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ABSTRACT

More and new sources of biomass are needed for renewable energy and renewable products for the bioeconomy. A leading new
source of biomass is the highly sustainable perennial grass crop Miscanthus. The majority of the Miscanthus crop comprises a
clone of Miscanthus x giganteus (M X g) of limited genetic variation and poor yield under dry growth conditions. The parental spe-
cies of M x g, M. sacchariflorus and M. sinensis, are distributed over a large geographical range in Eastern Asia and may be used
to improve on M x g. From breeding trials, we selected seven novel hybrids and two control genotypes including M x g. We grew
these in a field experiment on drought-prone soil in Germany with and without irrigation. To identify superior Miscanthus types,
we estimated radiation use efficiency (RUE), yield and water use efficiency (WUE) from within-season measurements made over
three contrasting growing seasons. Temporal variations in RUE and WUE for different genotypes varied significantly and two
novel hybrids, WAT6 and WATS, achieved the highest yields. To achieve goodness of fit to yield measurements, genotype-specific
parameters for process descriptions in the model MiscanFor were adjusted for the two superior genotypes. These parameters
included earlier shooting and an increased threshold of overheating. When the model was run over ten years, despite generating
the highest yield values, WAT8 accumulated less biomass than WAT6 over the longer term. The response of WUE to variation in
soil capillary pressure and vapour pressure deficit was examined. WUE of M X g increased with the severity of water stress then
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declined again. The superior yielding genotypes were more able to sustain biomass accumulation and/or water use under the

highest stress. We believe that combining physiology with crop modelling is a powerful way to inform genetic and agronomic

improvements needed to secure the future supply of biomass for the bioeconomy.

1 | Introduction

Weather extremes resulting from global warming are changing
the temporal and spatial availability of water resources for crop
growth (Dietz et al. 2021). Under drought conditions, crops with
C, photosynthesis have the potential to achieve higher yields than
the more common C, plants (Taylor et al. 2014). The ‘Saccharum
complex’ of C, grasses, which includes sugarcane, maize, sor-
ghum and several other perennial grass species that can interhy-
bridise (Shanmuganathan and Sudhagar 2021), is of increasing
importance for food and non-food biomass (Al-Salman et al. 2024;
FAO 2024; Smith and Boardman 2025). Miscanthus is genetically a
‘doubled sorghum’ (Ma et al. 2012). However, Miscanthus has two
unique features: perennialism and an especially low temperature-
adapted C, photosynthesis (Naidu et al. 2003). Miscanthus re-
grows annually from its rhizome, which provides efficient nutrient
recycling and due to a lack of regular soil tillage, soil organic carbon
accumulates and soil erosion is lessened (Cosentino et al. 2015). In
side-by-side field trials with maize, Miscanthus achieved higher
dry matter biomass yields than maize (Dohleman and Long 2009),
and when the energy input (in fertiliser, pest control, etc.) and out-
puts (biomass) are compared, then Miscanthus has a far superior
(lower) input: output ratio (Kiesel et al. 2016). The high yields and
efficiencies have resulted in sustained research and commercial
interest in Miscanthus as a source of biomass over many decades.

To explore the potential for genetic improvement of Miscanthus
to increase yield, quality and adaptive range, breeding endeav-
ours were set up independently and in collaboration in Europe,
Asia and the US (Clifton-Brown et al. 2017). Most of these breed-
ing endeavours involve the collection and characterisation of
wild Miscanthus germplasm from its origins in Eastern Asia
(Hodkinson et al. 2016). Several species that can hybridise are
found over a very wide range of climates, latitudes and altitudes
(Huang et al. 2019). The most famous Miscanthus is an interspe-
cies hybridisation from Japan (Nishiwaki et al. 2011) of M. saccha-
riflorus and M. sinensis known as Miscanthus X giganteus (M X g)
(Greef and Deuter 1993). Field trials in central Europe (Kalinina
et al. 2017), in the Midwest of the USA (Heaton et al. 2009) and
Northern Japan (Nakajima et al. 2018) have shown that M xg is
remarkably widely adapted and can achieve high yields where
there is sufficient soil moisture during the growing season.
However, in summers with prolonged droughts on soils with a
low water holding capacity, mature spring harvestable yields can
fall from >12 to <3t DM ha~! (Clifton-Brown et al. 2019). High
yield and yield stability in locations and years with water deficits
is an important breeding objective. Performance improvement
under water deficits is controlled by a combination of physiolog-
ical processes; therefore, breeding for single traits is unlikely to
achieve significant improvements. So, we took a hybrid breeding
approach, crossing diverse accessions of M. sacchariflorus and M.
sinensis parents from different origins in Asia (Huang et al. 2019)
using geographic diversity as a proxy for the essential genetic di-
versity needed in breeding programmes (Swarup et al. 2021). We

hypothesised that by either intra and interspecies crossing, novel
Miscanthus hybrids could be bred with higher yield potentials and
higher yield stability in both dry and wet years. To this end, nine
promising genotypes were selected in 2014 to be grown in a field
trial with rainfed and irrigated treatments in JKI Braunschweig.
The aims of the trial were to compare the growth performances
in terms of canopy light interception, radiation use efficiency and
water use efficiency. These are the key parameters in crop models
used to predict yield performance.

Crop models play a crucial role in understanding plant re-
sponses to various environmental variables. MiscanFor is a dy-
namic, process-based model specifically designed to simulate
the growth, development and yield of Miscanthus crops coded in
FORTRAN (Hastings et al. 2009b). This model evolved from the
MISCANMOD framework (Clifton-Brown et al. 2000) and was
parameterized and validated using field trials conducted across
Europe (Clifton-Brown et al. 2004). MiscanFor integrates multiple
environmental and management factors, including soil properties,
weather conditions and agricultural practices, to provide accu-
rate predictions of biomass production by incorporating detailed
physiological processes such as photosynthesis, respiration and
water-use efficiency. MiscanFor has been instrumental in predict-
ing how Miscanthus responds to various environmental scenarios
(Hastings et al. 2009a; Hastings et al. 2014). The ability to simulate
long-term crop performance under changing climatic conditions
is particularly valuable (Hastings et al. 2009a; Pogson et al. 2013;
Littleton et al. 2020; Shepherd et al. 2020; Zhang et al. 2020a,
2020b). The model has been parameterized for several differ-
ent Miscanthus genotypes (Shepherd et al. 2023). Key processes
modelled within MiscanFor include germination, shoot emer-
gence, flowering and senescence. Additionally, it incorporates a
soil-plant water model that utilizes soil physics to calculate soil
capillary pressure (Campbell 1985). The model also employs the
Penman-Monteith equation for calculating potential evapotranspi-
ration (Monteith 1965), alongside a water-use model that accounts
for plant interception, soil evaporation, plant transpiration and
runoff/leaching. This comprehensive approach makes MiscanFor
particularly well-suited for modelling the responses of Miscanthus
to drought conditions and for assessing yield profiles. Moreover,
trial results can be compared with predicted yield values derived
from MiscanFor's simulations, providing valuable parameteriza-
tion applicable to a broader range of genotypes.

The specific objectives of this study were to compare in nine
different Miscanthus genotypes, selected from breeders'
plots, grown over three years with and without irrigation on
a drought-prone sandy soil in Central Germany: (1) the dy-
namics of canopy light interception and conversion (LI, RUE,
respectively) with and without water deficits, (2) the WUE in
terms of biomass per unit of evapotranspired water of differ-
ent treatments and (3) the yield and yield stability. The ex-
pected impacts of this study include (a) the identification of
higher-performing genotypes resulting from breeding to date,
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TABLE1 | Details of the Miscanthus genotypes used in the trial. M. sinensis (M. sin), M. sacchariflorus (M. sac).

Name Species Origin Ploidy
WAT3 M. sac Japan Tetraploid
WAT4 M. sac (Robustus) China Diploid
Goliath ~M. sin X ~M. sin Unknown Triploid
WATS5 M. sin [X2] X M. sac [x4] Taiwan X Japan Diploid
WAT6 M. sac (Robustus) [x2] X M. sin [x2] China X Japan Diploid
WAT7 M. sac (Robustus) [x2] X M. sin [X2] China x Japan Diploid
WATS M. sac (~Robustus) [X2] X M. sin [x2] China X ~Japan Diploid
WAT10 M. sac (Robustus) [x2] x unknown China X unknown Diploid
WAT9 (MXg) M. sac X M. sin Japan X Japan Triploid

Note: Ploidy is shown in square brackets for the maternal and paternal parents. The control genotype ‘M x g’ is the clone of M. X giganteus. ~ indicates inference rather

than from direct records.

(b) using the dynamic responses measured to improve mod-
elled yield potentials grown under different environments and
(c) informing further breeding of high-yielding and resilient
Miscanthus varieties.

2 | Materials and Methods
2.1 | Study Site

The location of the experiment was Julius Kuhn Institute,
Braunschweig (52°17'59” N—10°26’16" E, altitude 76m) in
Northern Germany. The soil type is a Haplic Luvisol (FAO 1994).
Over a soil depth of 150 cm, the soil texture comprises 79% sand,
16% silt and 6% clay. It has a bulk density of 1.59 gcm™ and large
pore volume of 24%. The topsoil to 60 cm is silty to loamy sand,
below which is pure sand. The plant available water holding ca-
pacity (0-1.5MPa) of the top 100cm was estimated at 150 mm
(Frank Hoppner, pers. comm). Daily weather data for maximum
and minimum temperature, relative humidity (at 9am), global
radiation, precipitation and wind run were provided for the
Braunschweig site by the German Weather Service (Deutsche
Wetter Dienst, DWD). Daily atmospheric Vapour Pressure
Deficit (VPD) was calculated using the 9am temperature and
relative humidities.

2.2 | Genotype Origins, Selection and Breeding

Wild Asian Miscanthus collections were phenotypically se-
lected in field trials in Europe for use in breeding (Clifton-
Brown et al. 2019). We hypothesised that interspecific crossing
with diverse selections and complementary traits could produce
higher yielding and more resilient hybrids. From our breeding
nurseries, two wild and five hybrid genotypes covering differ-
ent origins, species and ploidy (Table 1) were carefully selected
for this study. These were compared to two triploid commer-
cial clones, the intraspecific hybrid ‘Goliath’ and the standard
interspecific hybrid Miscanthus x giganteus (M x g) (Greef and
Deuter 1993). The study was part of the EU project WATBIO
(2013-2017), and therefore all genotypes have the prefix “WAT".

WAT3 is a selection from wild sourced Japanese M. sacchariflo-
rus from Shikoku Island and is a similar type to the M. saccha-
riflorus parent that created standard M x g. WAT4 is a halophyte
selection of M. sacchariflorus type known as ‘Robustus’. It was
collected in China near Dongying city, which is in the Yellow
River Delta. It is an area of such high salinity that there is salt
deposition on the soil surface. Goliath (M. sinensis, cv. Goliath)
is officially origin unknown. It is likely to have been selected
from an open pollination from a maternal tetraploid and a pa-
ternal diploid, both M. sinensis. It may have been selected by
the horticultural breeder Ernst Pagels (Oldenburg, Germany),
who was active in the 1960s and who produced many of the
ornamental Miscanthus genotypes that are widely traded in
garden centres throughout Europe. WAT5's maternal parent is
adiploid M. sinensis from the upland ‘Alishan’ mountain region
in Taiwan. Its paternal parent is a tetraploid from Kumamoto
in Japan and is of a similar type to WAT3. WAT6's maternal
line is a diploid Chinese M. sacchariflorus genotype of the type
‘Robustus’, similar to WAT4. WAT6's paternal line is a diploid
M. sinensis from the Nagano region in Japan. WAT7's maternal
line is a diploid M. sacchariflorus (similar to WAT4) from Lake
Khanka in China, and its paternal line is a diploid M. sinensis
from central Japan (MS88-110 also known as EMI-11 (Clifton-
Brown et al. 2001)). WAT10 (also known as ‘BS75’) arose from
open pollination of a Chinese Robustus genotype similar to
WAT4 in Braunschweig, Germany. M x g, which is the stan-
dard commercial Miscanthus, is a naturally occurring open-
pollinated hybrid of tetraploid M. sacchariflorus and M. sinensis
collected from Japan (Linde-Laursen 1993; Stewart et al. 2009).
Previous field trials in Braunschweig had shown that M x g was
high yielding in wet years but produced much less in dry years
(e.g., 2003), when yields from Goliath exceeded those of Mx g
(Kai Uwe-Schwarz, pers. comm.).

To produce sufficient stocks for replicated plot trials all nine
clonal genotypes were initially propagated by in vitro tillering
and planted in the field in 2012. In 2014, all nine selected geno-
types were rhizome propagated by splitting the well-developed
plants into equal portions to produce 128 plants (16 X 8) per gen-
otype. These were grown under rainfed conditions for a further
two years, before bi-monthly phenotyping began in 2016.
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2.3 | Experimental Design

The experimental site was established in 2014 with eight blocks:
four blocks were alternately assigned to rainfed and irrigated
treatments. Within each block, nine 8 m? plots were planted,
each containing a randomly assigned genotype. Within each
plot, 16 plants were planted at a density of 2 plants m?, match-
ing earlier EU projects (Clifton-Brown et al. 2001; Kalinina
et al. 2017). To ensure uniform establishment, all plants were
propagated from equally sized propagules. To minimise edge
effects and reduce the risk of soil variations between genotypes
and the irrigation treatments, plots were planted adjacent to
each other, omitting only one row between the plots. Following
planting, all plants were watered to ensure hydraulic contact
with the soil. Thereafter, all eight blocks were rainfed for two
growing seasons to allow the Miscanthus plants to fully estab-
lish, achieving gap-free homogeneous plots. From 2016, irriga-
tion was applied to four of the blocks using drip lines (Netafim
Ltd., Tel Aviv, Israel) laid between each row of plants.

Weather data published by the German Weather Service (DWD,
Braunschweig) was used to calculate a water balance between
the incoming rainfall and the outgoing evaporation estimated
by the Penman-Monteith equation (Allen et al. 1998). The target
irrigation level was between 80% and 100% of modelled evapora-
tion. In addition to the modelling of soil moisture deficits, twelve
reflectometers (CS615, Campbell Scientific Ltd., Leicestershire,
UK) were also installed under six plots at 25 and 75cm to moni-
tor directly the changes in soil moisture content under irrigated
and rainfed plots of three different genotypes.

2.4 | Phenotyping

Measurements of plant height, canopy light interception, flower-
ing time and standing biomass were made in three consecutive
growing seasons, 2016-2018. These were used to identify key
phenophases (Dietz et al. 2021) such as emergence and flower-
ing time, and to quantify the impacts of water deficits on growth
using the differences between irrigated and rainfed treatments.
A brief description of the phenotyping protocol for each mea-
surement parameter follows:

Plant height was measured approximately weekly during the
growing season on a marked shoot from the ground up to the
youngest leaf ligule in a centrally positioned plant to the near-
est centimetre. In spring and autumn, measurement intervals
ranged between 2 and 4weeks. Shoot counts per plant were
made on the same plant as the height measurements. To avoid
including shoots that are not contributing appreciably to the
standing biomass, shoots were only counted that were within
60% of the plant height (also known as ‘canopy contributing
shoots”) (Magenau et al. 2022).

Canopy light interception was measured using a 1m long ‘cep-
tometre’ array of photodiodes (10) connected to an amplifier to
give a linear response to Photosynthetically Active Radiation,
as described in Nunn (2017) and further described in the
‘Modelling’ section. Incident radiation was measured outside
the plots immediately before and after measurement of the

transmitted radiation under the crop canopy. Measurements
were made between 10 and 14h under both clear and overcast
skies as they occurred on the scheduled measurement date.

Green leaf area on one marked shoot per plot was determined
by measuring the length and the width of every green leaf on
the shoot. As the older leaves senesced, their contribution to
the green leaf area was removed. The green leaf lengths and
widths were multiplied by a previously derived coefficient of 0.7
(Clifton-Brown 1997) to calculate the green leaf area in cm3. A
green leaf area index (LAI) was calculated from the product of
the shoot counts (m~2) and the green leaf area of the shoot.

Visual flowering scores used a 0-5 scale with a score of 1 indi-
cating the beginning of anthesis through the appearance of a
flag leaf, 2 indicating the emergence of the panicle from the leaf
sheath, 3 indicating anthesis has started, 4 indicating the flower
has fully emerged with mature stigmas and anthers visible and 5
indicating the end of flowering (Awty-Carroll et al. 2024).

As Miscanthus is perennial, it is not possible in small (8 m?) plots
to cut quadrats throughout the growing season to determine the
dynamics of yield without impacting growth and yield in the
same and subsequent years. Therefore, we used a less damaging
method based on serial cuts of a small number of shoots which
were related by ratio to the final harvest yield determined by har-
vesting biomass within quadrats. We have used this approach
successfully several times though the size of the samples varied
slightly depending on the research questions (Nunn et al. 2017;
Magenau et al. 2022; Shepherd et al. 2023). In this study, at every
date in the growing season when the standing crop biomass was
to be determined, one randomly selected shoot per plant on a
pre-determined plant was removed for mass determination. The
random shoot selection was performed using a line transect ap-
proach by inserting a stick with two marks on it, one to align
with the planting grid and a second used to identify the shoot
that fulfilled the criteria of 60% of the plant (canopy) height (as
for the shoot counts above) nearest to the mark. At each serial
cut the sampled shoot was cut from a different plant to minimise
the damage to any particular plant. The cut shoot dry weight
was determined by oven drying to constant weight at 80°C. To
estimate the standing yield, shoot dry weights were multiplied
by the final count of shoots contributing to the canopy. At the
final harvest in spring, following winter ripening (as is normal
for Miscanthus (Lewandowski and Heinz 2003)), a quadrat har-
vest was performed on the central 4 plants (2m?) in each plot in
February-March 2017, 2018 and 2019.

2.5 | Modelling

Raw phenotypic data collected with the protocols as described
in the previous section were combined with the meteorological
data to derive the dynamics of intercepted radiation (Light inter-
ception by the canopy), radiation use efficiency (RUE) and water
use efficiency (WUE), key parameters for crop modelling.

A reading of the incident radiation was made using the ceptom-
eter above the canopy (A,) before readings of the transmitted
radiation were made below the canopy in four positions each 90°

4 0f 22

GCB Bioenergy, 2026

85U8017 SUOWILIOD BAER.D 8|qed!(dde auy Aq pausencb a1e Sspie YO ‘SN JO S9InJ o A%ig1T 8UIUO A1 UO (SUOIPUOD-PUR-SLUBIAL0D A8 | 1M A1 1l |UO//SANL) SUORIPUCD PUe Swis 1 8y} 89S *[9202/20/72] Uo Arigiauliuo A[IM ‘AINN STIO0W NHOL TOOdHIAIT Aq 98002 G99B/TTTT OT/10p/w00 A8 | Arelq1jpuljuo//sdny woiy pepeojumod ‘T ‘9202 ‘L0LTSLT



from each other (B, By, B and By,), followed by another mea-
surement of the incident radiation above the crop (A,). Light in-
terception (I) was calculated as the fraction of light intercepted
by the leaf canopy using Equation (1).

4
Ay +4,
2

The accumulated energy (E) intercepted by the plant at time ¢
is the proportion of intercepted (I) multiplied by the global ra-
diation (G) from the weather station until that point. A simple
binomial line was fitted to give the energy intercepted at every
day of the year.

(BN+BE+BS+BW )

I=1- )

_ M[ _ Mt
RUE, = - )

Y LGl

Radiation-use efficiency was calculated by dividing above-
ground biomass (M) of each plot calculated from the standing
crop yields at each time point (f) by the accumulated energy in-
tercepted by the plant (E) at time ¢t (Equation 2).

M,

WUE, = ————
Zi=1 Ri + I’Vl

©)

Water-use efficiency was calculated from the standing crop yields
(M) divided by the accumulated rainfall (R) plus, in the irrigated
plots, accumulated irrigation (W) at each time t (Equation 3). This
basic water-use efficiency was compared with the water-use effi-
ciency calculated in MiscanFor (Hastings et al. 2009b), which es-
timates daily evaporation, runoff and transpiration using methods
described in Allen et al. (1998) and Holder et al. (2018) and is pre-
sented in Figure 1.

The MiscanFor model (Hastings et al. 2009b) initially was
parameterised with M x g, principally with data collected in
1994 and 1995 in Ireland (Clifton-Brown et al. 2000). Over the
years, additional parameters were added to better account for
the impacts of water deficit, the temperature of leaf formation
and photosynthesis, switches for shooting, leaf formation,
flowering and senescence, overheating and overwinter frost
tolerance using data from controlled environment experi-
ments and multi-location trials (Nunn et al. 2017; Shepherd
et al. 2023). Additionally, the site-specific derived soil char-
acteristic Plant Available Water (PAW) was included. When

(a) 1
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FIGURE1 | Daily weather recorded at the DWD Braunschweig station from 2012 to 2022. (a) Average, minimum and maximum monthly tem-
peratures. (b) precipitation with light blue bars showing supplemental irrigation added to the irrigated plots. (c) Calculated values for soil moisture

deficit with the black and blue lines for the rainfed and irrigated treatments respectively. A dotted line represents the date of planting and the shaded

area the years of intensive measurements.
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soil moisture deficits fell below field capacity of the soil water,
a curve based on the soil water release curve (capillary pres-
sure) for the sandy soil and the leaf area index was used to
estimate the actual evaporation from the potential evaporation
(Campbell 1985).

The existing model parameters for Mx g were used to model
the M xg trials from 2016 to 2018 for both the irrigated and
the rain-fed plot trials and validated using the actual yield and
phenotype data gathered in this project. New parameters for
two of the leading genotypes (WAT6 and WATS8) were required
because of their higher yield than M x g in this trial and were
developed from the phenotype data and incorporated into
the model. This was achieved by comparing the phenological
measurements described in this paper of the new genotypes to
those of Mx g and using these differences to modify the trig-
gers, rates and brakes in the model. Triggers and brakes are
degree-day, temperature and soil water parameters that specify
the start and stop of each phase of plant growth such as shoot
emergence, leaf expansion, flowering, senescence and ripen-
ing. These are represented in the model by the phenotypical
parameter called ‘physiostat’ and this was adjusted to match
the observed degree days above optimised base temperatures
at each stage for each genotype. Rates relate to leaf expansion
and photosynthesis rates, which are modified by temperature
and available water. Temperature sensitivity relates to the ac-
tual temperature of the start of growth and the change in RUE
with increasing temperature and an ‘overheat’ temperature
threshold at which RUE declines. This was facilitated by the
contrasting climatic conditions of the three years for both the
rainfed and irrigated experiments. The model uses the capil-
lary pressure of the remaining soil water to modify and reduce
the RUE as the soil dries. Using the irrigated and rainfed ex-
perimental observations, the different response of the WAT6 &
8 to M x g genotypes allowed the threshold of RUE reduction to
be determined for each.

The updated model with the Braunschweig site specific soil pa-
rameters (Field Capacity and Wilt Point) was run for three geno-
types M x g, WAT6 and WATS using ten years of meteorological
data from 2012 to 2022, providing modelled data from four years
before and three years after the measurement years (2016-2018).
Where the observed data overlaps with the modelled data, these
were plotted together to evaluate the model performance in pre-
dicting soil moisture content, growth and transpiration/water
use (though not in an independent way). The performance of
the three genotypes was compared over the period 2012-2022 to
evaluate the total biomass potential of each at the Braunschweig
site using the meteorological data recorded by the German
Weather Service.

TABLE 2
consecutive years.

2.6 | Data Analysis

Microsoft Excel was used for the phenotyping data capture and
for the Penman-Monteith evapotranspiration (ET) in a spread-
sheet developed by the Cranfield University hydrologists Tim
Hess and William Stephens for the assessment of hydrolog-
ical impacts of bioenergy crops (Stephens et al. 2001). All
statistical analyses and data manipulation, including the cal-
culation of stress indices, were conducted using R (R Core
Team 2024). Graphical representations of data dynamics
were generated using the ggplot2 package in R (Wickham and
Sievert 2009).

To assess the effects of genotype, year and watering treatment,
a three-way analysis of variance (ANOVA) was performed on
final harvest dry weight yield and yearly water use efficiency,
as well as maximum light interception and shoot heights just
on or before the 1st of July. Prior to analysis, the assumptions of
the ANOVA were verified. Homogeneity of variance was con-
firmed using Levene's test in the CAR package in R (Fox and
Weisberg 2018) and normality of the residuals was assessed
via the Kolmogorov-Smirnov test, as well as visual inspection
with a Quantile-Quantile plot, histogram and boxplot. The
light interception data was arcsine square root transformed as
it is a percentage. Post hoc comparisons among genotypes were
conducted using Tukey's Honest Significant Difference (HSD)
test, utilizing the Agricolae package in R (Mendiburu 2019).
Where a more detailed breakdown by year or genotype was
required, estimated marginal means from the Emmeans pack-
age (Russell et al. 2018) were used with a Holm-Bonferroni
applied.

Rankings and yield stress models were used to differentiate gen-
otype yield stability under the drought conditions.

Table 2 shows the stress statistics calculated where Y is the yield
in question under either control Y, or drought Y, and the Y is the
mean of all yields under that condition.

3 | Results
3.1 | Weather Conditions

The three measurement years were subject to quite different
climatic conditions. Broadly, there was a late season drought
in 2016, very little detectable water stress in 2017, and a se-
vere and protracted drought in 2018. Figure 1 shows the three
measurement years in the context of interannual climatic
variations over the period 2012-2022. The average annual

| Three stress stability indices used to assess the yield stability of different genotypes grown with and without irrigation in three

Stress susceptibility index 1- 2 Fischer and Maurer (1978)
SSI = [1_ E]
Ye
Stress tolerance index STI= Y Yu Yo _ YooYy Fernandez (1992)
.Y, Y, Y’

Yield stress score index

Thiry et al. (2016)
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temperature in JKI over the 10years was 10.5°C and ranged
from a minimum of —19°C in winter to +38°C in summer
(Figure 1). The measurement years for this trial, from 2016
to 2018, are indicated in grey. The average temperature for
the measurement period was 10.6°C, which was like the 10-
year mean.

The average annual rainfall over the 10-year period was 574 mm,
and over the three measurement years was 567 mm (Figure 1).
There was a large (2.5%) difference between the 818 mm in 2017
and the 318 mm in 2018. Figure 1 also shows the additional
water applied to the irrigated treatment. Modelling the water
balance daily with MiscanFor showed that the irrigation rates
applied in 2016 were lower than the calculated evaporative de-
mand Figure 1, but in 2017 and 2018, irrigation amounts were
sufficient to meet the evapotranspiration demands of the crop.

Figure 2 shows in more detail the dynamics of the water defi-
cits in the soil (modelled soil capillary pressure (CAP) (kPa))
and in the atmospheric demand (in terms of Vapour Pressure
Deficit, VPD, in kPa). Figure 2 shows that at the end of July 2016,
capillary pressures remained high until the end of the growing
season in September. With a nearly optimal rainfall distribu-
tion throughout the growing season, 2017 was an unusually wet
year. But 2018, which started with an early season water deficit,
later developed into an unusually prolonged and severe whole
season drought with higher VPDs than those recorded in the
previous two years. The modelling of capillary pressure shows

how effective the irrigation treatments were in ameliorating the
potential for drought in 2018.

Direct measurements of the volumetric soil moisture contents
made at two depths (25 and 75cm) with soil water reflectome-
ters under plots of three genotypes (M xg, WAT3 and WAT10)
(Figure S1) corroborated well with the modelled water balances
for the rainfed and irrigated treatment over the three years
(Figure 2). The soil moisture probes under the M x g and WAT10
plots detected no notable differences in the soil moisture content
dynamics, but it was interesting to observe that in the irrigated
treatment, WAT3 had consistently higher volumetric soil water
contents (individual genotype data not shown).

3.2 | Growth Dynamics

Figure 3 shows the fortnightly progression of shoot height in
2016, 2017 and 2018, and an additional horizontal line shows
when flowering occurs. In 2016, growth in the rainfed Mxg
plots stopped in early August, but irrigation helped to main-
tain growth rates, though there was a significant dip in growth
rates in late August indicating the water supplied by the irri-
gation was insufficient to keep up with this genotype's demand
for water. The newer genotypes also showed significant differ-
ences in the dynamics of height between the irrigated and rain-
fed treatments, but the differences were less than with M xg. In
the wet year of 2017, shoot height ranged from 1.8 to 2.8 m, with
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FIGURE 2 | Weekly mean values of vapour pressure deficit (dotted line) and soil capillary pressure (solid lines). Both as calculated from daily

meteorological data from the JKI Braunschweig site with soil capillary pressure modelled with the assumption that 150 mm of water was available to

the plant in the top 1 m (Blue line is irrigated and black line is rainfed).
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FIGURE 3 | Progressions of shoot height in 2016, 2017 and 2018 for 7 novel Miscanthus genotypes and the controls M xg and Goliath in the
WATBIO trial at JKI Braunschweig. Dates for the duration of plant flowering are marked with a horizontal line at the top. Error bars =1 SE, n=4.

additional irrigation making a small but significant impact on
height for 7 out of 9 genotypes. In 2018, the early and then pro-
longed drought resulted in large height differences in all geno-
types except WATS5. From the shape of the curves in Figure 3 the
irrigation amounts in 2018 kept up with the demands of Mx g,
which is also supported by the soil moisture levels measured at
25cm (Figure S1).

M x g only flowered at the end of the growing season in hotter
years, so flowering did not affect growth. However, in WAT10,
WATS5 and Goliath, the effect of flowering can be seen clearly
in the height data (Figure 3). M x g showed the most significant
effect of irrigation on height in the two years with water limita-
tion, though all genotypes apart from WATS5 had a clear reduc-
tion in height from the 2018 drought.

The genotypes with the lowest number of leaves per shoot
were WATS5 and WAT10 (~15 leaves), and the genotypes with
the highest (> 20) were WAT3, WATS8 and M x g (Figure 4A).
During the late-season drought in 2016, irrigation increased
the number of leaves in WAT?7, but there was very little re-
sponse in terms of leaf numbers from the other genotypes. In
contrast, green leaf duration (leaf lifespan) in 2016 was high-
est in WATS in the irrigated treatment, and there appeared
to be a slight delay in the timing of successive leaves asso-
ciated with the higher water availability. In 2017, with only
mild water stress, there were more leaves per shoot and the

green leaf durations were longer than in 2016. Exceptionally,
the genotype Goliath produced an extra 5 leaves with irriga-
tion in 2017. A similar response was not seen in 2016, which
is probably due to differences in the water supply at different
phenostages.

The green leaf area index (GLAI) (Figure 4B), estimated from
the sum of all the areas of the green leaves (Figure 4A) multi-
plied by the count of the shoots per m? that were contributing
to the canopy (Figure S2), ranged from 0 at the beginning of the
growing season to > 16 at peak in early August.

Although WAT4 has shorter shoots and lower leaf areas per
shoot, this genotype had consistently the highest GLAI in
both years with and without irrigation on account of its high
shoot counts (Figure S2). WATS reached high GLAIS, partic-
ularly in the irrigated treatments in both years and also in the
rainfed treatment. Although these detailed measurements
were not continued in 2018, the GLAIs recorded in 2016 and
2017 for all these Miscanthus genotypes were well above
the canopy closure GLAI of 4, which is needed to intercept
>95% of incident radiation (Clifton-Brown et al. 2000). This
was confirmed by the radiation intercepted (percentage Light
Interception, LI, Figure S3), which shows there were minimal
differences in the seasonal dynamics of LI between the gen-
otypes. Based on the GLAI and LI responses from the end-
season drought in 2016, the much more severe drought in 2018
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FIGURE 4 | Dynamics of the duration of individual leaves over two whole seasons: (a) Average leaf retention time over the season, showing the
first and last day of the year each leaf was recorded from the bottom (leaf 1) of the plant up to the last leaf produced in the season. (b) The leaf area
index as calculated from the size of the leaves. Dates for the duration of plant flowering are marked with a horizontal line at the top. Error bars +1
SE, n=4. In both (a) and (b) blue is irrigated and black is rainfed plots, leaves were only measured for two of the three trial years.

must have drastically reduced GLAI in the rainfed treatment. Differences between genotypic responses to drought highlighted
Interestingly, the 2018 drought only lowered LI to ~80%, only the diverse dynamics of seasonal leaf retention strategies, partic-
10% less than the irrigated treatment. ularly in leaves lower down in the canopy (Figure 4B). Goliath
GCB Bioenergy, 2026 9 of 22

85UB01] SUOWILIOD BA 1.0 3|1 dde 3} Aq PoUBAOB 312 SOOI YO ‘85N JO'SIIN 10} AIRIGIT BUIIUO AB]1M IO (SUOIHPUOO-PUE-SUWLBIALIC"AB I A0 /B 11U0//'Schiy) SUOIPUOD PU SIS | 8U) 89S *[9202/20/72] U0 AIGITaUIIuO AB1M ‘AINN SZHOOW NHOL TOOCIAIT Ad 98002 GGOB/TTTT'0T/10p/LIC" A5 1M AJeiq]1[pu|u0//'Scy Woay ppeojumoq ‘T ‘9202 ‘Z02TLSLT



WAT3 WAT4 Goliath WATS

WAT6

WAT7 WAT8 WAT10 Mxg

Watering

« Irrigated
* Rainfed

40+
30

201

vl

9102

401

304

204

Dry weight yield (Mg DM ha™")

/A<

-

1102

40+
30

201

A SR b

Al

A

8102

W
/M .
)

VAR
he

15

150 -
3004
3004
3004

o o o o 9o 9 = o 9 9 =}
S © S O 0 n S O Jre} O S © n
[SURSY SRS @ - & @ - & @

30i

=
Jred 0
© -
D

FIGURE 5 |

& 2004

250

: :
o o o O O o o o ©o O o o o O o o o o O O o O
S8 8883883 88383 B5383B388 83832883
B3 2RIA88 2834883 LRLESE8 2883
Year

Dynamics of above ground standing biomass (t dry matter ha-1) for nine genotypes, over three years for the WATBIO field trial lo-

cated in JKI—Braunschweig, Germany. Error bars +1 SE, n=4. Unconnected dots at the end of the year show the final harvest yield in spring of the

following year. Dotted lines in the M x g panels to show daily estimates of standing crop yield calculated by the model MiscanFor with and without

irrigation.

and WAT3 (in the wetter year) retained green leaves longer,
while M x g, WAT7, and WAT4 had more leaf turnover as lower
leaves were replaced by upper leaves. In response to irrigation
in 2016, WATS8 and WAT4 retained the highest leaf areas during
the late summer drought (Figure 4B).

The light interception from irrigated plots was higher than that
in rain-fed plots in 93% of measurements. The differences were
most notable in 2018 when light interception measurements
from irrigated plots were on average 6% higher over the year
(Figure S3). In 2016, at the end of the growing season, there is
a separation in light interception as leaves are retained longer
with irrigation; this is most viable in WAT4 and 8 (Figure 4A).

Estimates of the seasonal changes in the standing crop yield
(scaled in Figure 5 to tonnes dry matter ha™! (t DM ha~!)) mostly
ranged from O to 20t. These values were from the product of the
mass of canopy contributing shoots throughout the season and
their final count at the end of the growing season. There were
a few genotypes in the heavily irrigated treatment in 2018 that
exceeded 30t DM ha~’. In 2016 there were relatively small differ-
ences between the irrigated and rainfed plots, probably due to the
late timing of the water deficits and insufficient irrigation to keep
up with the evaporative demand (as shown in Figure 2 by mod-
elling and Figure S1 by measurement). The standing crop yield

dynamics showed small differences between the rainfed and irri-
gated treatments in 2017 but large differences in 2018. In 2018 ir-
rigated yields were more than double the rainfed yields across all
genotypes. The genotypes with the highest rainfed standing crop
yields in 2018 were WAT6 and WATS. In 2018 M xg produced
not only a modest yield in the rainfed treatment but also in the
irrigated treatment. Modelling parameters in the latest versions
of MiscanFor include a downregulation of the RUE when tem-
peratures are above 28°C. Including this ‘overheating parameter’
(based on unpublished photosynthesis measurements) ensures
a good match between the modelled and observed dynamics for
Mxg. Interestingly, when irrigated, several wild and recently
bred genotypes perform better than MXxg in the hot summer
of 2018.

3.3 | Efficiencies for Use of Radiation and Water

The radiation use efficiency (RUE) (Figure 6) calculated by
dividing the standing crop harvests (Figure 5) by the accumu-
lative sum of the radiation interception up to each harvest date
(derived from Figure S3) ranged from 0 to 3g DM MJ~! PAR.

In 2016 and 2017, the differences between the rainfed and ir-
rigated RUEs were modest, and genotypes Goliath, Mxg and
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dotted lines in the M x g panels are MiscanFor modelled estimates of the dynamics of radiation-use efficiency for irrigated and rainfed treatments.

WAT3 produced some of the highest peak RUEs. However, the
pattern in the hot-dry 2018 growing season showed a strong con-
trast between both genotypes and the water supply treatments,
with irrigation nearly doubling the RUE. At the start of 2018,
RUE for WATS rainfed and irrigated plots was similar, but as the
drought progressed, a large difference in irrigated and rainfed
RUESs developed. Overall, the RUE in the rainfed WATS plots
remained higher than all other genotypes.

The water-use efficiency (WUE) in Figure 7, calculated by
dividing the cumulative mass at each successive harvest in
Figure 5 by the cumulative rainfall and irrigation, ranged
from 2 to 6g DM (kg H,0)%. Overall, WUEs in 2016 and in
2018 were higher than in the wet year of 2017. In 2018, when
the plants were placed under prolonged and severe water defi-
cits, there were large differences between the irrigated and
rainfed treatments.

3.4 | Measured Yield and Yield Stability

The drought periods of 2016 and 2018 had large impacts on the
productivity in all nine genotypes. In terms of final harvestable
spring yield, the highest and lowest ranked genotypes (WAT38
and WAT?7) over the three years produced an average of 16.8 and
8.3t DM ha~! y~! respectively (Table 3).

Genotype, watering and year all significantly affected yields,
with significant interactions between all three. Over the three
study years, WAT8 produced significantly more biomass than
all the other genotypes. In 2017, WAT6's yield slightly exceeded
that of WATS. WAT?7 performed the worst but was not signifi-
cantly lower than WAT10 and 5. There was a significant (3 Mg
DM ha™!) drop in average yields in 2018 without irrigation vs.
the other rainfed years. On average, irrigation significantly in-
creased yields by 4.3Mg DM ha~!. In the irrigated treatments,
WAT3 ranked second, but without irrigation, its yield was se-
verely reduced, especially in the extremely hot and dry year in
2018. When irrigated, WAT8 and WAT?3 rank first and second
every year. However, while WAT8 mostly retains its ranking
despite losing >50% of its yield under strong drought condi-
tions, WAT3 drops 78% of its yield ranking into last place. WAT6
was always the least affected by drought, dropping only 29% in
strong drought and was the only genotype to have a greater yield
without irrigation in two of the years. While WAT3 was most
affected by drought, over the threeyears it produced 9.2Mg DM
ha~! lower yields from rainfed plots than from irrigated plots.
M x g ranked between three and six out of nine across the treat-
ments and years. Under either irrigated or rainfed treatments,
Mx g, WAT6 and WAT10 do not yield as highly as WATS.

The first of the three drought indices shown in Table 3 was the
first developed; the drought stress tolerance index is designed to
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FIGURE 7 | Dynamics of cumulative water use efficiency (WUE) for nine genotypes, over three years for the WATBIO field trial located in

JKI—Braunschweig, Germany. The standard error bars (+1 SE, n=4) show the variation in the biomass grown between each successive harvest.

The dotted lines in the M X g panels are MiscanFor modelled estimates of the dynamics of water-use efficiency for irrigated and rainfed treatments.

measure yield stability relative to the wider population. WAT3
and WAT4 are notably poorer performing in this index, mirror-
ing their yield loss percentage rankings. The stress tolerance
index takes more account of the overall yield difference, not just
the loss relative to other genotypes, so this ranks WATS best and
WAT?7 worst. This is despite some low percentage losses; for ex-
ample, in 2016 WAT7 dropped 1% while WAT8 dropped 6% of
its yield under drought, but WAT8's yield was 3% that of WAT?7,
thereby producing a higher rank. Lastly, the yield stress score is
an average of the stress tolerance index and stress susceptibility
and aims to combine both approaches but tends to more reflect
stress susceptibility. This combination metric highlights the dif-
ferences between WAT6 and WATS.

3.5 | Modelled Yields

MiscanFor was run using existing parameters developed from
Mxg for the site. The modelled predictions matched the ob-
served rain-fed and irrigated yields for the three years as shown
in Figure 1 with an R?=0.95. Parameters were changed for
WAT®6 to establish a model yield match to experimental data
with R?=0.97. This involved an earlier shooting start to 100
degree days base 1 (DD,), a higher threshold for LAI expan-
sion and RUE of 1500kPa soil capillary pressure and increas-
ing the threshold of overheating to 35°C. For WATS, a match

of measured and modelled data (R>=0.967) was achieved by
using similar parameters to WAT6 with a reduced RUE max of
1.85gMJ'm~2 and by downregulating the RUE above 35°C by
0.16gMI'm~2 for every °C rise in temperature. Using all three
parameterised genotype-specific models (Mxg, WAT6 and
WATS), the yield was estimated for each year over the period
0f 2012-2022 using the Braunschweig meteorological conditions
with no irrigation. Cumulative modelled yield totals show that
WAT6 accumulates higher yield than WATS, but both are larger
than M x g (Figure 8).

4 | Discussion
4.1 | Breeding Miscanthus

Miscanthus is at an early stage of domestication compared
to other members of the saccharum complex, and conse-
quently, the emphasis between 2006 and 2008 was placed
on the collection and characterisation of accessions from the
wild in Asia (Huang et al. 2019). In situ and ex situ pheno-
typic selections were the first step in the breeding process
(Clifton-Brown et al. 2019). As mentioned above, the standard
genotype used commercially in Europe and as a control here
is a triploid interspecies hybrid Miscanthus x giganteus (M X g)
(Greef and Deuter 1993). In addition to the potential problems
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FIGURE 8 | Modelled yields for three genotypes accumulated over
10years around the 3year trial period. Colours show modelled evapo-
transpiration minus precipitation from —373 in 2018 (deep red) to +247
in 2017 (dark blue).

associated with large-scale adoption of a single or small num-
ber of clones, such as disease pressure, there are other poten-
tial problems with M x g. A significant one is that studies have
demonstrated that the yield of M xg is particularly vulnera-
ble to water deficits (Malinowska et al. 2017); (Clifton-Brown
and Lewandowski 2000). Therefore, it is necessary to broaden
the available commercial Miscanthus genotypes. Ideally, this
should be done over a short period to have the maximum im-
pact on aims to decarbonise economies and impact on the
trajectory of climate change. To achieve rapid improvements
over short periods of time, we previously tested several breed-
ing strategies and demonstrated the superior yields achieved
from hybrids when compared to, for example, the fastest ap-
proach of directly exploiting wild accessions (Clifton-Brown
et al. 2019). We further hypothesised that crossing parental
lines from diverse regions (so-called wide hybrids) could pro-
duce even higher yielding and more resilient hybrids than
Mxg. The germplasm used in the trial represents the best
genotypes from a pool of both accessions and hybrids from the
breeding programme available at the beginning of the study.

Interspecific crosses in other crops such as wheat have re-
sulted in impressive yield gains (Ortiz et al. 2008); however,
interspecific crosses are challenging to produce and often
result in sterility. Of the wild relatives collected, it has been

estimated that less than 10% have been used in interspecific
crosses (Reynolds and Langridge 2016). There appears to be
few, if any, genetic barriers to generating crosses between
diverse Miscanthus (Figure 4, Clifton-Brown et al. 2019).
Additionally, because Miscanthus is a relatively new crop,
other problems associated with the use of wild germplasm,
such as linkage drag (Zhang et al. 2025), are less of an issue.
We therefore generated and selected from a large population of
Miscanthus accessions and hybrids to examine field responses
to variation in water availability.

The source of genotype WAT4 (M. sacchariflorus robustus
type) is a highly saline environment and therefore a good can-
didate for resilience traits. In particular, the initial stages of
salt stress, before ion toxicity, resemble drought stress (Munns
et al. 1995). Previously, the converse approach was demon-
strated when Miscanthus selected for drought stress were com-
pared under saline stress (Stavridou et al. 2019). The robustus
genotype, WAT4, responded to drought through large reduc-
tions in yield. Along with WAT3, WAT4 ranked mostly among
the two plants where yield declined the most in response to
drought and, as a partial consequence, ranked poorly in all
drought indices. Five genotypes chosen for the study (WATS3,
4,9 (Mxg), 10 and Goliath) are in common with a previous
pot experiment in which different physiological parameters,
including photosynthesis and stomatal responses, were mea-
sured (Malinowska et al. 2020). WAT3 was the most impacted
genotype in the field and pot experiments and had the second
highest level of phenotypic plasticity in the pot experiments
after M X g when several traits, including stem, biomass and
stomatal responses, were combined (Malinowska et al. 2020).
Genotype WAT10 had the lowest phenotypic plasticity in re-
sponse to drought, which is consistent with its high rankings
in the stress susceptibility and yield stress scores (Table 3). In
the pot experiments, M X g had the highest values for stomatal
conductance; highest plasticity, and it was concluded that this
genotype displayed an “optimistic” growth habit. This is con-
sistent with water extraction as measured by soil water reflec-
tometers in the field study; however, yield in M X g, while still
being significantly impacted by drought, was more stable than
expected in terms of stress indices. This may reflect that the
field studies reported here span the whole season, whereas pot
studies are shorter and thus do not allow counterfactuals such
as potential adjustments in seasonal growth duration to re-
duce the impact of water stress on yield. In contrast to the op-
timistic genotypes, others, such as WATS5, tended to conserve
water and have low yields even when water was available. This
strategy may be considered classically as stress tolerance but
does not appear well-suited to biomass crops in both this study
and other studies of drought in Miscanthus (Malinowska
et al. 2020) or in other crops such as maize where high per-
formance under favourable conditions was linked to high
performance under drought (Djemel et al. 2019). One of the
best genotypes for yield in all conditions (WATS) grew rapidly
while water was available but reduced growth and transpi-
ration rates in unfavourable conditions but resumed growth
when rainfall returned. Whether new growth comes from
new shoots or existing stems depends on leaf retention, which
seems to vary greatly with genotype (e.g., WAT7 vs. Goliath).
Goliath (WAT11) is an example of M. sinensis . Several papers
report that M. sinensis has a higher tolerance to drought than
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M. sacchariflorus (Malinowska et al. 2017; Weng et al. 2021).
Indeed, M. sacchariflorus is generally found near water; both
fresh and saline (Dwiyanti et al. 2013). Within M. sacchari-
florus , there is a wide genetic diversity, with tall M. saccha-
riflorous spp. Lutariorparius indigenous to central China (Xi
and Jezowkski 2004) and a much shorter M. sacchariflorus
indigenous to Northern China and Southern Russia (Clark
et al. 2019). Collections of the shorter M. sacchariflorus ,
for ornamental purposes, were brought to St. Petersberg in
1855/6 by Carl Maimowicz and were found to be winter-hardy
there and were named ‘Robustus’ (Clark et al. 2019). When
interspecies crosses between M. sinensis and M. sacchariflo-
rus ‘Robustus’ are made, some progeny are both higher yield-
ing and more stress resilient than their parents (pers. comm.
European Miscanthus breeders: Martin Deuter, Kai-Uwe
Schwarz and John Clifton-Brown). WAT6 and WAT8's supe-
rior performance could be attributed to a similar form of wide
cross heterosis, but the nature of such genomic interactions is
unknown (Xi and Jezowkski 2004; Dwiyanti et al. 2013; Clark
et al. 2019). The question remains, given the selection of acces-
sions and the breeding of diverse hybrids in Miscanthus, how
best to identify improved Miscanthus for rapid deployment.

Large scale breeding efforts for crops that have been devel-
oped for decades can utilise data from many years and many
sites in a meta-analysis to identify elite germplasm and or
hybrids (e.g., Semagn et al. 2013). However, Miscanthus is a
relatively new crop with fewer data from diverse field sites to
draw upon. It is therefore in some ways a simpler proposition
in terms of generating diverse hybrids but a more challenging
one in terms of assessing the potential impacts of new hybrids.
Modelling of yield is one approach to provide additional infor-
mation regarding yield over years that are not empirically de-
termined. Also, modelling has been discussed in the context
of breeding programmes, for example to aid in ideotype de-
sign (Rotter et al. 2015) or to aid decision making in breeding
programmes (Sun et al. 2011). The use of modelling may be
particularly important in a crop such as Miscanthus in which
a single plantation can be grown and harvested for more than
20years (2020).

4.2 | Modelling Miscanthus Growth

Modelling may provide a level of assurance of the relative
performance of different Miscanthus genotypes across mul-
tiple environments (years) at the same (or similar) site(s)
and of potential impacts from future climate scenarios. It is
also a general aim in Miscanthus cultivation to use minimal
agronomy for a superior energy balance and high levels of sus-
tainability, and this is being enshrined in some legislation re-
garding the use of biomass for certain products (e.g., RED II,
Webster 2020). Consequently, agronomy that could be used to
help improve yield in challenging years may not be routinely
deployed in such crops. It has been argued that to best utilise
simulation modelling in crop development one main goal is
to obtain a ‘better understanding of plant processes that limit
productivity under future climate change’ (Ramirez-Villegas
et al. 2015). Many such studies are focused on grain crops, but
biomass crop growth is highly sensitive to water availability

(Price et al. 2004; Korup et al. 2018; Coelho et al. 2019). Here
we utilised a field trial on free draining soil to generate con-
trasting water environments from irrigated and rain-fed plots.
In addition, the trial was especially fortunate in encompass-
ing three years in which meteorological conditions were very
diverse (Figure 3). The year 2018 was one of the hottest and
driest summers over Northern Europe (Peters et al. 2020) with
negative impacts on the yields of spring sown crops. In stark
contrast, 2017 was an unusually wet year with an even rainfall
pattern throughout the growing season. These large annual
contrasts in water availability between 2016, 2017 and 2018
during our experiment with the contrast between the irrigated
and rainfed treatments combined to make a particularly use-
ful dataset for quantifying the impacts of weather extremes on
growth dynamics and the final biomass yield under future cli-
mates. The extensive phenology and physical measurements
enable the drivers of difference in the observed measurements
to be mimicked by changing the model parameters. This en-
abled the determination that WAT6 was less sensitive to both
overheating and water deficit than M x g and that WAT8 was
sensitive to water deficit but not overheating. However, al-
though WAT6 was relatively insensitive to the environment
it has a lower biomass accumulation rate, WATS, on the other
hand, outperformed M x g in well-watered and drought con-
ditions. The sensitivity of WATS to water deficit meant that
overall, due to large interannual variations in yield due to
meteorological conditions, it was predicted to underperform
WATS6 over the 10-year modelled period (Figure 9).

4.3 | Dynamics of Growth Traits

The fortnightly measurements of above-ground traits, including
height, flowering time, leaf development (LATI) and light intercep-
tion (LI), showed many differences between irrigated and rainfed
treatments for the different genotypes. Smaller variations were
observed in the start of the growing season (emergence time of
the shoots from the overwintering rhizome) in these genotypes
than in more recent trials planted in 2018 (Magenau et al. 2023).
However, there was a significant difference between the height of
different genotypes by 1 July (before any flowering occurs), show-
ing differences in the rate of growth (Figure 3). Light interception
differences were less than expected between the genotypes but
were highly significant between the rainfed and irrigated treat-
ments (Figure S3). The dynamics of the above-standing biomass
derived from the fortnightly dry weights of sampled shoots also
showed large differences. In this trial, we measured these by the
regular harvests (known as ‘serial cuts’) of randomly selected
shoots contributing to the canopy. When these weights are multi-
plied by the shoot counts per m? the dynamics of yield can be plot-
ted, but there is a high risk of overestimation of yield due to the
counting of shoots that are no longer contributing to the canopy.
Our solution to stabilizing the in-season yield growth curves was
to relate the final serial cut to the final quadrat harvested yields.
This avoids the need to use shoot counts in the yield estimation.
The accuracy and precision are both improved sufficiently to
calculate the RUE and when these are combined with the non-
destructive phenotyping measurements, where repeated mea-
sures are possible, robust parameters for key processes such as the
start of growth, rates and brakes during the growing period were
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derived—including the impacts of water deficits if these occur
and the triggers for the end of growth. The leaf area dynamics re-
corded in 2016 and 2017 for all the leaves on marked stems show
the dynamics of senescence. Interestingly, in 2016, senescence
during the water deficit in August had little detectable impact on
the percentage of the light intercepted by the canopy. That is to be
expected because leaf area indices >4 can intercept incident light
with efficiencies above 90%. Unfortunately, the detailed measure-
ments of the leaf dynamics were not continued in 2018 when the
severe prolonged drought would have shown the greatest differ-
ences between the genotypes. However, as with the drought in
2016, the impacts on light interception (Figure S3), though de-
tectable, were quite small in all genotypes except WAT3, which
reduced its leaf area, reducing transpiration and leaving more
water in the soil profile than M x g and WAT10. These differences
in water extraction warrant further research due to their wider
hydrological impacts.

The strong contrasts in the climatic conditions between the three
successive growing seasons were quantified in terms of soil
capillary pressure in the soil and vapour pressure in the atmo-
sphere. In the soil, the unreplicated measurements of volumet-
ric soil moisture content with the reflectometers under three
genotypes at two depths (Figure S1) concurred well with the
modelled seasonal patterns. During the dry periods of 2016 and

2018, the soil reflectometers also gave a further insight into the
rates of drying in the soil profile. With full canopy closure (from
June onwards), Mx g uses the available water rapidly, while M.
sinensis (Goliath) dries the soil more slowly. Although to some
extent this observation is anecdotal, because we did not have the
resources to instrument the four replicates, it does concur with
earlier pot experiments, where it was observed that mature M x g
grows fast and transpires fast. Irrigation levels at close to 80 ETo,
particularly in the prolonged drought of 2018 on M x g, had huge
effects on growth rates (Figures 3 and 5). This brings us to an
important question: are the genotypes with the highest yield po-
tential always going to have lower yield stability? And based on
the yield data in Figure 7 the answer is probably yes, most of the
time. However, the genotype WATS that was also high yielding
showed a higher yield stability than Mxg—when comparing
the two treatments within a drought year and when comparing
between the different years. The genotypes that can break this
general rule are particularly interesting for genetic improvement
programmes.

In this study, leaf area, light interception and standing yield
(estimated during the growing season) had large observed dif-
ferences between growing seasons, but smaller yet significant
differences between the genotypes. Differences in drought re-
sponse can also be due to phenological stage (Daryanto et al.
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2017), so genotypes like WATS could grow quickly to catch up
after the drought. While at the other extreme, genotypes that
flowered early avoided growth during the height of the drought
but remained small.

4.4 | Dynamics of RUE and WUE

The quantity of the intercepted radiation that was converted
into aboveground biomass varied was used to derive the key
modelling parameter ‘radiation use efficiency’ (RUE). Average
overall RUE calculated with the accumulative intercepted radi-
ation varied from 0.1 to 3.0g DM MJ~, similar to those values
reported from cooler sites (Van der Werf et al. 1993; Clifton-
Brown et al. 2000; Davey et al. 2017). As the green leaf area
remained high enough to capture >80% of the light from June
to September, the differences between the genotypes' biomass
growth during the mid and late season deficits must lie more in
the impacts of the water deficits on the efficiency of light conver-
sion (RUE) rather than capture (Light interception %).

One possible explanation could be that on this sandy site in
Braunschweig, even in the irrigation treatment, RUEs were re-
duced by water deficits. This limitation is seen in 2016 in the
modelled capillary pressure, but not in the irrigated treatment
in 2018, when it appears that the higher irrigation rates were
sufficient to cover evaporative demand (Figure 3). However,
the measurements of volumetric soil moisture content at 25
and 75cm in Figure S1 show that the minimum soil moisture
contents in irrigated plots were in the range 6%-7%. Although
intensive physiological measurements were not performed in
this trial (as in other trials, e.g., Beale et al. 1996), a pre-dawn
plant water potential during the drought period would no doubt
confirm that the tensions were well below the traditional wilt
point of —1.5MPa, and this could well explain the lower than
expected RUE.

4.5 | Physiological Breeding for Improved Biomass
and Water Use Efficiency

WUE is discussed as an essential component in reducing the
impacts of agriculture and increasing its resilience to climate
change (Hoover et al. 2023). Mechanistically, this is more com-
plex and Blum (2009) for example, argues that selecting for
WUE will intrinsically select for traits that decrease water use
and these traits usually also decrease biomass accumulation.
However, WUE may be of particular importance for long-season
crops, such as Miscanthus, where growth may pass through
many phases of water availability and either conserving water
or the optimal use of water to fix carbon may be considered para-
mount to maximize biomass accumulation over the season. The
values of WUE calculated in our experiments for above-ground
biomass ranged from 2 to 6g DM (kg H,0)™" under extreme
drought, agreeing well with an earlier controlled environment
pot experiment (Clifton-Brown and Lewandowski 2000). In
a field experiment, Beale et al. (1999) estimated the WUE of
above-ground biomass for rainfed Miscanthus (Mxg) to be
9.1g DM (kg H,0). The MiscanFor model calculates losses of
both runoff and drainage through the profile. Even when these
losses are subtracted in the WUE calculation, our estimates for

Mxg are considerably lower than those of Beale, whose high
values have been seen in container experiments (Malinowska
et al. 2017) but not in the field.

To explore further the physiological differences associated with
WUE dynamics, the capillary pressure (which determines the
supply (or push) of water from the soil to the plant) and the at-
mospheric vapour pressure deficits (or pull) were visualised
(Figure 9). As expected, there was an overall positive correla-
tion between soil capillary pressure and WUE. At low capillary
pressures, WUEs averaged about 2g DM (kg H,0)~*. At higher
capillary pressure, the WUEs ranged between 4 and 6g DM (kg
H,0)". Notably, at low capillary pressure, WAT3, 4 and 8 pro-
duced WUESs up to 5g DM (kg H,0)!, which contribute to their
higher overall WUE. Interestingly, we note different response
profiles when comparing Mxg and the higher yielding geno-
types WAT6 and WAT8. M x g has a bell-shaped response, with
WUE declining under the more extreme drought occurrences,
whereas WUE values in WATS under the same extremes were
more variable but higher and lacking the pronounced decline
seen in data from M x g. The more conservative genotypes, such
as WATS5, appear to achieve an early asymptotic relationship
between WUE and soil capillary pressure and a bell-shaped re-
sponse to VPD, albeit achieving slightly lower maximum values
of WUE than WATS.

The bell-shaped curve seen relating soil capillary pressure and
WUE in M X g represents an expected biphasic response. In the
first phase under lower soil capillary pressures, it is expected
that the plant responds by largely reducing water use while sus-
taining some level of biomass production; in the second phase,
the more extreme drought conditions result in continued loss
of water but no further carbon fixation, and therefore WUE de-
clines. This is seen at the ecosystem and plant levels. Of interest
are plants that can sustain production at high WUE. WATS is
the best example of such a genotype from our study. The exact
mechanism cannot be known at this time, but for example, soil
hydraulic conductivity, or relative permeability of water in a
partially air-filled porous medium, has been proposed to be the
primary driver of stomatal closure (Carminati and Javaux 2020),
so perhaps WATS either maintains access to more water in the
soil by deep or finer roots or conserves the water that is available
by a more conservative use and thus keeps stomata functioning
longer for photosynthetic gas exchange. The control of water use
efficiency and associated biomass accumulation is complex, and
many physiological parameters could be measured that were
not part of this study. The physiological mechanisms underpin-
ning the superior performance of WAT6 and WATS need further
investigation to separate above-ground transpiration control
mechanisms such as dynamic stomatal control to evaporative
demand (VPD) and thermal responses of net CO, assimilation
(photosynthesis vs. respiration) and the below-ground processes
such as increasing root depth and hydraulic conductivity of
roots through processes such as osmoregulation.

5 | Conclusions
Two recently bred interspecies Miscanthus hybrids (WAT6

and WATS) produced more biomass than standard Miscanthus
X giganteus (M X g) in an irrigated versus rainfed field trial on
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light soil in Braunschweig, Germany, over three consecutive
and highly contrasting years (2016-18). Seasonal dynamics of
leaf canopy development, radiation use efficiency (RUE) and
water use efficiency (WUE) were derived from sequential mea-
surements and used to generate genotype-specific parameters in
the biomass model MiscanFor. Interpolations of RUE and WUE
associated with simulations of soil water supply in the irrigated
and rainfed treatments and the atmospheric water demand were
used to explore genotype-specific response strategies to water
deficits. There was a genotypic effect on the dynamics of vari-
ation in WUE in response to drought, with new hybrids able to
sustain higher values of WUE, whereas WUE declined rapidly
at more extreme drought values in M xg. The adjustments to
parameters for model simulations of WAT6 and WATS suggest
changes in RUE and thermal limitations may be important in
these genotypes. The improved models can be used for better
predictions of spatial and temporal variation in biomass yield
levels and yield stability for future climate scenarios. WATS dis-
played higher efficiencies in the drought year 2018 than all other
genotypes, including the standard Mxg, but overall WAT6 has
the most consistent yield, and if modelled as rainfed over the
10years, it is superior to WATS. Genetic improvement through
wide crossing of diverse wild-sourced ecotypes of M. sacchari-
florus and M. sinensis has immense potential to produce hybrids
that are both high yielding and resilient, suitable for biomass
production in current and future central European climates.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Soil moisture content as
measured daily at depths of 25 and 75cm below the irrigated and rain-
fed plots of three genotypes over three years in the WATBIO trial at
JKI Braunschweig. Data synchronised by adjustments of a maximum
of 3.3% on the 1st of January 2018. Standard error bars, n=3. Figure
S2: Stem counts as calculated from plants in the centre of the plot. Over
three years for the WATBIO field trial located in JKI—Braunschweig,
Germany. Only two counts were done in 2018 at the start and the end
of the year. Error bars =1 SE, n=4. Figure S3: Dynamics of light inter-
ception (percentage of incident radiation intercepted by the canopy) for
nine genotypes, over three years for the WATBIO field trial located in
JKI—Braunschweig, Germany. Error bars +1 SE, n=4.
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