimized, allowing for more reliable nitrogen 
flux calculations between sampling dates.

The nitrogen concentration of each sample was analyzed to 
quantify nitrogen fluxes and recycling rates across different 
growth stages.

The total nitrogen quantity of the plant was calculated as follows:

where NA and NB represent the nitrogen quantity (kg N ha−1) in 
aboveground and belowground compartments, respectively, WA 
and WB correspond to the dry matter quantity of each compart-
ment (t ha−1), and [NA] and [NB] are the corresponding nitrogen 
concentrations (g N kg−1 DM).

2.4   |   Quantification of Nitrogen Remobilization, 
Uptake, and Corresponding Use Efficiencies

Nitrogen-economy traits were evaluated, including nitrogen 
fluxes, uptake, and remobilizations, along with their corre-
sponding efficiencies. Nitrogen remobilization was assessed 
separately for spring and autumn through two complementary 
approaches: spring and autumn remobilization.

Dry Matter Content

=Dry weight of subsample∕Fresh weight of subsample

Dry Biomass=Fresh Weight of Entire Plant

×Dry Matter Content

Correction Percentage=

(Mean Biomass per Plant∕Mean Biomass per Genotype)

×100

Adjusted Value = (Raw Value∕Correction Percentage) × 100

NA=WA×[NA]

NB=WB×[NB]

NT=NA+NB

FIGURE 2    |    Seasonal evolution of nitrogen stocks in the aboveground and belowground parts during key periods of nitrogen recycling over the 
course of 1 year (plant cycle). Adapted from Hou et al. (2022) and Leroy et al. (2022).
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Spring remobilization (SR, kg N ha−1), representing the nitrogen 
translocated from belowground storage organs to support new 
shoot growth in spring, was calculated following the method of 
Strullu et al. (2011) as:

where NB0 was the nitrogen quantity in the belowground parts be-
fore spring regrowth (February 2023), and NB1 was the nitrogen 
quantity after spring remobilization (July 2023), during summer.

The corresponding spring remobilization efficiency was 
calculated relative to maximum aboveground nitrogen 
quantity (NA2):

Autumn remobilization (AR, kg N ha−1), defined as the 
nitrogen withdrawn from senescing aboveground parts and 
stored in belowground organs before dormancy, was esti-
mated using two methods described by Dierking et al. (2017): 
via aboveground method (ARa) and via belowground 
method (ARb).

where NA2 was the nitrogen quantity in aboveground parts 
at the start of senescence (September 2023), and NA3 was the 
nitrogen quantity after full senescence (February 2024). ARa 
corresponds to the proportion of N in the aboveground part 
withdrawn during senescence.

where NB3 was the nitrogen quantity in belowground parts 
after full senescence (February 2024), and NB₂ was the nitrogen 
quantity in the belowground parts when aboveground nitrogen 
reached its maximum (September 2023). ARb corresponds to the 
proportion of N effectively withdrawn from the aboveground 
part that was finally stored in the rhizome.

As with spring remobilization efficiency, the corresponding au-
tumn remobilization efficiencies were also calculated relative 
to maximum aboveground nitrogen quantity and were coded as 
ARaE and ARbE, respectively.

The nitrogen uptake (N Uptake, kg N ha−1) represents the max-
imum nitrogen acquired from the soil during the growing sea-
son. It was calculated as:

SR = NB0 −NB1

SRE =
(

SR∕NA2

)

× 100

ARa = NA2 −NA3

ARb = NB3 −NB2

NUptake = NT2 −NB0

FIGURE 3    |    Distribution of aboveground and belowground biomass (plots a and b) and their correlation (plot c) across four sampling dates during 
the 2023–2024 plant cycle. At Date 0, aboveground biomass belongs to the end of the previous plant cycle, whereas belowground biomass corresponds 
to both the end of the previous cycle and the beginning of the new one. The green and red dashed lines indicate the parental genotypes HER and 
MAL, respectively.
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7 of 21GCB Bioenergy, 2026

where NT2 was the total nitrogen quantity of the whole plant at 
date 2 (September 2023), when aboveground biomass reached its 
peak nitrogen accumulation, and NB0 was the nitrogen quantity 
in belowground parts before spring regrowth (February 2023). 
Similar to SRE, the corresponding nitrogen uptake efficiency 
was calculated relative to the maximum aboveground nitrogen 
quantity.

The nitrogen losses (N losses, kg N ha−1) were calculated follow-
ing the method of Leroy et al. (2022), considering the difference 
between total nitrogen at the peak of the growing season and 
after complete senescence:

where NT2 was the total nitrogen quantity at peak growth 
(September 2023), and NT3 was the total nitrogen quantity at the 
end of the cycle (February 2024).

The nitrogen use efficiency (NUE, kg DM kg−1 N) represents 
the amount of biomass produced per unit of nitrogen accumu-
lated 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. Following the methodology of Ra 
et al.  (2012); Olson et al. (2013) and Dierking et al. (2016) two 
NUE calculations were performed at different dates:

1.	 NUE₁: represents the plant's ability to produce aboveground 
biomass using nitrogen remobilized in spring and absorbed 
from the soil:

where WAmax was the maximum biomass accumulated in 
the aboveground parts in September (t ha−1), and NA2 was 
the nitrogen quantity of the aboveground parts at date 2 
(September 2023).

2.	 NUE2: represents the amount of aboveground biomass that 
was harvested in February per Unit of Nitrogen Exported 
at the end of the growth cycle

where WA3 was the aboveground biomass at date 3, and NA3 
was the nitrogen quantity of the aboveground parts at date 3 
(February 2024).

In order to name all traits in a relevant manner, a Miscanthus 
ontology was developed at the INRAE BioEcoAgro research unit 
of Estrées-Mons (https://​urgi.​versa​illes.​inra.​fr/​ephes​is/​ephes​
is/​ontol​ogypo​rtal.​do) by using the GnpIS multispecies integra-
tive information system from the INRAE-URGI of Versailles 
(Steinbach et al. 2013). The data that support the findings of this 
study, along with variable names and alternative trait abbrevia-
tions, are openly available in Recherche Data Gouv at https://​doi.​
org/​10.​57745/​​CEDLW2. (Iqbal et al. 2025).

2.5   |   Statistical Analyses

All statistical analyses were conducted using R software (ver-
sion 4.3.2, R Core Team). Data normality was assessed using the 
Shapiro–Wilk test, and homogeneity of variance was evaluated 
using Levene's test from the car package (version 3.1.3). When 
necessary, natural logarithm transformations were applied to ni-
trogen remobilization traits to meet the assumptions of normality 
and homoscedasticity required for analysis of variance (ANOVA).

The genotype effect on nitrogen remobilization fluxes, efficien-
cies, nitrogen uptake, and nitrogen use efficiency was analyzed 
using ANOVA, applied to the subset of the 15 repeated genotypes 
from the progeny trial. ANOVA models were fitted using the 
aov() function, and post hoc comparisons were conducted using 
the Least Significant Difference (LSD) test from the agricolae 
package (version 1.3.7). The overall threshold for statistical sig-
nificance was set at α = 0.05, with significance levels denoted as 
* p < 0.05, ** p < 0.01, *** p < 0.001, and NS for p ≥ 0.05 in tables 
and figures. Pearson correlation analysis, based on the complete 
progeny subset of 80 genotypes, was used to assess pairwise re-
lationships between nitrogen-economy traits and biomass yield.

To identify broader patterns in nitrogen-economy traits and clas-
sify genotypes with similar functional characteristics, hierarchi-
cal clustering on principal components (HCPC) was performed 
following the method of Husson et  al.  (2010). This involved 
conducting a principal component analysis (PCA) followed by 
hierarchical clustering using Ward's method with k-means con-
solidation. PCA was used to improve clustering reliability by re-
taining the essential variance while minimizing noise.

PCA was performed using the PCA() function from the 
FactoMineR package (version 2.11), with nitrogen remobilization 
fluxes including spring remobilization (SR), autumn remobiliza-
tion via the aboveground method (ARa) and the belowground 
method (ARb), as well as nitrogen uptake and nitrogen losses, 
included as active variables. Biomass yields in September 2023 
(Biomass S) and February 2024 (Biomass F) were included as 
quantitative supplementary variables. Nitrogen status, based on 
the nitrogen nutrition index, was included as a qualitative sup-
plementary variable, distinguishing genotypes as either luxury 
or deficient.

Hierarchical clustering on all five principal components (ex-
plaining 100% of the variance) was performed using the HCPC() 
function in FactoMineR (version 2.11) to define functional 
groups of genotypes with similar nitrogen-economy character-
istics. The statistical contribution of each variable to the forma-
tion of these groups was evaluated using v-test values.

In parallel, a second PCA was conducted using nitrogen remobi-
lization efficiencies as active variables, followed by hierarchical 
clustering on the resulting principal components to evaluate the 
role of efficiency traits in shaping functional groupings.

3   |   Results

The progeny exhibited great variability in biomass production 
in the above and belowground parts during the growing season.

N losses = NT2 −NT3

NUE1 =WAmax∕NA2

NUE2 =WA3 ∕NA3
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Significant variability was observed in aboveground and be-
lowground biomass of the Miscanthus sinensis progeny at the 
sampling dates during the 2023–2024 plant cycle (Figure 3a,b). 
Aboveground biomass ranged from 5 to 60 t ha−1, with the 
highest values recorded in September. Belowground bio-
mass showed a similar range, between 5 and 40 t ha−1, with 
no seasonal trend. The parental genotypes HER and MAL, 
represented by the green and red dashed lines, respectively, 
were positioned at opposite ends of the distribution for mul-
tiple sampling dates, highlighting that the observed variabil-
ity in the progeny reflects the genetic divergence between the 
parents (Figure 3a,b). We found a strong correlation between 
aboveground and belowground biomass at each sampling date 
in the progeny (r = 0.85, 0.78, 0.73, and 0.84 for Date 0, Date 
1, Date 2, and Date 3, respectively), indicating that genotypes 
with high yield potential were also characterized by signifi-
cant rhizome biomass (Figure 3c).

This observed variability highlighted the genetic diversity in 
biomass production potential among the progeny. As expected, 
we also found high variability in nitrogen quantities among the 
genotypes and across the dates (data not shown). This observed 
seasonality in nitrogen quantities provided key insights into 

nitrogen transfer and recycling within genotypes, serving as a 
basis for subsequent analysis of the nitrogen recycling variabil-
ity in the progeny.

3.1   |   Nitrogen Recycling, Assessed Through 
Remobilization Fluxes and Efficiencies in Autumn 
and Spring, Exhibited Substantial Variability 
Among the M. sinensis Progeny

Regarding spring remobilization fluxes, a huge variation was ob-
served among the progeny, ranging from 0.2 to 85 kg N ha−1, with 
parental genotypes MAL and HER showing fluxes of 22 kg N ha−1 
and 10 kg N ha−1, respectively (Figure 4a, Table 1). Spring remobi-
lization efficiency (SRE), corresponding to the part of nitrogen in 
the aboveground part derived from spring remobilization, ranged 
from 0% to 80%, with parents MAL and HER at 27% and 3%, respec-
tively (Figure 4b). Parental values fell within the broad progeny 
range, illustrating that variability extended beyond both parents. 
Differences between genotypes were substantial. The LSD values 
were 16.7 kg N ha−1 for SR and 21.1% for SRE (Figure 4), and when 
the difference between two genotypes exceeded these values, the 
genotypes were considered significantly different.

FIGURE 4    |    Spring remobilization flux (SR) (plot a) and spring remobilization efficiency in proportion to maximum aboveground nitrogen (SRE) 
(plot b) across Miscanthus sinensis progeny. The x-axis scale shows log-transformed values. The corresponding non-transformed values are given 
in parentheses with units: Kg N ha−1 for (a) and % for (b). Each point represents the mean value. Green and red points highlight the HER and MAL 
genotypes, respectively. The least significant difference (LSD) is based on the subset of the 15 repeated genotypes to indicate the minimum difference 
required for statistical significance between genotypes.
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9 of 21GCB Bioenergy, 2026

Concerning autumn remobilization, fluxes and efficiencies 
were expressed in terms of above and belowground parts. 
Fluxes calculated via aboveground (ARa) or belowground 
(ARb) methods ranged from 5 to 158 kg N ha−1 and 0 to 
73 kg N ha−1, respectively.

Mean value of autumn remobilization fluxes was significantly 
(p < 0.05, data not shown) higher when calculated with the 
aboveground method (69 kg N ha−1) than with the belowground 
method (28.6 kg N ha−1) (Table 1), indicating that the quantity of 
nitrogen withdrawn from the aboveground part in autumn is big-
ger than the quantity of nitrogen stored in the rhizome in winter. 
Parental genotypes showed contrasting values, with MAL and 
HER at 63 kg N ha−1 and 114 kg N ha−1 for ARa, and 9 kg N ha−1 
and 60 kg N ha−1 for ARb, respectively. Efficiencies, calculated as 
the proportion of nitrogen in the aboveground part withdrawn 
towards the rhizome (ARaE), or calculated as the proportion of 
N effectively withdrawn from the aboveground part that was fi-
nally stored in the rhizome (ARbE), also exhibited substantial 
variability among the progeny. ARaE ranged from 7% to 86%, 
with MAL and HER at 77% and 43%, respectively, while ARbE 
ranged from 1% to 65%, with MAL and HER at 11% and 26%, re-
spectively. These parental positions represented different points 

within the progeny distributions, confirming that variation en-
compassed both parents (data not shown).

ANOVA based on the repeated genotypes confirmed signifi-
cant genotype effects for all the preceding variables related to 
nitrogen recycling and nitrogen use efficiency (Table 1), further 
underlining the genotypic diversity in the progeny. The range 
of values for these repeated genotypes (in brackets in Table 1) 
covered quite well the range observed for the entire progeny. 
As expected, the coefficients of variation related to the fluxes 
or efficiencies were relatively high due to the involvement of 
several variables in their calculations. Nevertheless, highly 
significant effects were detected, highlighting significant 
genotype-dependent differences in nitrogen recycling behavior 
during the late growing season.

3.2   |   Nitrogen Remobilization Fluxes Were Linked 
to Remobilization Efficiencies, but Not Between 
Seasons

Spring remobilization fluxes were strongly correlated 
with spring remobilization efficiency (r = 0.71, Figure  5a). 

TABLE 1    |    Variables related to nitrogen recycling and nitrogen use efficiency in the progeny: Minimum, maximum, and mean values, as well as 
F values, p values, significance, and coefficient of variation (CV) of the ANOVA table. ANOVA results are based on the 15 repeated genotypes, and 
their corresponding minimum, maximum, and mean values are indicated in brackets.

Variable Unit Minimum Maximum Mean value CV F p Significance

Spring
Remobilization 
(SR)

kg N ha−1 0.2
(10.2)

84.9
(84.9)

27.0
(29.2)

37.5 8.46 7.8 × 10−8 ***

Autumn
Remobilization 
(ARa)

kg N ha−1 5.6
(26.2)

158.4
(137.1)

69.0
(76.2)

41.8 4.07 2.0 × 10−4 ***

Autumn
Remobilization 
(ARb)

kg N ha−1 0.5
(1.1)

72.8
(59.7)

28.6
(27.3)

56.1 3.30 2.1 × 10−3 **

Nitrogen Uptake 
(U)

kg N ha−1 5.2
(39.9)

241.2
(241.2)

93.9
(98.0)

30.2 13.8 1.3 × 10−11 ***

Spring
Remobilization
Efficiency (SRE)

% 0.2
(3.4)

79.5
(44.8)

23.5
(24.8)

53.0 2.03 4.2 × 10−2 *

Autumn
Remobilization
Efficiency 
(ARaE)

% 7.0
(35.8)

86.3
(73.1)

54.7
(58.3)

20.5 2.56 9.5 × 10−3 **

Autumn
Remobilization
Efficiency 
(ARbE)

% 0.6
(0.8)

65.4
(50.2)

26.2
(24.3)

62.4 3.54 1.2 × 10−3 **

NUE1 kg DM kg−1 N 122.7
(122.7)

365.3
(268.8)

195.1
(191.8)

15.5 5.02 1.6 × 10−5 ***

NUE2 kg DM kg−1 N 161.7
(241.4)

553.2
(424.2)

328.4
(340.3)

10.2 9.84 2.8 × 10−9 ***

Note: Significance levels: ***p < 0.001, **p < 0.01, *p < 0.05, NS p ≥ 0.05.
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10 of 21 GCB Bioenergy, 2026

Genotypes with higher nitrogen fluxes during the spring 
demonstrated greater remobilization efficiencies, indicating a 
consistent relationship between fluxes and efficiencies, which 
was partly expected given their mathematical dependence. 
In other words, a larger proportion of the nitrogen present in 
the aboveground part was derived from spring remobiliza-
tion when the quantity of remobilized nitrogen in spring was 
higher.

Similarly, significant positive correlations were observed in au-
tumn. Autumn remobilization fluxes significantly correlated 
with autumn remobilization efficiency using the aboveground 
and the belowground methods (r = 0.72 and 0.70, respectively, 
Figure 5b,c). Genotypes with higher nitrogen fluxes in autumn 
also exhibited greater remobilization efficiencies, whether we 
examined what was withdrawn from the aboveground part 
(Figure 5b) or what was finally stored in the belowground part 
(Figure 5c).

No significant correlations were found between spring and 
autumn remobilization fluxes (Figure  7). We observed a sig-
nificant but weak relationship between spring and autumn re-
mobilization efficiencies; however, this was considered to be 
non-relevant, as it was driven by only three genotypes that ex-
hibited markedly different efficiencies compared to the other 77.

3.3   |   Endogenous and Exogenous Nitrogen 
Strongly Influenced Biomass Production in M. 
sinensis Progeny

In perennial plants like miscanthus, the nitrogen accumulated 
by plants comes from both endogenous (reserve) and exogenous 
(soil) sources. Nitrogen Use Efficiency (NUE), representing the 
amount of biomass produced per unit of nitrogen accumulated 
in the plant, exhibited substantial variability among M. sinen-
sis progeny. Throughout the growing season, the range of NUE 

progressively increased: from 111–195 in July 2023, to 123–365 
in September 2023, and 162–553 kg DM kg−1 N in February 2024. 
This progressive increase indicated that nitrogen was utilized 
more efficiently as plants matured, particularly after the onset 
of senescence in February 2024.

NUE1, corresponding to the plant's ability to produce abo-
veground biomass using both nitrogen remobilized in the 
spring (endogenous nitrogen) and nitrogen absorbed from the 
soil (exogenous nitrogen uptake), showed a weak but signif-
icant correlation with biomass yield in September 2023 and 
February 2024 (r = 0.26 and 0.23, respectively). To further ex-
amine how the two nitrogen sources influenced biomass, we 
investigated the respective effects of endogenous and exoge-
nous nitrogen.

Regarding endogenous nitrogen, both spring and autumn nitro-
gen remobilization fluxes were positively correlated with bio-
mass yield in February 2024 (brown harvest, Figure 6a, Table 1) 
as well as in September 2023 (green harvest, Figure 7). Spring 
remobilization fluxes showed a moderate correlation with bio-
mass yield in September 2023 and February 2024 (r = 0.34 and 
0.30, respectively). Stronger correlations were observed for au-
tumn remobilization fluxes via aboveground method (ARa: 
r = 0.62 and 0.44, respectively) and via belowground method 
(r = 0.31 and 0.41, respectively), for the same dates (Figures 6a 
and 7). These results indicated that greater spring remobiliza-
tion could contribute to increased aboveground biomass, al-
though the moderate correlation suggested that other factors, 
such as exogenous nitrogen uptake, might also play a role. In 
turn, larger aboveground biomass in September appeared to 
support greater autumn remobilization, which contributed more 
strongly to the biomass yield observed in February.

In contrast, no significant correlations were observed be-
tween nitrogen remobilization efficiencies and biomass yield 
(Figures 6b and 7). In other words, biomass yield, whether at 

FIGURE 5    |    Correlations in the progeny between spring remobilization, SR, autumn remobilization via aboveground method, ARa, and autumn 
remobilization via belowground method, ARb, respectively with their corresponding efficiencies SRE (plot a), ARaE (plot b) and ARbE (plot c). The 
Pearson correlation coefficient (r) is shown in the top right corner of each plot, along with its significance level. “***” indicates a highly significant 
correlation (p < 0.001).
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11 of 21GCB Bioenergy, 2026

the green or brown harvest, was not related to the proportion 
of nitrogen withdrawn from the aboveground part (ARaE), 
the proportion ultimately stored in the belowground part 
(ARbE), or the proportion of aboveground nitrogen derived 
from spring remobilization (SRE) (Figures  6b and 7). These 
findings suggested that plant functioning, in terms of nitrogen 
recycling, operated independently of biomass size across the 
progeny.

SRE and ARbE were significantly negatively correlated with ni-
trogen uptake (r = −0.52 and r = −0.35, respectively; Figure 7), 
indicating that genotypes with lower endogenous remobilization 
efficiency tended to rely more on exogenous nitrogen uptake.

Exogenous nitrogen uptake, corresponding to the quantity 
of nitrogen absorbed from the soil during the growing sea-
son, exhibited substantial variability among the M. sinensis 
progeny, ranging from 5 to 241 kg N ha−1. The parental geno-
types also differed, with MAL showing 56 kg N ha−1 and HER 
241 kg N ha−1, with HER positioned at the upper extreme of the 
progeny range. A significant positive correlation was observed 
between nitrogen uptake and aboveground biomass yield at 
both sampling dates (r = 0.72 and 0.63 in September 2023 and 
February 2024, respectively; Figure 7). Genotypes with higher 
nitrogen uptake produced greater biomass yields, demonstrat-
ing the strong link between nitrogen acquisition and produc-
tivity. This reciprocal relationship also reflected the influence 
of plant size on nitrogen uptake, with larger plants exhibiting 
greater uptake capacities.

However, nitrogen uptake efficiency, defined as the proportion 
of aboveground nitrogen derived from nitrogen uptake, was 
not significantly correlated with biomass yield in September 
2023 (r = 0.22), and showed only a weak but significant correla-
tion in February 2024 (r = 0.24; Figure  7). These results sug-
gested that, while total nitrogen uptake was strongly linked 
to biomass accumulation, the efficiency with which absorbed 

nitrogen was converted into aboveground biomass was more 
variable and less predictive of yield.

Nitrogen uptake showed no significant correlation with spring 
remobilization fluxes (Figure  7). However, a strong positive 
correlation was observed between nitrogen uptake and autumn 
remobilization fluxes, particularly when calculated via the abo-
veground method (r = 0.83), while the belowground method 
showed no significant correlation (Figure 7). In other words, at 
the scale of the growing season, plants that absorbed more ni-
trogen (uptake) also withdrew greater amounts of nitrogen from 
the aboveground part. However, the result didn't highlight any 
relationship with the amount of nitrogen ultimately stored in the 
belowground part. This gap between the nitrogen withdrawn 
from the aboveground part and the amount finally stored in the 
belowground part was already highlighted by the comparison of 
the two methods used to calculate autumn remobilization, and 
indicated losses of nitrogen during the growing season.

Nitrogen losses were calculated as the difference between the 
total amount of nitrogen in the plant in September and in the 
following February, ranging from 2 to 143 kg N ha−1 across the 
progeny, with MAL and HER showing 54 and 71 kg N ha−1, re-
spectively. When expressed as a proportion of the total nitrogen 
quantity in the plant in September, these losses were highly vari-
able, ranging from 2% to 67% (data not shown). These calcula-
tions did not take into account abscised fallen leaves prior to the 
final sampling date in February (Date 3). Between 1% and 27% of 
these nitrogen losses were accounted for by fallen leaves across 
the progeny. Nitrogen uptake was significantly correlated with 
nitrogen losses (r = 0.70, Figure 7), suggesting that genotypes ab-
sorbing higher amounts of nitrogen not only presented higher 
ARa (Figure 8) but also experienced greater nitrogen losses.

NUE2 corresponded to the amount of biomass that could be 
harvested per unit of nitrogen exported at the end of the season 
(Date 3). It was significantly higher than NUE1. This increase 

FIGURE 6    |    Correlation between nitrogen remobilization fluxes (plot a) and nitrogen remobilization efficiencies (plot b) with biomass yield. The 
remobilization quantities are SR in green, ARa (AR calculated via aboveground method) in dark red, and ARb (AR calculated via belowground meth-
od) in blue, along with their respective efficiencies in proportion to maximum aboveground nitrogen. Pearson correlation coefficients (r) are shown, 
with *** for p < 0.001, ** for p < 0.01, and NS for non-significant correlations (p ≥ 0.05).
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12 of 21 GCB Bioenergy, 2026

in NUE2 was attributed to the seasonal decline in aboveground 
nitrogen quantity during autumn. Despite this higher effi-
ciency, no significant correlations were observed between NUE2 
and biomass yield, either in September 2023 or February 2024 
(Figure 7). These findings suggested that higher NUE2 did not 
necessarily translate into greater biomass yield at the interge-
notypic level, opening the way for further investigation into 

genotype classification through functional groups and the as-
sessment of their distinct nitrogen utilization strategies.

Regarding the contribution of remobilization fluxes to nitrogen 
use efficiency, no significant correlations were observed between 
spring remobilization fluxes and NUE1 (Figure 7). A weak posi-
tive correlation was found between autumn remobilization fluxes, 

FIGURE 7    |    Pairwise correlation matrix and scatterplots for nitrogen-related traits and aboveground biomass yield in Miscanthus sinensis progeny. 
Pearson correlation coefficients (r) are shown in the upper triangle, with significance levels indicated as follows: *** for p < 0.001, ** for p < 0.01, * for 
p < 0.05, and non-significant correlations (p ≥ 0.1). Trait abbreviations are as follows: ARa, autumn remobilization flux calculated via aboveground 
method (kg N ha−1); ARaE, autumn remobilization efficiency using the aboveground method (%); ARb, autumn remobilization flux calculated via 
belowground method (kg N ha−1); ARbE, autumn remobilization efficiency using the belowground method (%); Biomass F, aboveground biomass in 
February 2024 (t ha−1); Biomass S, aboveground biomass in September 2023 (t ha−1); N Losses, nitrogen losses (kg N ha−1); N uptake E, nitrogen uptake 
efficiency (%); N Uptake, nitrogen uptake (kg N ha−1); NUE1, nitrogen use efficiency calculated in September 2023 (kg DM kg−1 N); NUE2, nitrogen use 
efficiency calculated in February 2024 (kg DM kg−1 N); SR, spring remobilization flux (kg N ha−1); SRE, spring remobilization efficiency (%).
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13 of 21GCB Bioenergy, 2026

calculated via the aboveground method, and NUE2 (r = 0.25), 
whereas no significant correlation was observed via the below-
ground method (Figure 7). These results suggested that plants that 
were more nitrogen-efficient, meaning those producing greater 
amounts of biomass per unit of nitrogen, tended to transfer larger 
quantities of nitrogen from the aboveground part toward the be-
lowground part in autumn, even though the final amount of nitro-
gen stored in the rhizome was not significantly affected.

Significant correlations were found between spring remobili-
zation efficiency and NUE1 (r = 0.32; Figure 7), indicating that 
nitrogen recycling during early growth stages contributed to 
improved nitrogen use efficiency. This suggested that nitrogen 
derived from spring remobilization formed an important part of 
the nitrogen sources building aboveground biomass.

In contrast, a significant negative correlation was observed be-
tween NUE1 and autumn remobilization efficiency using the abo-
veground method (ARaE; r = −0.32), suggesting that plants with 
higher nitrogen use efficiency in September had less nitrogen re-
maining to be withdrawn from the aboveground part in autumn.

A significant positive correlation was also found between au-
tumn remobilization efficiency (ARaE) and NUE2 (r = 0.42), 
whereas no such correlation was observed using the below-
ground method (Figure 7). These results indicated that plants 
producing more biomass per unit of nitrogen, whether remobi-
lized or uptaken, also tended to remobilize nitrogen more effi-
ciently in autumn.

3.4   |   Genotypic Differences in Nitrogen Recycling 
and Uptake in the Progeny Led to the Formation 
of Functional Groups

The above results related to nitrogen remobilization, uptake, 
and use efficiency suggested that M. sinensis progeny did not 

follow a uniform nitrogen-use strategy. For example, higher 
NUE did not necessarily translate into greater biomass pro-
duction at the intergenotypic level, supporting the existence of 
functional groups. To investigate these differences among gen-
otypes, a multidimensional analysis was carried out through 
Principal Component Analysis (PCA), followed by a hierarchi-
cal clustering based on all five principal components (HCPC). 
Such an approach classified genotypes into distinct functional 
groups based on shared nitrogen economy characteristics.

A first PCA (Figure  8a) was performed using nitrogen remo-
bilization fluxes as active variables. Biomass yield variables 
(Biomass F and Biomass S) were introduced as supplementary 
quantitative variables, and their position on the principal compo-
nent axes allowed for the visualization of their relationship with 
the set of active nitrogen remobilization flux variables. Nitrogen 
status was introduced as a supplementary qualitative variable to 
describe the groups formed after clustering based on principal 
components. The genotypes were classified as nitrogen-deficient 
when their NNI was below 1 or nitrogen-sufficient when their 
NNI was above 1.

The first two principal components explained a substantial 
portion of the total variance (72%), with the first dimension of 
the PCA accounting for almost half (49%) and the second for a 
quarter (23%). The first component was associated with nitro-
gen uptake, nitrogen losses, and autumn remobilization via the 
aboveground method (ARa), representing aboveground nitrogen 
dynamics. The second component was linked to spring remobili-
zation (SR) and autumn remobilization flux via the belowground 
method (ARb), reflecting belowground nitrogen recycling and 
early-season nitrogen remobilization processes.

Clustering based on the principal components (Figure  8b) 
grouped genotypes into three distinct groups (Clusters 1, 2, and 
3 in Table 2). Of the 80 genotypes analyzed, Cluster 1 contained 
21 genotypes (26%), Cluster 2 contained 38 genotypes (48%), and 

FIGURE 8    |    Principal Component Analysis (PCA) and hierarchical clustering based on all five principal components. PCA biplot (plot a) and 
corresponding hierarchical clustering plot (plot b) of nitrogen remobilization fluxes, with biomass yield as a quantitative supplementary variable and 
nitrogen status as a qualitative supplementary variable. The variable coding is the same as in Figure 7.
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Cluster 3 contained 21 genotypes (26%). The supplementary vari-
able about nitrogen status significantly influenced the formation 
of these three groups (p = 0.001; data not shown), highlighting 
the role of nitrogen availability in shaping genotypic behavior.

1.	 Cluster 1 consisted mainly of nitrogen-sufficient geno-
types (71%), demonstrated higher nitrogen uptake, nitro-
gen losses, ARa, and biomass yield (Biomass F, Biomass 
S), reinforcing the positive influence of plant nitrogen 
status on productivity. This cluster represented high 
biomass-producing, nitrogen-sufficient genotypes and 
included 21 out of the 80 genotypes. The parental gen-
otype HER was classified in this group, consistent with 
its high nitrogen uptake and sufficient nitrogen status 
(NNI = 0.97).

2.	 Cluster 2 was characterized by genotypes exhibiting lower 
nitrogen uptake, nitrogen losses, and ARa but higher be-
lowground nitrogen recycling traits (ARb, SR). This group 
did not strongly associate with a clear nitrogen status. This 
cluster included genotypes that could be considered effec-
tive nitrogen storers and spring recyclers. It comprised 38 
out of the 80 genotypes.

3.	 Cluster 3 primarily included nitrogen-deficient genotypes 
(81%), exhibited lower biomass production (Biomass F, 
Biomass S), lower ARb, and lower SR, reflecting the impact 
of limited nitrogen availability on these traits. This clus-
ter represented low-biomass-producing, nitrogen-deficient 
genotypes and also included 21 out of the 80 genotypes. 
The parental genotype MAL was positioned in this group, 
reflecting its lower nitrogen uptake and deficient nitrogen 
status.

The contrasting placement of HER in cluster 1 and MAL in 
cluster 3 illustrated the divergence between the parents and 
showed how this divergence structured the functional groups 
identified in the progeny. Instead of the previously cited fluxes, 
a second PCA (data not shown) was conducted using nitrogen 
remobilization efficiencies as active variables, with biomass 
yield variables introduced as supplementary quantitative vari-
ables. The first principal component was primarily associated 

with nitrogen uptake efficiency and spring remobilization 
efficiency (SRE), while the second component was related to 
both spring and autumn remobilization efficiency, particu-
larly ARaE.

However, clustering based on this PCA did not result in func-
tionally distinct groups in relation to nitrogen recycling efficien-
cies, nitrogen status, or biomass production. In contrast to the 
first PCA, these results suggested that nitrogen recycling effi-
ciency did not drive genotypic differentiation. Instead, nitrogen 
fluxes, nitrogen status, and uptake emerged as the dominant 
factors defining functional groups.

4   |   Discussion

The results of this study provided clear evidence of substantial 
variability in the functioning of M. sinensis progeny in terms of 
nitrogen remobilization, uptake, and biomass production. Our 
first hypothesis proposed that genotypes would exhibit diverse 
functioning with significant differences in nitrogen recycling 
and acquisition traits. The second hypothesis predicted that this 
diversity would not follow a continuous gradient but instead 
would segregate into distinct functional groups based on shared 
nitrogen economy, i.e., endogenous and exogenous nitrogen 
fluxes and nitrogen use linked with biomass production. The 
discussion therefore focuses on three points: (1) the existence of 
genotypic diversity in nitrogen remobilization and uptake that 
highlights functional variability among the genotypes, (2) the 
existence of functional groups among genotypes regarding ni-
trogen recycling, and finally (3) the idea that spring remobili-
zation efficiency reduces nitrogen uptake, while higher uptake 
enhances autumn remobilization and biomass yield.

4.1   |   Genotypic Diversity in Nitrogen 
Remobilization and Uptake Highlights Functional 
Variability Among the Genotypes

Significant genotypic variation was observed across key 
nitrogen-related traits, including nitrogen remobilization fluxes, 

TABLE 2    |    Description of the three clusters based on the principal component analysis (PCA) and clustering of Miscanthus sinensis genotypes 
shown in Figure 8.

Cluster 1 Cluster 2 Cluster 3

category v.test category v.test category v.test

Qualitative
Variable

Luxury 3.17 Null Deficient 2.39

Quantitative
Variables

N. Uptake 6.69 ARb 3.76 Biomass F −2.99

ARa 6.66 SR 2.14 Biomass S −3.69

N. Losses 6.11 N. Uptake −4.76 SR −3.92

Biomass S 5.36 ARa −5.41 ARb −5.16

Biomass F 3.87 N. Losses −5.57

Note: The first line corresponds to the description of the clusters by the qualitative nitrogen status variable (deficient and luxury categories), with the value of the 
v-test corresponding to the magnitude of the variable category (deficient or luxury) involvement. In the second line, the most significant quantitative variables in the 
formation of each cluster are indicated by the v-test, where their signs correspond to positive or negative involvement and values describe their magnitudes; only the 
strongest (in absolute value) are shown. The coding of these quantitative variables is same as in Figure 7.
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efficiencies, and exogenous nitrogen uptake. These differences 
reflect not only genetic diversity but also functional variabil-
ity, referring to differences in how genotypes acquire, recycle, 
and allocate nitrogen within the plant system. Together, these 
findings indicate that nitrogen acquisition and recycling were 
genotype-dependent, reflecting physiological flexibility and 
genetic control of nitrogen-economy traits within M. sinensis 
progeny.

The association between nitrogen remobilization fluxes and 
biomass production suggests that efficient endogenous recy-
cling supported growth when exogenous nitrogen was scarce. 
Genotypes that remobilized larger nitrogen fluxes from stor-
age organs during spring sustained greater aboveground bio-
mass, indicating that remobilized nitrogen substituted for 
external inputs. Higher autumn remobilization fluxes were 
also positively correlated with aboveground biomass yield 
in February (Figure  7) and contributed to greater nitrogen 
transfer to belowground organs, enhancing nitrogen storage 
for the subsequent growth cycle. This aligns with findings in 
Miscanthus × giganteus, where delaying harvest until after se-
nescence enables nitrogen translocation back to belowground 
storage organs, reducing external nitrogen requirements 
while maintaining long-term productivity (Strullu et al. 2011; 
Lewin et  al. 2024). Recent multisite evidence in miscanthus 
also shows that spring harvest following full senescence is 
associated with lower tissue nitrogen contents across loca-
tions, consistent with nutrient relocation to rhizomes prior to 
harvest (Magenau et al. 2022). The observed variability in re-
mobilization fluxes across genotypes further underscores the 
functional diversity in nitrogen allocation strategies within 
M. sinensis.

Nitrogen remobilization efficiencies in both spring and autumn 
also displayed substantial genotypic variability. Some genotypes 
were more efficient in recycling internal nitrogen than others, 
reflecting different physiological strategies for nitrogen use. 
Such differences may reflect genotypic variation in senescence 
timing, nitrogen transporter activity, and root–shoot nitrogen 
partitioning, which together determine how efficiently nitrogen 
is recycled within the plant.

Exogenous nitrogen uptake also varied considerably across 
genotypes. Some individuals absorbed more nitrogen from the 
soil, indicating variation in uptake capacity under low nitrogen 
conditions. While nitrogen availability in the trial was assumed 
to be uniform, minor spatial variability likely occurred due to 
soil heterogeneity and plant competition. Nonetheless, the ob-
served differences suggest genotypic variation in nitrogen ac-
quisition ability. Previous studies have shown that increasing 
nitrogen availability enhances biomass yield in Miscanthus 
× giganteus, although these findings are based on responses 
observed within a single genotype (Namoi et al. 2024). In the 
context of our study, we hypothesize that genotypes with low 
nitrogen uptake were unable to absorb sufficient nitrogen 
under the low nitrogen conditions of the trial. Their biomass 
production could therefore have increased if more nitrogen had 
been available.

The nitrogen status assessment based on Malepartus (Brancourt-
Hulmel  1999; see Section  2) confirmed nitrogen-deficient 

conditions in the trial, which probably magnified differences 
among genotypes in their ability to compensate for limited soil 
nitrogen availability. Under such constraints, uptake capacity 
becomes a decisive component of the nitrogen economy, distin-
guishing genotypes able to sustain growth from those that rely 
primarily on remobilized reserves.

Taken together, these results confirm that M. sinensis progeny 
exhibit highly diverse nitrogen-economy traits, thereby vali-
dating our first hypothesis. The substantial variation in remo-
bilization and uptake traits indicates that genotypic differences 
drive nitrogen-economy strategies, highlighting the potential 
for targeted breeding to optimize nitrogen efficiency in bioen-
ergy crops. Breeding should prioritize genotypes that sustain 
high biomass and effective remobilization under limiting con-
ditions, while assessing responsiveness under higher nitrogen 
to identify broadly adapted lines. Previous work indicates that 
nitrogen management can alter internal storage pools and re-
cycling dynamics (Dierking et al. 2017). Integrating molecular 
and quantitative-genetic tools, including QTL mapping and 
genomic prediction (Atienza et al. 2003; Clark et al. 2019), will 
enable efficient identification of nitrogen-efficient ideotypes in 
M. sinensis.

4.2   |   Genotypic Variation in Nitrogen Recycling 
Define Distinct Functional Groups in the Progeny

Three functional groups were identified through a hierarchical 
clustering on principal components, each group characterized 
by distinct nitrogen economy traits. Nitrogen status, used as a 
qualitative variable, significantly influenced the clustering, re-
inforcing the role of nitrogen availability in shaping genotypic 
behavior. Moreover, the clustering was structured primarily by 
nitrogen fluxes rather than remobilization efficiencies, high-
lighting that genotypic differentiation was driven by the net 
nitrogen movement rather than by the relative efficiency of 
recycling.

The first functional group (genotypes from Cluster 1) included 
nitrogen-sufficient genotypes that exhibited high nitrogen up-
take, elevated nitrogen losses, and greater biomass yields, even 
under the nitrogen-limited conditions experienced in our exper-
iment. These genotypes follow a nitrogen-acquisitive strategy, 
efficiently absorbing and utilizing available nitrogen to sustain 
growth and biomass production. Such a strategy, marked by rapid 
nitrogen uptake and high resource turnover, has also been docu-
mented in C4 perennial bioenergy grasses, where it is considered 
an adaptive trait linked to productivity under variable environ-
mental conditions (Heckman et al. 2024). Although the specific 
mechanisms were not analyzed in our study, this pattern may re-
flect greater root activity and transporter expression facilitating 
sustained nitrogen acquisition under low supply. Their ability to 
maintain high biomass productivity despite limited soil nitrogen 
availability suggests that they are well suited for low-input bioen-
ergy systems. High nitrogen uptake capacity has been linked to 
improved biomass yield in resource-limited environments across 
perennial grasses (Namoi et  al.  2024). Given these parallels, 
genotypes from this functional group hold potential for sustain-
able biomass production on degraded or marginal soils, where 
nitrogen fertilization is not viable or desirable.
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The second functional group (genotypes from Cluster 2) 
was characterized by lower nitrogen uptake, reduced nitro-
gen losses, and lower aboveground remobilization (ARa) but 
higher belowground nitrogen recycling fluxes (ARb and SR). 
These genotypes can be described as effective nitrogen stor-
ers and spring recyclers, following a nitrogen-conservative 
strategy relying more on internal nitrogen recycling than ex-
ternal nitrogen acquisition. This strategy has been identified 
in perennial grasses and is typically associated with long-
term resource conservation and reduced input dependency 
(Smith 2017). Unlike genotypes in other clusters, this group did 
not clearly align with nitrogen-deficient or nitrogen-sufficient 
status, indicating a more balanced or stable nitrogen-use pat-
tern. The ability to store nitrogen efficiently in belowground 
organs may help these genotypes resume growth quickly after 
stress events such as late frost or drought. From an ecological 
standpoint, this behavior corresponds to a Root–Nitrogen–K-
conservation (RNK) survival strategy, where plant success 
is linked to retaining critical resources during unfavorable 
periods (Chapin  1980). Similar nitrogen-conserving mech-
anisms have been reported in Miscanthus × giganteus. In a 
controlled study by Dierking et al. (2017), two M. × giganteus 
genotypes were compared under different nitrogen input lev-
els, and under low nitrogen one genotype increased below-
ground nitrogen storage without sacrificing biomass yield, a 
conservative strategy relying on internal recycling rather than 
continuous external supply. This mirrors the functional char-
acteristics observed in Cluster 2 genotypes of our study. Such 
traits may also contribute to ecosystem services by supporting 
long-term nitrogen retention in plant–soil systems, potentially 
stabilizing nutrient dynamics under low-input or variable en-
vironmental conditions.

Lastly, the third functional group (genotypes of Cluster 3) con-
sisted primarily of nitrogen-deficient genotypes, with low nitro-
gen uptake and low remobilization fluxes, resulting in reduced 
biomass yield under nitrogen-limited conditions. While less pro-
ductive, they may suit agroecosystems aiming to preserve soil ni-
trogen or reduce nutrient competition in mixed cropping. These 
genotypes may offer valuable traits, such as favorable biomass 
composition or morphology, making them useful in breeding. 
Crossing them with high-uptake genotypes might combine im-
proved composition with stronger nutrient acquisition, though 
this requires experimental confirmation in breeding programs. 
Overall, they represent a complementary group for systems fo-
cused on nutrient stability or specific biomass goals rather than 
maximum yield.

These findings emphasize the functional diversity present 
within M. sinensis progeny and provide a framework for se-
lecting genotypes tailored to different agroecological contexts. 
Since these groupings were derived under nitrogen-limited con-
ditions, it remains essential to test their stability under higher 
nitrogen availability and across diverse environments. Future 
work should explore the physiological mechanisms behind the 
contrasting behaviors of Clusters 1 and 3, including root archi-
tecture, nitrogen transporter activity, and rhizosphere interac-
tions, to determine how these traits influence acquisition and 
recycling under variable conditions. Understanding these mech-
anisms will enhance the targeted use of M. sinensis genotypes 
for both biomass production and ecosystem services.

These results confirm our second hypothesis, demonstrating 
that nitrogen-economy traits in M. sinensis are structured into 
distinct functional groups rather than distributed along a con-
tinuous gradient. This classification represents a novel approach 
in Miscanthus research, providing a functional framework for 
breeding nitrogen-efficient varieties.

4.3   |   Endogenous Remobilization Efficiency 
Reduces Reliance on Nitrogen Uptake, While 
Higher Uptake Enhances Autumn Remobilization 
and Biomass Yield

Our study highlighted the central role of nitrogen uptake in 
driving biomass yield and shaping nitrogen remobilization dy-
namics in Miscanthus sinensis. Nitrogen uptake, defined as the 
nitrogen absorbed from external sources during the growing 
season, varied widely among genotypes (5–241 kg N ha−1) and 
showed a strong positive correlation with aboveground bio-
mass yield at both September 2023 and February 2024. This 
relationship underscores the reciprocal link between plant size 
and nitrogen uptake, whereby larger plants tend to absorb more 
nitrogen. However, nitrogen uptake efficiency did not correlate 
with biomass yield, suggesting that the quantity of nitrogen 
absorbed, rather than the efficiency of uptake, is the primary 
driver of biomass production.

In our unfertilized trial, the total aboveground nitrogen quantity 
measured in September was, on average, composed of 51% from 
nitrogen uptake, 16% from spring remobilization (SR), and 34% 
corresponded to other internal nitrogen pools. This distribution 
contrasts with findings from fertilized Miscanthus sinensis tri-
als, where nitrogen uptake accounted for 75%–81% of total plant 
nitrogen, and spring remobilization contributed only 2%–11% in 
two genotypes (Leroy et al. 2022). The greater reliance on exog-
enous nitrogen uptake in fertilized systems highlights how ni-
trogen availability influences plant nitrogen sourcing strategies. 
In contrast, in our unfertilized system, the higher contribution 
of spring remobilization emphasizes the importance of inter-
nal nitrogen recycling in sustaining growth under low nitrogen 
conditions.

Interestingly, nitrogen uptake showed no correlation with spring 
remobilization fluxes (SR; r = −0.01), indicating that plants can 
have either high or low SR while still exhibiting a wide range 
of nitrogen uptake capacities. However, nitrogen uptake was 
significantly negatively correlated with spring remobilization 
efficiency (r = −0.52) and with autumn remobilization efficiency 
estimated via the belowground method (r = −0.35). These results 
indicate a compensatory trade-off, where genotypes with higher 
endogenous remobilization efficiency tend to depend less on 
exogenous nitrogen sources, while those with lower efficiency 
compensate through increased nitrogen uptake from the soil. To 
our knowledge, no such relationship has been documented in 
miscanthus until now, making these findings novel in the con-
text of perennial bioenergy crops.

In contrast to spring remobilization, nitrogen uptake was pos-
itively correlated with autumn remobilization fluxes, particu-
larly when calculated via aboveground method (ARa; r = 0.83). 
Higher nitrogen uptake increases the nitrogen reservoir available 
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for translocation during autumn senescence, a process crucial 
for storing nitrogen in rhizomes before winter. Autumn remo-
bilization ensures the storage of nitrogen in rhizomes for use 
in the following growing season, linking current-season nitro-
gen uptake to long-term productivity (Muhammad et al. 2020). 
The strong correlation between nitrogen uptake and autumn 
remobilization underscores the importance of nitrogen uptake 
not only for current-season biomass production but also for sus-
taining perennial growth cycles. This relationship indicates that 
nitrogen acquired late in the growing season contributes to re-
serve formation in rhizomes, a process well documented in M. × 
giganteus, where decreases in shoot nitrogen during autumn co-
incide with increased rhizome nitrogen that supports regrowth 
in spring (Strullu et al. 2011; Dierking et al. 2017).

However, while nitrogen uptake and ARa were strongly cor-
related, no such relationship was observed between uptake 
and nitrogen ultimately stored belowground (ARb). This dis-
crepancy suggests that not all nitrogen withdrawn from the 
aboveground parts during senescence was successfully trans-
ferred to rhizomes. Instead, part of this nitrogen was lost. It is 
also highlighted by our comparison of the two methods (ARa 
vs. ARb), which showed diverging values across genotypes. 
Nitrogen losses, calculated as the difference between total plant 
nitrogen in September and February, corresponded to 2%–67% 
of September nitrogen quantity. Of these losses, only a small 
fraction (1%–27%) was attributable to leaf abscission, indicating 
that a significant portion of nitrogen is lost through other phys-
iological processes. Leroy et al. (2022) similarly reported winter 
nitrogen losses of 42%–56% in M. sinensis, of which only a small 
portion could be explained by fallen leaves. These findings high-
light that nitrogen loss is a key yet understudied component of 
perennial nitrogen cycling.

Nitrogen losses beyond leaf abscission can be explained by sev-
eral processes. Part of the nitrogen may be stored in deeper roots 
not captured by our sampling depth, although previous stud-
ies indicate that root nitrogen content decreases sharply with 
depth and is probably low (Neukirchen et  al. 1999; Ferchaud 
et  al.  2016). Other pathways include rhizodeposition and root 
turnover, which transfer organic and inorganic nitrogen from 
living roots to the soil, where it can be immobilized by microbes 
rather than recovered in rhizomes (Wichern et al. 2008; Heaton 
et  al.  2010; Hromádko et  al.  2010). Further losses may occur 
through gaseous emissions, including ammonia volatilization 
from aerial tissues (Schjoerring and Mattsson 2001) and nitrous 
oxide emissions directly mediated by plants (Pihlatie et al. 2005; 
Lenhart et al. 2019). The relative contribution of these processes 
remains uncertain in our trial, yet their combined effect of-
fers a plausible explanation for the substantial nitrogen losses 
observed.

Together, these results revealed a dual nitrogen-use strategy 
among genotypes. Those with high nitrogen uptake achieved 
greater biomass and stronger autumn remobilization, support-
ing both immediate growth and nitrogen storage for the fol-
lowing season. In contrast, genotypes with high endogenous 
remobilization efficiency depended less on soil nitrogen, making 
them well-suited for low-input systems. This functional varia-
tion allows the selection of genotypes based on environmental 
objectives. High-efficiency, low-uptake genotypes may perform 

better in marginal soils with limited fertilizer availability, while 
high-uptake genotypes may be effective in nutrient-rich or pol-
luted environments, such as water catchment areas or fields tar-
geted for phytoremediation.

Since endogenous remobilization efficiencies are not correlated 
with biomass yield, genotypes can be selected for either high or 
low efficiency without sacrificing productivity. This reinforces 
the conclusion of the section: nitrogen uptake is the primary 
driver of both biomass yield and autumn remobilization, but 
high remobilization efficiency provides an additional pathway 
to reduce dependence on external nitrogen. Optimizing both 
traits in combination could enhance nitrogen-use resilience in 
M. sinensis, enabling sustained productivity and improved nu-
trient retention across contrasting agroecosystems.

5   |   Conclusion

This study demonstrated substantial genotypic variability in ni-
trogen remobilization, uptake, and biomass production among 
Miscanthus sinensis progeny grown under nitrogen-deficient 
field conditions. Nitrogen economy traits, reflecting how plants 
acquire, redistribute, and use nitrogen, were shown to follow co-
herent, genotype-dependent strategies, each with distinct impli-
cations for productivity and nutrient cycling. The identification 
of functionally diverse genotypes provided valuable insights for 
optimizing M. sinensis for both bioenergy production and eco-
system services.

The results strongly supported our first hypothesis that M. sin-
ensis progeny exhibited functional diversity in nitrogen remobi-
lization and uptake. Spring and autumn nitrogen remobilization 
fluxes were strongly associated with biomass yield, reinforc-
ing their role as an endogenous nitrogen source contributing 
to plant growth. However, nitrogen remobilization efficiencies 
were not correlated with biomass yield, indicating that geno-
types with both high and low remobilization efficiencies could 
still achieve high biomass production. Genotypes with higher 
spring remobilization efficiency generally showed reduced reli-
ance on nitrogen uptake, suggesting a trade-off between sourc-
ing strategies. Conversely, high nitrogen uptake supported both 
greater autumn remobilization and biomass yield, making it a 
primary driver of productivity in low-input systems.

The study also addressed the second hypothesis by showing 
that M. sinensis genotypes grouped into three distinct functional 
groups, each defined by coherent nitrogen-economy traits: 
nitrogen-acquisitive genotypes can enhance yield in nutrient-
limited systems; conservative types can improve nutrient reten-
tion in rotations; and low-uptake genotypes can preserve soil 
fertility in nitrogen-rich zones. These functional groupings, in 
particular the nitrogen-acquisitive and conservative types, pro-
vide a new framework for breeding nitrogen-efficient M. sinen-
sis ideotypes, enabling genotype selection tailored to contrasting 
agroecosystem goals. Beyond breeding, these findings also hold 
broader significance for sustainable bioenergy cropping and 
ecosystem management.

Future studies should evaluate whether these functional 
groups remain stable across varying nitrogen availability, soil 
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conditions, and climatic regimes. Multi-environment trials, in-
cluding contrasting management practices, will help identify 
genotypes that consistently maintain their nitrogen-acquisitive 
or conservative strategies across environmental gradients.

Investigating the physiological and molecular traits under-
pinning these groups, such as root architecture, microbial as-
sociations, and nitrogen transport mechanisms, will be key to 
refining selection criteria for nitrogen-efficient genotypes. From 
a genetic perspective, this study provides the physiological foun-
dation for further quantitative-genetic dissection of nitrogen-
related traits. The next step will be to estimate heritability and 
genetic correlations for remobilization, uptake, and efficiency 
traits, and to identify quantitative trait loci (QTLs) and genomic 
regions linked to nitrogen-economy mechanisms.

Expanding beyond the current parental backgrounds to a broader 
panel of genetically diverse M. sinensis accessions will further en-
hance understanding of the species' adaptive potential and im-
prove the transferability of these findings to breeding programs 
across diverse agroecological zones. In summary, integrating 
multi-environment validation with ongoing QTL mapping and 
heritability analyses will help to transform this functional frame-
work into a predictive, genetically informed breeding strategy for 
nitrogen-efficient, high-yielding M. sinensis cultivars.

Abbreviations

Genotypes, and Trials

Cfb	 Marine west-coast climate

DOY	 Day of Year

HER	 Miscanthus sinensis ‘Herman Mussel’

INRAE	� French National Research Institute for Agriculture, Food 
and Environment

MAL	 Miscanthus sinensis ‘Malepartus’

UAN	 Urea-ammonium-nitrate solution (applied at 120 kg N ha−1)

UE GCIE	� Unité Expérimentale Grandes Cultures Innovation 
Environnement

Organs, Biomass, and Sampling Dates

AP	 Aboveground parts (stems and leaves)

Biomass F	 Aboveground biomass in February 2024 (t ha−1)

Biomass S	 Aboveground biomass in September 2023 (t ha−1)

BP	 Belowground parts (rhizomes and associated roots)

Date 0	 February 2023 (dormancy; maximum N in BP)

Date 1	� July 2023 (minimum nitrogen quantity in below-
ground parts)

Date 2	� September 2023 (maximum nitrogen quantity in abo-
veground parts)

Date 3	 February 2024 (after full senescence; harvest)

W	� Aboveground dry biomass (t ha−1) in the critical nitrogen 
dilution curve equation

WA	 Biomass of aboveground parts (t ha−1)

WA3	 Aboveground biomass in February 2024 (t ha−1)

WAmax	� Maximum aboveground biomass accumulated in 
September (t ha−1)

WB	 Biomass of belowground parts (t ha−1)

Nitrogen Pools, Concentrations, and Quantities

Na	� Actual nitrogen concentration in aboveground vegetative 
parts (for NNI)

Nc	� Critical nitrogen concentration from the critical nitrogen 
dilution curve

[NA]	 Nitrogen concentration of aboveground parts (g N kg−1 DM)

[NB]	� Nitrogen concentration of belowground parts 
(g N kg−1 DM)

N	 Nitrogen

NA	 Nitrogen quantity in aboveground parts (kg N ha−1)

NA2	� Nitrogen quantity of aboveground parts at Date 2 
(September 2023)

NA3	� Nitrogen quantity of aboveground parts at Date 3 
(February 2024)

NB	 Nitrogen quantity in belowground parts (kg N ha−1)

NB0	� Nitrogen quantity in belowground parts before spring re-
mobilization (February 2023)

NB1	� Nitrogen quantity in belowground parts after spring remo-
bilization (July 2023)

NB2	� Nitrogen quantity in belowground parts when abo-
veground N is maximal (September 2023)

NB3	� Nitrogen quantity in belowground parts after full senes-
cence (February 2024)

NNI	 Nitrogen Nutrition Index (=Na/Nc)

NT	 Total nitrogen quantity in the whole plant (kg N ha−1)

NT2	 Total N quantity at peak growth (September 2023)

NT3	 Total N quantity at the end of the cycle (February 2024)

Nitrogen Fluxes and Efficiencies

ARa	� Autumn remobilization via aboveground method 
(kg N ha−1) = NA2−NA3

ARaE	� Autumn remobilization efficiency using the aboveground 
method (%)

ARb	� Autumn remobilization via belowground method 
(kg N ha−1) = NB3−NB2

ARbE	� Autumn remobilization efficiency using the belowground 
method (%)

N Losses	 Nitrogen losses (kg N ha−1) = NT2−NT3

N uptake E	� Nitrogen uptake efficiency (%), proportion of aboveground 
N derived from uptake

N Uptake	 Nitrogen uptake (kg N ha−1) = NT2−NB0

NUE	 Nitrogen use efficiency (kg DM kg−1 N)

NUE1	� WAmax/NA2 (aboveground biomass produced using 
spring-remobilized and absorbed N)

NUE2	� WA3/NA3 (aboveground biomass harvested per unit of N 
exported at end of cycle)

SR	 Spring remobilization (kg N ha−1) = NB0−NB1

SRE	 Spring remobilization efficiency (%) = (SR/NA2) × 100

Statistical and Multivariate Analyses

ANOVA	 Analysis of variance

HCPC	 Hierarchical clustering on principal components

LSD	 Least Significant Difference test (post hoc)
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NS	 Not significant (p ≥ 0.05)

p	 Probability value (significance thresholds *, **, ***, NS)

PCA	 Principal component analysis

r	 Pearson correlation coefficient

v-test	 Statistic indicating variable contributions in clusters

Units and Derived Quantities

DM	 Dry matter (e.g., kg DM kg−1 N in NUE units)

g N kg−1 DM	 Grams of nitrogen per kilogram of dry matter

kg N ha−1	 Kilogram of nitrogen per hectare

t ha−1	 Tons per hectare
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