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ABSTRACT
Biomass crops provide renewable material for bioproducts and energy generation with the potential for negative greenhouse gas 
emissions through bioenergy with carbon capture and storage. Miscanthus spp. is a perennial crop with rapid biomass produc-
tion and low inputs. However, uncertainty exists over impacts on soil organic carbon (SOC) stocks in conversion from agricul-
tural grasslands, and the interaction between divergent Miscanthus species and SOC sequestration. As a C4 plant (in contrast 
to C3 temperate grassland species) the fate of Miscanthus derived carbon can be traced in the soil through its isotopic signature. 
Taking advantage of this, we use soil cores (pre and post conversion) to investigate species groupings and genotypic effect on 
SOC stocks in a rare long-term field trial located in the UK. Results show that 10 years after conversion from a managed grass 
pasture to Miscanthus, expected SOC losses due to cultivation were recovered (Miscanthus spp. mean of 82 Mg C ha−1 compared 
to pre-conversion stocks of 79 Mg C ha−1, 0–30 cm soil depth) but significant variation in SOC between genotypes was observed (a 
difference of 32 Mg C ha−1 between the highest and lowest). Of the plant traits investigated, a large rhizome mass was correlated 
with C4  carbon, and leaf litter was associated with increased SOC. As well as providing empirical data for the impact on SOC in 
a likely land use conversion, our findings show a genotypic influence on SOC sequestration processes, revealing the potential of 
Miscanthus selection to maximise climate mitigation benefits. With only 2 of the 13 genotypes identified as sequestering lower 
SOC compared to the others, there remains a wide genotypic base to select from. Yield is a primary breeding target (commercially 
and for increased CO2 uptake); we demonstrate that high yield need not be at the expense of low soil carbon.

1   |   Introduction

The impact of crop choice and land management decisions on 
soil carbon (C) is a prominent consideration in the formation 
of agricultural and land use policy, especially with increases in 
soil organic carbon (SOC) stocks seen as part of achieving green-
house gas (GHG) reductions and NetZero ambitions (IPCC 2019; 
EC (European Commission)  2021; DESNZ (Department for 

Energy Security and Net Zero) 2023a). The challenge of achiev-
ing NetZero will require a portfolio of technologies, including 
emissions removal, because some sectors of economic activity 
are particularly difficult to decarbonise. Biomass crops are cur-
rently unique in allowing widespread removal of contempo-
raneous C plus long-term storage if embedded in products not 
designed for combustion or geologically stored through C cap-
ture and storage (CCS). Therefore, biomass crops are integral to 
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the required mix of renewable energy forms, with increases in 
supply needed to meet expected future demand (EC (European 
Commission)  2019; DESNZ (Department for Energy Security 
and Net Zero) 2023b). Biomass crops have the potential to deliver 
negative emissions and ensuring that their cultivation does not 
contribute significantly to climate change through in-field GHG 
emissions or SOC loss is essential to maximise their climate 
mitigation benefits. A united approach is therefore required to 
identify plant traits promoting SOC sequestration processes that 
can be targeted in breeding programmes, thereby releasing the 
potential to enhance yield and increase soil C stocks to deliver 
greater C savings (Jansson et al. 2021; Poffenbarger et al. 2023).

Miscanthus is a perennial biomass crop with a lifecycle of up to 
20 years and efficient C4 photosynthesis promoting rapid biomass 
growth (Winkler et al. 2020). Miscanthus has been identified as 
suitable for bioenergy production and as a biomass crop for a num-
ber of other diverse end uses from building material to animal 
bedding (Lewandowski et al. 2018). The planting of Miscanthus 
is likely to increase due to its suitability for different climatic re-
gions (Kalinina et al. 2017) along with low requirements for agri-
cultural inputs (e.g., fertiliser) over its lifetime. This is combined 
with the ability to be grown on lower grade agricultural land 

(Quinn et al. 2015) and predicted global SOC benefits (Shepherd 
et al. 2020). Many areas of Miscanthus production are estimated 
to achieve C intensities of production that are low and even nega-
tive without CCS due to C sequestration into soil in combination 
with high yields increasing uptake of atmospheric carbon dioxide 
(CO2) and other characteristics of the crop (Robson et al.  2019; 
Figure 1). Soil disturbance (e.g., ploughing) can lead to the loss 
of soil C stocks (Balesdent et  al.  2000) but as a perennial crop 
Miscanthus has the potential to increase SOC because repeated 
soil disturbances from annual cultivation are not required, and 
minimal soil intervention is expected during the crop lifetime 
(Keiser et al. 2025). In land use change from permanent grass-
lands where there are generally higher initial C stocks than other 
land cover types, SOC loss may occur due to the Miscanthus cul-
tivation event, but there is also the potential for these losses to be 
recovered over the crop lifetime. Currently, less is known about 
the fate of C stocks due to soil disturbance in future reversions 
after the crop lifetime, but losses and gains of SOC have been re-
ported in comparisons to arable sites (Abraha et al. 2019; Dufossé 
et al. 2014; Rowe et al. 2020; Martani et al. 2023).

Currently, the majority of Miscanthus planted is the sterile 
clone Miscanthus × giganteus (Greef and Deuter 1993), a natural 

FIGURE 1    |    Effects of Miscanthus genotype and grouping on SOC stocks (Mg ha−1, fixed depth) within four soil depth increments. The first column 
shows pre-conversion (T0) stocks (the genotype ID at T0 corresponds to the genotype subsequently planted) and the second column the stocks 10 years 
post-conversion (T10) with the Miscanthus groupings shown below. Shadings represent C3 or C4 derived C. Error bars represent the SEM. Statistical 
difference was explored within T0 (depths 0–10 cm and 10–20 cm) and within T10 (depths 0–10 cm, 10–20 cm, 20–30 cm) where different letters denote 
significance, following Tukey post hoc tests (genotypes with only one rep in the depth increment were excluded and are marked with a dash).
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hybrid of Miscanthus sacchariflorus  and Miscanthus sinen-
sis  (Lewandowski et  al.  2000), but breeding programmes are 
producing and trialling novel genotypes crossing a range of 
Miscanthus species (M. sinensis, M. floridulus and M. saccha-
riflorus) and subspecies (e.g., M. robustus  and lutarioriparius, 
subspecies of M. sacchariflorus ) to improve climate resilience 
and productivity (Clifton-Brown et al. 2019).

Research to date suggests that land conversion to Miscanthus 
can be broadly beneficial to SOC stocks depending on the type 
of land converted. Empirical evidence shows that in land use 
change from arable to M. × giganteus after 5–10 years there is gen-
erally a positive impact increasing SOC in the region of 7%–23% 
compared to pre-conversion or paired site stocks (Qin et al. 2016; 
Rowe et al. 2016). Whereas grassland to M. × giganteus conver-
sions are either neutral or negative with reductions of −16 to in-
creases of +10% reported compared to pre-conversion or paired 
site stocks (Qin et al. 2016; Rowe et al. 2016). Recent longer-term 
studies have found no significant differences in SOC stocks after 
~20 years since conversion for Miscanthus plantations com-
pared to nearby agricultural grasslands (Zang et al. 2018; Leifeld 
et al. 2021), with another reporting higher SOC in the upper soil 
profile (0–40 cm) (Hu et al. 2018). However, variations with land 
management, soil type, climate and depth of sampling can all 
affect results. Therefore, there is a need for more long-term field 
studies covering the lifetime of the crop to provide data to improve 
model predictions of where and how the greatest C benefits can be 
achieved (Whitaker et al. 2018; Shepherd et al. 2021).

The main plant-C input pathways to SOC from Miscanthus are 
through leaf fall, root and rhizome turnover and root exudation 
(Carvalho et al. 2017). As plant-C enters the soil and is decom-
posed, a significant proportion of the C is released to the atmo-
sphere as respiration, but some is assimilated by microbes and 
stabilised through organo-mineral associations and aggregation 
(Dynarski et al. 2020). Miscanthus is a C4 plant that allows the 
fate of Miscanthus-derived C to be traced through the plant–soil–
atmosphere using its isotopic signature (Balesdent et al. 1987). 
New plant C inputs can either displace existing C3–C, leading 
to no change (Robertson et  al.  2017), or via priming effects, 
which increase the mineralisation of existing C3-C (Kuzyakov 
et al. 2000) lead to reduced SOC stocks.

Senesced leaves and harvest residues provide substrate for de-
composers and a soil covering that influences biological activ-
ity and the subsequent incorporation of C into the soil (Lemus 
and Lal 2005; Agostini et al. 2015). In European climates, leaf 
fall normally occurs between late October and February, which 
is before a typical late winter/early spring harvest, meaning 
that the majority of senesced leaves remain in the field (Nunn 
et al. 2017). Within this period, the timing of leaf fall can vary 
depending on environmental conditions and genotypic differ-
ences (Nunn et al. 2017). For Miscanthus, it has been suggested 
that the largest contribution to SOC comes from below-ground 
biomass as opposed to above-ground residues (Rasse et al. 2005; 
Carvalho et al. 2017). Miscanthus has a substantial root and rhi-
zome system providing the potential for roots and rhizomes to 
contribute extensively to SOC stocks.

In an established plantation, below ground biomass is an import-
ant part of the C stock within the soil profile, albeit with a shorter 

residence time (decades) compared to other SOC pools (10 to 100+ 
years) (Christensen et al. 2016; Martani et al. 2021). M. × giganteus 
planted onto marginal land types (i.e., not highly productive agri-
cultural land) has been shown to increase soil microbial diversity, 
biomass and C use efficiency, resulting in the enhancement of soil 
C cycling and increases in SOC (Kane et al. 2023) but it is uncer-
tain as to whether these benefits remain true for all Miscanthus 
species. Miscanthus species groupings and genotypes differ in 
above and below ground morphology, physiology and biomass ac-
cumulation, and breeding programmes are currently exploiting 
this diversity by aiming to produce improvements in yield and re-
silience to environmental challenges (Clifton-Brown et al. 2019; 
Awty-Carroll et al. 2023). However, this same genotypic diversity 
also has the potential to be harnessed to deliver increased SOC 
(Poirier et  al.  2018). In other grass species and grassland com-
munities, genotypic variations in C inputs to the soil have been 
shown to arise from differences in: below ground root architec-
tural traits such as rooting mass, depth and spread (Bardgett 
et al. 2014); varying quantities of leaf litter (Xu et al. 2013); and 
differences in plant growth interacting with other traits such as 
root exudation (Semchenko et al. 2021).

The majority of Miscanthus below-ground biomass is found in 
the upper soil layer (0–20 cm) with root mass reducing with in-
creasing soil depth (Martani et al. 2021) but Miscanthus roots 
have been found to depths of ~2 m (Neukirchen et al. 1999). M. 
sinensis  types are mostly tussock-forming and have numerous 
thin stems and rhizomes that form dense clumps. In contrast, 
M. sacchariflorus  is often taller (> 2 m) with fewer, thicker 
stems and laterally spreading rhizomes (Robson et  al.  2013; 
Chae et al. 2014). M. sinensis  types tend to have a greater root 
length density throughout the soil profile than M. × giganteus 
(Gregory et al. 2018). M. sinensis  has also been found, during 
a pulse-labelled 13CO2 study, to allocate more photoassimilates 
to below-ground biomass than M. × giganteus and M. lutari-
oriparius, thereby providing increased potential for C to be 
transferred to the soil (Briones et  al.  2023). The presence of 
deep roots can promote C sequestration to stable SOC pools in 
lower soil horizons (Rehbein et al. 2015) and being below typi-
cal plough depths, SOC sequestered deeper in the soil is likely 
to be less affected by future agricultural land use changes 
(Martani et al. 2022).

Some Miscanthus species differences in SOC have previously 
been observed. Higher SOC stocks have been reported under M. 
sinensis  compared to M. × giganteus (Gregory et al. 2018) possibly 
due to a greater allocation of C to below ground biomass (Briones 
et  al.  2023) and differences in root length density. Although 
no difference between their SOC stocks has also been found 
(Ouattara et al. 2021). Using the natural abundance of C3 and C4 
soil C isotopes in soil, Richter et al. (2015) found M. sacchariflo-
rus  provided the lowest C4-C contribution to SOC with the great-
est retention of existing C3-C in the upper soil layer compared to 
M. sinensis  and M. × giganteus after 14 years. In contrast, they 
found M. × giganteus was associated with the largest accumula-
tion of C4-C but the highest loss of C3-C, leading to overall SOC 
remaining similar for the different species. The M. sacchariflorus  
rhizome tends to spread more than M. × giganteus, which, along 
with morphological differences in above ground biomass (Robson 
et al. 2013), may be factors in the soil C differences observed. In a 
comparison of five Miscanthus hybrids, it was reported that SOC 
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stocks under one hybrid were significantly less, suggesting that 
genotypic differences could be important as well as broader spe-
cies differences (Holder et al. 2019).

Above ground harvest yield is currently a key breeding target 
(Clifton-Brown et al. 2019; Chupakhin et al. 2021) both commer-
cially and to improve uptake of atmospheric CO2. To maximise 
the overall negative emissions potential, it is important to capi-
talise on the C benefits of both yield and SOC sequestration. But 
the extent to which genotypic differences are important is not 
known, or which traits are the most significant contributors to 
SOC. Identifying species or genotypic traits that can be linked 
to SOC sequestration would inform breeding strategies and help 
to evaluate breeding targets so that at the very least beneficial 
traits are not lost in the process. Care is also needed to ensure 
that the typically higher SOC stocks of improved and semi-
improved grasslands (compared to arable land) that are likely to 
be targeted for bioenergy production are not depleted by the land 
use change to Miscanthus.

In this study we utilise a rare long-term field trial planted with 
diverse Miscanthus genotypes to investigate SOC stock change 
following land use conversion from an agricultural grassland. 
Soil samples taken pre-conversion and again after 10 years of 
Miscanthus growth enable the interaction between 13 prom-
ising Miscanthus genotypes (covering five species groupings) 
and SOC sequestration to be evaluated. Using the soil δ 13C 
isotopic signature differences in the contribution to below 
ground C in terms of soil C4-C as well as below ground biomass 
(rhizome and root) of the Miscanthus genotypes and species 
groupings are investigated. Combined with this, the potential 
relationships of plant traits likely to interact with SOC and that 
can be exploited in breeding programmes (rhizome and root 
mass, harvest yield and ripening loss) are explored. Using the 
empirical data collected we examine the following research 
questions:

•	 Do Miscanthus genotypes or species groupings differen-
tially affect SOC stocks following 10 years of cultivation on 
grassland?

•	 Are genotypic differences in the proportion or amount of 
Miscanthus-derived C with soil depth determined by root or 
rhizome traits?

•	 Is there a trade-off between yield and SOC sequestration 
across a range of Miscanthus genotypes?

2   |   Materials and Methods

2.1   |   Site Description

The Miscanthus genotype trial was established in 2012 as part 
of a wider European plant trial (Kalinina et al. 2017) and was 
located near Aberystwyth, UK. The site is representative of 
marginal agricultural land due to shallow soils with a high 
soil stone content and a predominantly wet and cool climate 
(Lewandowski et al. 2018). Soil and climate characteristics are 
shown in Tables 1, 2. Air temperature and precipitation at the 
start and during the trial period were within the 30-year average 
for the location (Met Office, n.d.).

The experiment comprised a randomised block trial with three 
replicates of 15 Miscanthus genotypes established into an area 
of extensively grazed semi-improved long-term pasture with a 
perennial ryegrass (Lolium perenne ) sward not reseeded for at 
least 5 years prior to planting (historic farm data suggests this 
was permanent pasture). Each plot (5 × 5 m) contained a single 
Miscanthus genotype (49 plants at a density of 1.96 plants m−2) 
(Figures S1.1 and S1.2). Plots were separated by 3 m wide grass 
(Lolium perenne ) paths on all sides. Prior to planting, the exist-
ing uniform grass sward was sprayed off with glyphosate at a 
rate of 4 L ha−1 and the plots were ploughed to an approximate 
25 cm depth. During the establishment year, fertiliser was ap-
plied once at rates of 44 and 110 kg ha−1 year−1 of P (phospho-
rus) and K (potassium), respectively. In year two, fertiliser was 
added in spring at a rate of 140 kg ha−1 K, 100 kg ha−1 P and 
60 kg ha−1 N (nitrogen). No further fertiliser was added. The 13 
genotypes sampled for this experiment provide a range of M. 
sacchariflorus  , M. sinensis, and hybrid types with differing 
senescence timing (Table  3). M. sacchariflorus  (genotype ID 
OPM1 to OPM4) has a more spreading rhizome compared to the 
other species (Nunn et al. 2017).

TABLE 1    |    Location details of the experimental site and soil 
characteristics from soil samples taken pre-conversion to Miscanthus.

Location and soil characteristics Value

Latitude (decimal degrees) 52.43

Longitude (decimal degrees) −4.01

Altitude (m) 39

Agricultural land classification (ALC)a 3b

Soil texture Sandy loam

Clay (%) 10

Silt (%) 30

Sand (%) 60

Stone fraction 0.35

England and Wales soil series 
classificationb

Denbigh

WRB classificationc Eutric 
Endoleptic 
Cambisols

pH in water 5.3

Total K (kg ha−1) 126

Total P (kg ha−1) 46

Total N mineralised (kg ha−1) 31

C:N ratio 9.1

Bulk density (kg m−3), 0–10-cm soil depth 0.61

Bulk density (kg m−3), 10–20-cm soil depth 0.98

Bulk density (kg m−3), 20–30-cm soil depth 1.17

Bulk density (kg m−3), 30–50-cm soil depth 1.41
aWelsh Government (2023).
bCranfield University (2025).
cIUSS Working Group WRB (2022).
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2.2   |   Soil Cores

Intact and uncompressed soil cores were taken using an 8.5 cm 
diameter, 1 m long, cylinder auger (Eijkelkamp, Giesbeek, The 

Netherlands) pushed in and extracted with a telehandler (John 
Deere and New Holland TH6.32). At time zero (T0, May 2012) 
after the grass sward was sprayed but before ploughing, one core 
was taken per plot. In May 2022 (T10) three soil cores (one at 
plant centre, C, taken at the original planting position; one at 
the plant edge, E; and one in the inter-row, I) were taken in each 
plot to account for the differences in below-ground biomass and 
soil C due to the spacing and spread of the Miscanthus plants, 
according to the method in Zatta et al. (2014) (Figure S2.1).

On both sampling occasions, soil cores were taken to a maxi-
mum depth of 60 cm, with the first 30 cm split into 10 cm depth 
increments. In addition, at T10 core depth increments (to 30 cm) 
were split longitudinally, with one half dried and used for bulk 
density, pH, root mass and soil C analysis, and the remaining 
fresh soil used for soil hand texture (AHDB 2017). The 30–60 cm 
segments were not split. Due to the shallowness of soils, not all 
soil cores achieved the maximum desired depth.

All soil samples except those used for soil texture were oven 
dried (40°C) and sieved (2 mm) prior to analysis. Root and rhi-
zome were hand sorted from the stone fraction remaining on the 
sieve (≥ 2 mm). The mean density of a subset of stone and rhi-
zome segments was taken using water displacement to provide a 
dry bulk density (Table S2.1) adjusted for stone and rhizome vol-
ume (Poeplau et al. 2017). Mean pH was measured using dried 
soil in pure water (Jenway 3010 pH meter).

2.3   |   CN and Isotope Analysis

Below ground biomass was pre-milled (Pulverisette 15, Fritsch) 
and both sieved soil and below ground biomass were then ball 

TABLE 2    |    Climate conditions for site covering the period 2012–
2022. The mean of total monthly precipitation and 24 h maximum and 
minimum air temperatures along with the standard error of the mean. 
Climate data covering the experimental period were taken from a 
meteorological station within 1 km of the experimental site.

Month

Air 
temperature 

(Max)°C

Air 
temperature 

(Min)°C
Precipitation 

mm

Jan 8.6 ± 0.3 3.1 ± 0.3 120.8 ± 13.9

Feb 9.0 ± 0.5 2.9 ± 0.5 94.6 ± 12.6

Mar 10.7 ± 0.5 3.3 ± 0.5 74.0 ± 11.8

Apr 13.1 ± 0.5 4.5 ± 0.4 52.0 ± 9.6

May 15.8 ± 0.5 7.5 ± 0.3 70.5 ± 13.3

Jun 18.6 ± 0.4 10.5 ± 0.3 90.0 ± 18.3

Jul 20.3 ± 0.6 12.5 ± 0.1 79.8 ± 12.5

Aug 19.6 ± 0.4 12.6 ± 0.2 93.7 ± 8.3

Sep 17.9 ± 0.4 10.2 ± 0.4 120.4 ± 15.7

Oct 14.9 ± 0.3 8.4 ± 0.5 122.5 ± 13.6

Nov 11.5 ± 0.4 4.8 ± 0.5 126.1 ± 13.7

Dec 10.0 ± 0.4 4.2 ± 0.6 15.4 ± 14.7

TABLE 3    |    Miscanthus genotypes, species grouping, and senescence characteristics. Senescence timing is based on senescence scores observed 
at the Aberystwyth site in year 3 (Nunn et al. 2017): Early, 80%–100% brown at first frost; Mid, 60%–80% brown at first frost; and Late, ≤ 60% brown 
at first frost.

Genotype ID Species Grouping Senescence

OPM1 M. sacchariflorus Sac Late

OPM2 M. sacchariflorus Sac Late

OPM3 M. sacchariflorus Sac Late

OPM4 M. sacchariflorus × M. sacchariflorus (Robustus) a Sac×Rob Hyb Late

OPM5 M. sinensis × M. sacchariflorus Sin×Sac Hyb Mid

OPM6 M. sacchariflorus (Robustus) a × M. sinensis Rob×Sin Hyb Early

OPM7 M. sinensis × M. sacchariflorus Sin×Sac Hyb Early

OPM8 M. sinensis × M. sacchariflorus Sin×Sac Hyb Early

OPM9 M. sinensis × M. sacchariflorus (M. × giganteus) Sin×Sac Hyb Mid

OPM10 M. sinensis × M. sacchariflorus Sin×Sac Hyb Early

OPM11 M. sinensis (Goliath) Sin Late

OPM12 M. sinensis Sin Late

OPM15 M. sinensis × M. sacchariflorus × open M. sinensis b Sin×Sac Hyb Mid
aRobustus is a M. sacchariflorus subtype.
bOpen-pollinated hybrid with dominating M. sinensis phenotype.
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milled (Labman automated preparation system) in prepara-
tion for C and N, and C isotope analysis (ANCA-SL elemen-
tal analyser linked to a PDZ Europa 20/20 Isotope Ratio Mass 
Spectrometry). Total C values are reported as representative of 
the SOC due to the acid soils with low presence of inorganic C in 
the area (Rudeforth 1970; Rawlins et al. 2011; Kristl et al. 2016).

SOC stocks were calculated to a fixed depth of 30 or 50 cm de-
pending on core sample length and using individual sample 
bulk density. Soil C stocks and below ground biomass at T10 were 
scaled up to Mg ha−1 using the percentages relating to the repre-
sentative area covered by each core location (plant centre 10%; 
plant edge 31%; and inter-row 59%) providing one value per plot. 
SOC stocks calculated as Equivalent Soil Mass values (ESM) are 
contained in Table S2.2.

The Miscanthus derived soil C (C4-C) percentage was calculated 
using Equation (1):

where δ0 is the soil C isotope abundance at T0, δn is the abun-
dance at T10 and δr is the isotope abundance of the below ground 
biomass at T10 (Balesdent et  al.  1987). C4-C stocks (Mg ha−1) 
were calculated as a percentage of SOC stocks (Mg ha−1) using 
the percentage C4-C calculated in equation (1).

2.4   |   Yield and Ripening Loss

Plots were harvested after senescence from year one to seven. 
Leaf litter and stubble remained on the field and harvested bio-
mass stalks were removed from the site. Due to disruptions to 
field work arising from the COVID-19 pandemic, the plots were 
not cut back from years 8–10 (2020–2022). In the spring of year 
11, the dry matter harvest yield was taken following the same 
protocol as used in year four (Nunn et al. 2017). The percentage 
ripening loss (primarily leaf litter drop) for each genotype was 
calculated from the difference between the year three estimated 
autumn and spring yields, taken from serial harvest cuts as de-
tailed in Nunn et al. (2017). This percentage was used with the 
year 11 spring harvest yield to provide a value for ripening loss 
in Mg ha−1.

2.5   |   Statistical Analysis

Data analysis was completed using R (version 4.2.3, R Core 
Team 2023) and model residuals and plots were checked for the 
appropriateness of each model. All linear mixed models (pack-
age ‘nlme’, Pinheiro et al. 2023) were used with the random ef-
fect of replicate and maximum likelihood (ML) estimation. Post 
hoc tests for significant factors were carried out using Tukey 
HSD (package ‘multcomp’, Hothorn et al. 2008).

2.6   |   Analysis of SOC Change Pre and 10 Years 
After Land Use Conversion

For the analysis of SOC change after 10 years of the Miscanthus 
crop, linear models were used. A complete set of soil samples 

from all plots and depths was not available from T0. Therefore, 
where sufficient samples existed to make relevant statistical 
comparisons (0–10 cm and 10–20 cm depths) plots at T0 corre-
sponding to the Miscanthus genotype subsequently planted were 
compared to explore the variability of SOC (Mg ha−1) stocks 
prior to conversion to Miscanthus. To examine the variance at 
T10 the fixed effect of genotype was used with separate models 
for each depth increment (genotypes with only one replicate 
for the depth increment were removed). Mean change in SOC 
stocks (Mg ha−1) in the 0–30 cm and 0–50 cm depths was in-
vestigated using separate models including the fixed factors of 
land use type (T0 grassland and T10 Miscanthus), genotypes and 
grouping (Sac, Sin, Sin×Sac, Sac×Rob and Rob×Sin).

2.7   |   Analysis of Miscanthus Derived Below 
Ground C Stock

To determine the effects of genotype and grouping on Miscanthus 
derived SOC (percentage C4-C) a general linear mixed model 
(package ‘glmmTMB’, Brooks et al. 2017) was used with geno-
type and grouping as fixed factors (separate models), the random 
factor of replicate and a beta distribution. Effects of genotype 
and grouping on root and rhizome mass (Mg ha−1) were explored 
using separate linear mixed models for each depth increment 
(genotypes with only one replicate were removed). Tests were 
performed on log transformed data where normality of the re-
siduals was not initially achieved. Similarly, to investigate the 
effects of genotype and grouping on total Miscanthus derived C 
stock (Mg C ha−1), i.e., the total of below ground biomass C (root 
and rhizome) and soil C4-C, separate linear mixed models for 
each depth increment were used. Genotypes with only one repli-
cate within the depth increment were removed.

2.8   |   Analysis of Miscanthus Traits and Soil C 
Relationships

To explore the potential relationships of Miscanthus traits with 
SOC and C4-C, Akaike's information criterion (AIC) was used 
for the selection of the best fit linear models with fixed factors 
of: sample depth increment (0–10, 10–20 and 20–30 cm); year 11 
harvest yield (dry matter, Mg ha−1); ripening loss (Mg ha−1); and 
rhizome and root mass (dry matter, Mg ha−1) (R packages ‘nlme’ 
(Pinheiro et al. 2023) and ‘MuMIn’ (Barton 2023)). Linear mixed 
models were used to explore genotypic and grouping differences 
in yield, and general linear mixed models with a beta distribu-
tion were used for percentage ripening loss.

3   |   Results

3.1   |   SOC Stock Variation and Change

The average SOC stock of the experimental area prior to con-
version to Miscanthus (T0) was 97.8 Mg ha−1 ± 6 (0–50 cm) 
(Table  4) with no significant differences found between 
samples at this time point (Figure 1). After 10 years of culti-
vation (T10) mean SOC stock including all Miscanthus spp. 
was 97.7 Mg ha−1 ± 3.7 (0–50 cm, Table  4). SOC stocks under 
the Miscanthus genotypes ranged from 80.2 to 120.6 Mg ha−1 

(1)Miscanthus C% =
(

�n − �0

)

∕
(

�r − �0

)
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(0–50 cm) and from 65.1 Mg ha−1 ± 8.1 to 97.3 Mg ha−1 ± 3.3 
(0–30 cm). For the 0–30 cm soil depth, three genotypes had 
significantly smaller SOC stocks (Mg ha−1: 65.1 ± 8.1 OPM12; 
73.6 ± 6.2 OPM2; 78.6 ± 2.1 OPM15) compared to OPM10 
which had the highest SOC stock (97.3 Mg ha−1 ± 3.3 OPM10). 
OPM12 was also significantly lower than the eight genotypes 
with SOC stocks above 80 Mg ha−1 (p < 0.001) (Table 4). SOC 
stock was higher in the 0–20 cm depth increment compared 
to the lower depths, but the greatest variation in SOC stocks 
was observed in the 20–30-cm depth increment. Lower SOC 
stocks in the 20–30 cm depth for OPM9, OPM12 and OPM15 
compared to most of the other genotypes (p < 0.001) were re-
flected in their low values for the 0–30 cm depth (Figure  1). 
Samples from 30 to 50 cm were not accessible for sufficient 
replicates to make meaningful statistical comparisons at this 
depth increment. However, the greatest value (34.7 Mg ha−1) 
was recorded for OPM3 (30–50 cm) (Figure 1) which contrib-
uted to its high overall value (120.6 Mg ha−1) for the 0–50 cm 
soil depth. Comparing SOC stocks between Miscanthus spe-
cies groupings (Sac, Sin, Sin×Sac, Sac×Rob and Rob×Sin) no 
significant differences were found (for the full 0–50-cm depth, 
and when split by depth increments).

Comparing the SOC stocks for the 0–30-cm and 0–50-cm 
depth increments between T0 and T10 revealed no significant 
differences between T0 and the Miscanthus genotypes, their 
grouping, or Miscanthus overall (mean of all genotypes). When 
the data was split by depth increment, at 0–10 cm OPM5 was 
significantly less than the corresponding T0 plots (p < 0.01) 
(28.3 ± 0.9 vs. 38.1 ± 0.3 Mg ha−1, respectively) (Figure 1) and 
at 20–30 cm OPM9 was significantly reduced at T10 compared 
to T0 (p < 0.05) (9.9 ± 2.4 vs. 27.1 ± 2.6 Mg ha−1, respectively) 
(Figure 1).

3.2   |   Miscanthus Derived Below Ground C Stock

The largest proportion of Miscanthus derived C4-C was found at 
the 0–10 cm depth increment where OPM10 had a significantly 
higher percentage of C4-C than OPM11, OPM12 and OPM15 
(p < 0.01) (Figure  2). Miscanthus-derived soil C was also pres-
ent at 30–50 cm although this lowest depth was not sampled 
across sufficient replicates to allow for statistical analysis by 
genotype. There was no significant difference in the proportion 
of Miscanthus derived C4-C in the soil C pool between species 
groupings at any depth.

Miscanthus rhizome mass ranged from 3.8 to 26.2 Mg ha−1 for the 
0–30 cm depth increment, with the majority located at 0–10 cm 
where large variations between replicates were observed 
(Figure 3). There was no significant difference between species 
grouping or genotype for rhizome mass in the 0–10-cm depth. 
However, at 10–20 cm OPM4 (Sac×Rob) (8.9 Mg ha−1 ± 2.7) was 
higher than most other genotypes (excluding OPM2, OPM3 and 
OPM9) and groupings (p < 0.001). Most genotypes followed a 
similar trend of reduced rhizome mass moving from the plant 
centre to the inter-row. The greatest concentration of rhizome 
for the Sin grouping was found at the plant centre with none 
in the inter-row position. In contrast, two of the Sac grouping 
(OPM1, OPM3) and one of the Sin×Sac grouping (OPM8) had 
less rhizome mass at the plant centre compared to the plant edge 
and inter-row positions (Figure S3.1).

Coarse root mass was more evenly spread across the cen-
tre, edge and inter-row sampling positions (Figure  S3.2) and 
ranged from 2.5 to 12.6 Mg ha−1 (0–30 cm). Only small amounts 
of root mass were found in the 30–50 cm depth (Figure 4). At 
10–20 cm, root mass from OPM1 (5.7 Mg ha−1 ± 1.8) was signifi-
cantly higher than OPM6 (1.3 Mg ha−1 ± 0.3) (p < 0.05); but no 
other significant differences existed between genotypes or spe-
cies groupings.

When considering the total below ground C stock attributable 
to Miscanthus (i.e., the C in Miscanthus below ground biomass 
and soil C4-C combined) no genotypic statistical differences 
were observed. In the 10–20-cm depth increment, the Sac×Rob 
grouping had significantly higher total Miscanthus derived C 
stock (7.5 Mg ha−1 ± 1.5 Mg ha−1) than the lowest grouping (Sin, 
2.7 Mg ha−1 ± 0.6) (Figure  5). No other significant differences 
were found in the Miscanthus derived C stocks. At the 0–10-
cm depth increment, total Miscanthus derived C was similar to 
C3-C stocks for three of the genotypes (OPM1, OPM3 and OPM8) 
(Figure 5).

TABLE 4    |    Total soil organic carbon (SOC, Mg ha−1) pre-conversion 
and 10 years post-conversion to a range of Miscanthus genotypes. SOC 
is calculated to a fixed depth of 30 cm and 50 cm. The ± values indicate 
the standard error of the mean (SEM).

Grouping SOC (0–30) SOC (0–50)

T0 79.4 ± 3.9 97.8 ± 6.0

T10  All genotypes 81.7 ± 1.9 97.7 ± 3.7

T10  Sin×Sac Hyb 83.3 ± 2.4 96.2 ± 6.7

OPM5 79.4 ± 6.0 81.5

OPM7 82.4 nd

OPM8 86.0 ± 4.4 nd

OPM9 78.9 ± 5.6 98.4

OPM10 97.3 ± 3.3 113.3

OPM15 78.6 ± 2.1 91.7

T10  Sac 82.6 ± 6.2 109.1 ± 7.9

OPM1 97.2 112.6

OPM2 73.6 ± 6.2 94.1

OPM3 86.0 120.6

T10  Rob×Sin Hyb 82.3 ± 5.5 94.4 ± 5.6

OPM6 82.3 ± 5.5 94.4 ± 5.6

T10  Sac×Rob Hyb 81.3 nd

OPM4 81.3

T10  Sin (2) 74.8 ± 6.8 90.7 ± 6.4

OPM11 84.6 ± 4.5 95.9 ± 6.5

OPM12 65.1 ± 8.1 80.2

Note: nd, Maximum sample depth was 30 cm.
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3.3   |   Miscanthus Traits and Soil C Relationships

In contrast to the small genotypic differences found for root and 
rhizome mass, harvest yield for the Sac species was significantly 

higher than most of the other groupings (excluding Sac×Rob) 
(p < 0.001). Yield for OPM9 (35 ± 3 Mg ha−1), along with the three 
Sac species, was significantly higher than the seven lowest 
yielding genotypes (p < 0.001) (Table  5). The highest ripening 

FIGURE 2    |    Comparison of Miscanthus derived soil C (% C4-C) between Miscanthus genotypes after 10 years of cultivation, for each depth incre-
ment (0–10, 10–20, 20–30 and 30–50 cm). Miscanthus species groupings are shown below the brackets. Error bars show the SEM. Statistical genotypic 
differences were explored for the 0–10, 10–20 and 20–30 cm depths; different letters denote significance following Tukey post hoc tests (genotypes 
with only one rep in the depth increment were excluded and are marked with a dash).

FIGURE 3    |    Comparison of rhizome mass between Miscanthus genotypes after 10 years of cultivation, for the 0–10 and 10–20 cm depth incre-
ments. Miscanthus groupings are shown below the brackets.
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loss of 13 ± 8 Mg ha−1 for OPM9 was significantly higher than the 
ripening loss for OPM6, OPM10, OPM7 and OPM15 (p < 0.05) 
(Table 5).

As traits with the potential to influence SOC and C4-C stocks, rip-
ening loss and yield were included with rhizome and root mass 
in best fit model selection. Using data from all the Miscanthus 
genotypes, the combination of fixed factors achieving the closest 
fit suggests that rhizome mass and soil depth increment had a 
strong association with soil C4-C (R2 0.86) (Figure 6). This was 
not the same for SOC, where instead ripening loss and depth 
increment had a positive but weaker relationship (R2 0.62) 
(Figure 6). Yield and root mass were not found to be important 
predictive factors.

In analysis by individual genotype, it was found that yield was 
also the least important factor (not improving model fit for 
OPM1, OPM2, OPM7 and OPM10) with the inclusion of a mix 
of depth increment, below-ground biomass and ripening loss 
giving the best results for predictions of C4-C. For SOC, yield 
was not a good predictor for genotypes OPM3, OPM4, OPM7 and 
OPM10, but, as found for C4-C, the combination of all factors 
achieved the best results for each genotype.

4   |   Discussion

Biomass crops are acknowledged to be an important part of 
global ambitions to achieve GHG reductions and NetZero (CCC 
(Committee on Climate Change)  2018; DESNZ (Department 
for Energy Security and Net Zero)  2023b). It is therefore im-
portant to maximise the C benefits, both yield and seques-
tration, of growing Miscanthus and to ensure that cultivation 
does not create SOC loss that may partially negate the wider 
benefits derived from the crop. Miscanthus can have a produc-
tive lifetime of ~20 years (Winkler et  al.  2020) but long-term 
field trials tracking SOC change in crop conversion from pas-
ture to Miscanthus are rare, with the majority reflecting crops 
of 5 years old or less (Qin et al. 2016). In this study, we have 
provided further empirical data demonstrating that a conver-
sion from long-term managed pasture to Miscanthus had no 
significant effect on soil C. SOC of 98 Mg ha−1 (0–50 cm) at 
both pre-conversion (T0) and after 10 years of Miscanthus cul-
tivation (T10) implies that any losses expected during land use 
change cultivation were recouped. It is assumed that soil C 
stocks were at a steady state at T0 but it is also possible that if 
the land remained as pasture, the stocks could have increased 
or decreased depending on several factors including pasture 

FIGURE 4    |    Comparison of root mass between Miscanthus genotypes after 10 years of cultivation, for each depth increment (0–10, 10–20, 20–30 
and 30–50 cm). Miscanthu groupings are shown below the brackets.
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10 of 16 GCB Bioenergy, 2025

FIGURE 5    |    Total Miscanthus derived C stock after 10 years of cultivation: Below ground biomass (root and rhizome) and soil C4-C compared to 
the C3-C stock (Mg C ha−1) for each soil depth (0–10, 10–20, 20–30 and 30–50 cm) and genotype. Miscanthus species groupings are shown below the 
brackets. Error bars show the SEM.

TABLE 5    |    Mean above-ground Miscanthus harvest yield at year 11 and percentage ripening loss (difference between the year three autumn and 
spring yields) for each genotype. SEM is indicated by the ± values.

Species grouping Genotype ID Year 11 yield (Mg ha−1) Ripening loss (%) Year 11 ripening loss (Mg ha−1)

Sac OPM1 27 ± 5 12 ± 7 4 ± 3

OPM2 26 ± 4 11 ± 6 4 ± 2

OPM3 32 ± 2 29 ± 17 10 ± 6

Sin OPM11 7 ± 1 55 ± 32 4 ± 2

OPM12 18 ± 3 29 ± 17 4 ± 3

Sac×Rob OPM4 17 ± 3 27 ± 16 5 ± 3

Rob×Sin OPM6 9 ± 2 23 ± 13 2 ± 1

Sin×Sac OPM10 8 ± 1 23 ± 13 2 ± 1

OPM15 9 ± 2 19 ± 11 1 ± 1

OPM5 13 ± 4 24 ± 14 3 ± 2

OPM7 6 ± 1 26 ± 15 2 ± 1

OPM8 10 ± 3 41 ± 24 4 ± 2

OPM9 35 ± 3 35 ± 20 13 ± 8
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management (Soussana et  al.  2004). Estimated grassland se-
questration rates are between 0 to 0.5 Mg C ha−1 year−1 cov-
ering a range of management practices (Conant et  al.  2001; 
Lal  2018). Soil C sequestration rates in land use transitions 
from grassland to Miscanthus are estimated to be in the range 
of 0 to 2 Mg C ha−1 year−1 (Qin et al. 2016; Leifeld et al. 2021) 
which is similar to the results of this study. Little is known 
about the effect of Miscanthus species or genotypic differences 
on SOC stocks, or how variations in above- and below-ground 
plant traits interact with soil C. The results of this study there-
fore provide valuable data addressing this question.

4.1   |   Effect of Miscanthus Genotype and Species 
Grouping on SOC Sequestration

Our results show the differential effect of Miscanthus genotype, 
but not species grouping, on SOC sequestration after 10 years of 
cultivation on a previously managed long-term grass pasture. 
Work to date has suggested that M. sinensis  types may be more 
beneficial to soil C sequestration compared to M. sacchariflo-
rus  and M. × giganteus (Richter et al. 2015; Gregory et al. 2018; 
Briones et al. 2023). But contrary to this, and more aligned with 
Ouattara et al.  (2021), we found no significant differences be-
tween the Miscanthus species groupings examined. However, 
the importance of considering Miscanthus genotypic differences 
in maintaining or improving SOC stocks was shown at T10, with 
the lowest SOC stocks for the 0–30 cm soil depth approximately 
a third lower than the highest (65 vs. 97 Mg ha−1). The differ-
ence of 0.6 Mg C4-C ha−1 year−1 (0–20 cm soil depth) between the 
lowest and highest recorded C4-C value could mean the differ-
ence between neutral or positive soil C stocks following land use 
change to Miscanthus and equates to an estimated total of 12 Mg 
C4-C ha−1 over a 20-year crop lifetime.

Encouragingly, from a breeding point of view, only two geno-
types (OPM12 Sin and OPM15 Sin×Sac Hyb) had significantly 
lower C stocks (0–30-cm soil depth) and were also identified as 
contributing lower amounts of C4-C compared to the other gen-
otypes. With only modest differences between the remaining 11 
genotypes studied, this still provides a wide genotypic base to 
select from.

Of the two commercially available genotypes included (OPM9 M. 
× giganteus and OPM11 Goliath) neither had SOC stocks lower 
than T0 (0–30-cm soil depth). OPM11 was amongst the lowest 
in recorded percentage C4-C contribution (0–10-cm depth in-
crement) but overall C stocks for both genotypes were not sig-
nificantly different to the other genotypes. Despite returning to 
pre-conversion SOC stocks, OPM9 appeared to have lost existing 
C3-C between T0 and T10 in the 20–30 cm depth increment. This 
agrees with the findings of Richter et al. (2015) who also found 
M. × giganteus to be associated with losses of existing soil C.

4.2   |   Interaction of Miscanthus Root and Rhizome 
With SOC and Soil Depth

Although no significant difference was found for rhizome or 
root mass between the Miscanthus genotypes, rhizome mass 
was found to be a trait of interest related to the accumulation of 
Miscanthus-derived soil C (C4-C) with increasing rhizome mass 
increasing C4-C. M. sacchariflorus types tend to have greater 
rhizome mass than M. sinensis . Although we did not see this 
clear divide in the genotypes examined, a greater number of 
experimental replicates may have produced a stronger trend, 
which was diluted here by variation in rhizome mass recorded 
over the three replicates.

The sampling strategy did not allow for complete recovery of 
root mass from the soil samples, with only coarser roots being 
extracted. Therefore, the impact of fine root mass has not been 
included in this study but could well play a role in SOC seques-
tration, particularly in lower soil depths.

Due to differences in biochemical quality, Miscanthus rhizome 
is more rapidly mineralised than Miscanthus roots (Beuch 
et al. 2000; Ferrarini et al. 2022) which may be a factor in the 
correlation found between C4-C and rhizome and not root mass. 
The non-living portion of M. × giganteus rhizome is estimated 
to represent around 1%–7% of the total rhizome mass (3–7 year 
old plants) (Beuch et  al.  2000; Kahle et  al.  2001; Amougou 
et al. 2011). But the in-field turnover dynamics for Miscanthus 
rhizome grown in an agricultural setting, and how this may 
change with plantation age, are largely unknown.

FIGURE 6    |    Best fit models following model selection based on AIC (from fixed factors of yield, ripening loss, root and rhizome mass, and depth 
increment): (a) rhizome mass and soil C4-C stock; and (b) ripening loss and SOC. Trend lines reflect the linear model predictions.
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Total below ground biomass was previously found to be positively 
correlated with Miscanthus derived soil C (Zatta et  al.  2014) 
and in this study, we found rhizome mass to be correlated with 
C4-C in a similar way. However, in this study, we did not find 
the negative (or any) relationship of below ground biomass 
with SOC that has been observed elsewhere (Zatta et al. 2014; 
Martani et  al.  2021). These negative associations are likely to 
be connected to soil priming effects (Kuzyakov et  al.  2000; 
Zatta et al. 2014; Martani et al. 2021). For the genotypes used 
in this study, we found that C4-C additions displaced older C3-C 
in all the genotypes except OPM9. After 10 years of Miscanthus 
growth at the experimental site in this study, it is possible that 
the SOC was at, or close to, steady state.

The majority of SOC was accumulated in the 0–20-cm soil 
depth, but the greatest variation was seen below this. The input 
of SOC at lower depths is valuable not only to overall SOC stocks 
but also to its resident time (Rehbein et  al.  2015). Three gen-
otypes (OPM9, 12 and 15), including the two poorest perform-
ing in terms of SOC sequestration, had significantly lower SOC 
below 20 cm compared to most of the others, showing the impor-
tance of SOC accrual at depth even in shallow soils of this type. 
Of note is that Miscanthus derived soil C and root biomass were 
found in the lowest 30–50-cm depth increment for all genotypes 
(where sampling to this depth was possible). Although sufficient 
samples were not obtained for statistical analysis, this C store 
could promote longer-term SOC sequestration due to physical 
distance from zones of higher microbial activity (Lal 2018) and 
land management activities. In this grassland transition, initial 
soil C stocks were higher than would be expected in arable land, 
and it is not known whether variations in genotypic ability to se-
quester C may be clearer in different types of land conversions. 
Certainly, further work on deeper soil profiles is needed to quan-
tify the influence of genotypes at depth.

The value of below ground biomass to C stocks has been noted 
previously (Martani et  al.  2021); we found that at the 0–10-cm 
depth, total Miscanthus derived C (C4-C and biomass C) was sim-
ilar to the C3-C stocks for three of the genotypes. The range of 
2 to 12 Mg C ha−1 (0–10 cm) for the Miscanthus biomass C stock 
compares favourably with an estimated ~5 Mg C ha−1 observed 
for a 3-year-old grass pasture root C stock (Gregory et al. 2022). 
The C stock held in Miscanthus below ground biomass is not a 
long-term store but is still a valuable C pool within the soil pro-
file (Christensen et al. 2016; Martani et al. 2021). In the case of 
rhizome mass, this C pool is likely to remain in place for the crop 
lifetime (Poeplau et al. 2019). The majority of mineralised below 
ground biomass is likely to enter the particulate SOC pool (short 
term, but able to continue to accumulate), but some also enters 
the mineral-associated SOC pool, which generally has longer-
term storage but can reach saturation (Ridgeway et al. 2022; Xu 
et  al.  2024). In future conversions of Miscanthus plantations to 
other uses, depending on the tillage method used, portions of 
below ground biomass are likely to exist beyond the land use 
change and will continue to play a role in SOC cycling. Emerging 
evidence suggests that when linked with paired arable sites, 
this could lead to SOC gains in the first years during reversion 
(Dufossé et al. 2014; Martani et al. 2023) then a stabilisation of 
SOC stocks to near pre-conversion levels. But there is also the pos-
sibility of SOC loss. For example, Rowe et al. (2020) found a 20% 
loss in paired arable sites compared to a Miscanthus crop reverted 

3 years previously. However, there are many site-specific (e.g., cli-
mate) and agronomic factors (e.g., method of crop removal and 
subsequent tillage regime) in these types of long-term crop rota-
tions that make it difficult to estimate future effects; results are 
likely to differ depending on the counterfactual used.

4.3   |   Yield and Ripening Loss Interactions With 
SOC Sequestration

Although the Sac species grouping (along with hybrid OPM9) 
produced the highest yields in year 11, harvest yield was not 
correlated with soil C. Furthermore, yield was not found to be 
a good predictor of either SOC or C4-C and, across the 13 gen-
otypes sampled, the two genotypes with the lowest soil C were 
also not high yielding. Given the importance of maintaining 
high above-ground yield as a breeding target, our results show 
that increased yield need not be at the expense of low soil C se-
questration. Links between yield and SOC are not clear and are 
subject to interacting variables. In a number of studies exploring 
links between increased SOC and yield (for a variety of crops) 
findings varied from negative to neutral to positive associations 
(Moinet et  al.  2023). Miscanthus yield, as with most crops, is 
highly impacted by yearly climate and soil moisture conditions 
(Nunn et al. 2017) but competition for N between plants and soil 
microbes is also a factor affecting both plant growth and SOC. 
For example, plant nutrient resource acquisition and allocation 
(e.g., root exudation rate and composition) can have contrasting 
effects in soil C cycles (Wen et al. 2022), can impact and be im-
pacted by plant growth (Terrer et al. 2021; Pantigoso et al. 2022), 
and are in turn influenced by biotic and abiotic factors (Ahlawat 
et al. 2024). One reason Miscanthus is suitable for poor-quality 
land is due to its ability to translocate N to rhizomes during se-
nescence that supports the following year's growth (Magenau 
et al. 2022) which may reduce competition for soil N resources. 
Our results show that increased rhizome mass was associated 
with increased SOC, but also that high below-ground biomass 
did not equal low above-ground harvest yields.

Ripening loss (primarily leaf litter drop) was identified as a 
useful factor in predicting SOC, although interestingly not 
C4-C. Miscanthus leaf litter forms an important C input to soil 
(Amougou et al. 2012) but C from above ground litter has also 
been shown to be lost through respiration to a greater extent 
than below ground litter (Ridgeway et al. 2022). In the analy-
sis of the individual genotypes, ripening loss was just one of the 
mix of factors required to improve model fit for predictions of 
C4-C. These experimental plots were not harvested in years 8, 
9 and 10, and this may therefore have impacted the composi-
tion (due to weed growth) and quantity of above ground litter 
inputs. By year 8, the Miscanthus plots were fully mature with 
a closed canopy and a litter layer that shaded out the majority 
of weed competition, apart from isolated patches of brambles 
(Rubus fruticosus ) beginning to take hold in some plots. The 
soil core samples, being taken from plants away from the plot 
edges, were not taken from these patches. Although an annual 
harvest of a Miscanthus crop is generally carried out after most 
of the senesced leaves have fallen, harvesting also creates addi-
tional harvest residues (such as portions of stalk) which would 
not have been there for the last 3 years of the experimental pe-
riod, reducing above ground C4 inputs to soil organic matter.
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5   |   Conclusion

Over the long-term timescale of this study, any losses of soil C 
during the establishment of Miscanthus were recouped. There 
was no division among species, revealing that genotypic differ-
ences are of more importance. Whilst two Miscanthus genotypes 
were identified with low contributions to soil C, none of the 
genotypes studied were significantly different to To SOC stocks. 
However, teasing out the traits responsible for the differences in 
soil C cycling remains elusive and of interest for further research. 
Of the traits considered here, the value of a high rhizome mass 
stood out, along with an influence of litter drop. In deeper soil 
profiles, the variations in root morphology could potentially affect 
SOC sequestration ability. Yield is a primary target of breeding 
programmes, and of the genotypes examined, we found that high 
harvest yield was not at the expense of low soil C.
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