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Abstract 

Growing Miscanthus species and hybrids has received strong scientific and commercial 

support, with the majority of the carbon (C) modelling predictions having focused on the 

high-yield, sterile and noninvasive hybrid Miscanthus x giganteus. However, the potential of 

other species with contrasting phenotypic and physiological traits has been seldom explored. 

To better understand the mechanisms underlying C allocation dynamics in these bioenergy 

crops, we pulse-labelled (13CO2) intact plant-soil systems of Miscanthus x giganteus (GIG), 

Miscanthus sinensis (SIN) and Miscanthus lutarioriparius (LUT) and regularly analysed soil 

respiration, leaves, stems, rhizomes, roots and soils for up to 190 days until leaf 

senescence. A rapid isotopic enrichment of all three species was observed after 4 h, with the 

amount of 13C fixed into plant biomass being inversely related to their respective standing 

biomass prior to pulse-labelling (i.e., GIG < SIN < LUT). However, both GIG and LUT 

allocated more photoassimilates in the aboveground biomass (leaves+stems = 78% and 

74%, respectively) than SIN, which transferred 30% of fixed 13C in its belowground biomass 

(rhizomes+roots). Although less fixed 13C was recovered from the soils (<1%), both 

rhizospheric and bulk soils were signficantly more enriched under SIN and LUT than under 

GIG. Importantly, the soils under SIN emitted less CO2, which suggests it could be the best 

choice for reaching C neutrality. These results from this unique large-scale study indicate 

that careful species selection may hold the success for reaching net GHG mitigation.  

 

Keywords 13CO2 pulse labelling, carbon storage, Miscanthus x giganteus, Miscanthus 

sinensis, Miscanthus lutarioriparius, soil respiration.  
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1. Introduction 

Producing large amounts of biomass with very low fertilisation and management 

requirements (tillage is only required during the initial cultivation), together with high water 

and nitrogen-use efficiencies and being non-invasive have made of M. x giganteus the most 

common perennial bioenergy crop in Europe and USA (Clifton-Brown et al., 2008; 

McCalmont et al., 2017). In Europe, M. x giganteus has been widely used since 1983 for 

heat and electricity production (Lewandowski et al., 2000) and in the case of the UK, it is 

considered to have superior growth to other grasses in the current climate (RCEP, 2004). 

Consequently, it has been successfully used in several field trials where it was confirmed 

that it can retain high yields (10 t ha-1 yr-1; Clifton-Brown et al., 2007) for at least 15 to 20 

years (Dufossé et al., 2014; Shepherd et al., 2020). Due to this higher productivity and 

longevity, it appears to be not only a promising bioenergy crop, but also an efficient tool to 

combat climate change (Hastings et al., 2009; Hillier et al., 2009). Therefore, over the last 

decade it has been the focus of several studies to determine its ability to increase C 

accumulation in the soil (Amougou et al., 2012; Zatta et al., 2014; Poeplau and Don, 2014; 

Richter et al., 2015; Christensen et al., 2016; Robertson et al., 2017a; Nakajima et al., 2018; 

Holder et al., 2019; Ouattara et al., 2020; Al Souki et al., 2021) and to mitigate GHG 

emissions (Drewer et al., 2012; Zimmermann et al., 2012; Robertson et al., 2017b). 

However, M. × giganteus also has disadvantages, such as a high sensitivity to very cold 

winter temperatures (Zub et al., 2012; Peixoto et al., 2015) and to drought (Consentino et al., 

2007). Furthermore, it can only be propagated vegetatively (through rhizome splitting), which 

leads to high establishment costs and low multiplication rates (Clifton-Brown et al., 2017, 

2019). Vegetative propagation also results in low genetic diversity (Greef et al., 1997; 

Hodkinson et al., 2002), which makes it more difficult to improve through breeding 

programmes (Atienza et al., 2002) and more susceptible to soil-borne pathogens (Zub and 

Brancourt-Hulmel, 2010; Glynn et al., 2015). 

Consequently, other Miscanthus species and varieties have become valuable sources of 

genetic material for intra- and interspecific breeding programmes (Lewandowski et al., 2016; 

Nunn et al., 2017; Clifton-Brown et al., 2019), with the selection largely focussing on 

obtaining higher yield, quality and resilience to abiotic stressors (Lewandowski et al., 2016). 

For example, Miscanthus sinensis despite having a lower aboveground biomass production 

compared to M. × giganteus, is more tolerant to water stress and hence, better suited for 

growing in drier climates (Outtara et al., 2020). Similarly, Miscanthus lutarioriparius has been 

identified as yielding high biomass due to its high photosynthetic rate (Yan et al., 2012; Liu et 

al., 2013), but with lower heritability of traits such as cold and drought tolerance (Feng et al., 

2022) that makes it more suitable for areas less exposed to frequent water shortages. 

For their prospective for reaching C neutrality, however, a better understanding of the 

physiological traits driving the growth of Miscanthus species is needed. Perennial 

Miscanthus crops have the potential to sequester additional C in agricultural soils, allowing 
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enough time, if established on lower C soils such as croplands or in marginal lands (Rowe et 

al., 2016; Wagner et al., 2019; Al Souki et al., 2021). Compared to other C4 plants, root 

exudation and rhizodeposition appears to be low in Miscanthus, corroborating the idea that 

C dynamics in these plantations is dominated by recycling processes rather than by C 

stabilization (Robertson et al., 2017a; Holder et al., 2019; Zhang et al., 2018). Therefore, an 

alternative pathway for increasing C storage in the soil is through translocation of the C fixed 

through C4 photosynthesis into rhizomes (Kuzyakov and Domanski, 2000) before harvest 

and further enhanced by the provision of soil C inputs from decomposing leaf litter and crop 

stubbles (Amougou et al., 2011). Indeed, the fact that Miscanthus stands of comparable age 

and with similar aboveground yield could differ in their rhizome and root C accumulation 

(Richter et al., 2015) has led to the suggestion that future studies should prioritize 

belowground biomass accumulation (Christensen et al., 2016). 

By pulse-labelling intact plant-soil systems in the field with 13CO2 for a short period of time (< 

1 day), it is possible to determine how much C is allocated into the above- (leaves and 

stems) and belowground biomass (rhizomes and roots), retained in the soil and lost as soil 

respiration. Measurements of the 13C natural isotopic abundance change in soils, which have 

exclusively grown C3 photosynthetic crops, but then re-cultivated with C4 M. × giganteus, 

have been used to estimate the stability of labile C inputs in the surface and subsoil (e.g., 

Dondini et al., 2009; Cattaneo et al., 2014; Zimmermann et al., 2012; Zatta et al., 2014; 

Richter et al., 2015; Christensen et al., 2016; Elias et al., 2017; Al Souki et al., 2021). The 

fate and dynamics of recently fixed C in other Miscanthus species has been seldom 

explored, with the exception of a few studies including M. sinensis, which confirmed that its 

C4 photosynthetic pathway enhances soil C storage (Katsuno et al., 2010), although it 

accounted less than under M. × giganteus due to its lower rhizome biomass (Christensen et 

al., 2016).  

Therefore, if we aim for climate change mitigation, effective selection of appropriate species 

will require to determine how C fixation, allocation belowground and turnover varies among 

species and hybrids, and to validate whether measurements of the total amounts of 

harvested aboveground biomass are a reliable proxy for estimating C sequestration. 

Therefore, in this study, we performed an in situ 13CO2 pulse labelling experiment to 

investigate C allocation and turnover in three Miscanthus species, Miscanthus x giganteus 

(GIG), Miscanthus sinensis (SIN) and Miscanthus lutarioriparius (LUT), that are known to 

exhibit very different aboveground and belowground morphological traits and hence, with 

potential different pathways for above- and below-ground C transfer and allocation. 

Accordingly, M. sinensis plants are typically shorter (canopy height <2 m) with a clumped 

base and multiple thin stems (Robson et al., 2013), M. lutarioriparius plants are taller with a 

spreading base with fewer, thicker stems (Yan et al., 2016), and the M. x giganteus hybrids 

show an intermediate phenotype in terms of the base and stem thickness (Robson et al., 

2013). They can also be differentiated according to the growth habit of their rhizomes, and 
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while M. sinensis forms dense centralised tufts made out of thinner stems (clumped), M. 

lutarioriparius has a non-tuft forming (rhizomatous growth habit), thick stemmed and lateral 

creeping rhizome (Chae et al., 2014), and M. x giganteus forms an intermediate type of 

rhizome (Lewandowski et al., 2003; Richter et al., 2015). Consequently, we anticipated (i) 

similar C assimilation rates due to their C4 photosynthetic pathway (Elias et al., 2017), but 

different C retention in the aboveground biomass in the order of M. sinensis < M. x giganteus 

< M. lutarioriparius since this is linked to standing biomass, and (ii) a similar transfer of labile 

C to belowground plant tissues (rhizomes and roots) because this is directly related to 

phloem transport (Gavrichkova and Kuzyakov, 2017), but a higher retention of C in the 

belowground biomass under M. sinensis than in the other two Miscanthus crops due to its 

tuft rhizome system (Richter et al., 2015). Finally, we also predicted a greater accumulation 

of the new C in the soils under M. x giganteus in agreement with previous studies 

(Christensen et al., 2016) but counteracted by the losses through soil respiration as seen in 

other isotopic partitioning studies (Christensen et al., 2016; Robertson et al., 2017b).  

 

2. Materials and Methods 

2.1. Experimental set-up 

We used the Miscanthus genotype field trial established in 2010 at the Institute of Biological 

Environmental and Rural Sciences (IBERS), Aberystwyth, West Wales (52.4139′ N, −4.014′ 

W), where several genotypes have been planted in a randomised trial to investigate their 

suitability for bioenergy production in the UK, particularly in marginal lands (Clifton-Brown et 

al., 2008; Jensen et al., 2011). The long-term climatic data for the previous 30 years (1981-

2010) from the nearest climate station (Gogerddan station: 52.43193′ N, -4.01929′ W; 

metoffice.gov.uk) indicates that the area has a hyperoceanic climate, with average maximum 

and minimum temperatures of 13.5 and 6.7 °C, respectively and total annual rainfall of 

1074.7 mm (Köppen-Geiger classification: Cfb). Data from the meteorological station located 

in the field showed that, during the investigated year (2013), the highest average 

temperature was 18.3 °C in July and the lowest was 4 °C in March, which was coincidental 

with the lowest rainfall values (Fig. S1). 

The soil has been classified as a Denbigh soil, which is a well-drained, silt loam soil over 

rock and the underlying geology is a Palaeozoic slaty mudstone and siltstone (NSRI, 2008). 

The prior land use was for semi-improved perennial ryegrass and various grass breeding 

trials. 

Three species of Miscanthus with widespread commercial use were selected for this 

experiment: (i) Miscanthus sinensis (Goliath) (SIN), a triploid intraspecific hybrid of M. 

sinensis (Purdy et al. 2015); (ii) M. lutarioriparius (LUT), a diploid variant of M. sacchariflorus 

that changed its status from being a subspecies to a separate species despite some 

remaining taxonomic controversy (Sun et al., 2010; Zhang et al., 2021); (iii) Miscanthus x 

giganteus (GIG), a sterile allotriploid hybrid of tetraploid M. sacchariflorus and a diploid M. 
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sinensis. Second generation rhizomes were brought over from Germany for the IBERS 

breeding programme (i.e. they represent the parent material) and planted in nine 

experimental plots (N=3 per species). Each plot was 25 m2 (5 m x 5 m), randomly distributed 

across the field (Fig. S2) and with 49 plants of each species planted in each plot (7 x 7). 

Crop yield was measured annually between 2012-2014 by IBERS, with the results reported 

as tonnes per hectare.  

 

2.2. Pre-pulse sampling of soils and plants 

Aboveground (leaves, stems) and belowground plant biomass (rhizomes and roots) together 

with bulk soil samples (0-10 cm) were taken from each experimental plot before the pulse-

labelling (Fig. S2). Three stems per plot were harvested and all leaves from each of them 

removed, dried and weighed. Samples of coarse roots and rhizomes were taken by digging 

with a shovel near the base of a randomly selected plant within a 2 x 2 m area designated 

for 13C labelling and washed and dried prior to analysis The dried weight of leaves and 

stems was summed and finally, multiplied by the number of stems per m2 per plot to give the 

total standing biomass in g m-2 (dry matter).  

Six 30 cm deep soil cores were collected using gouge augurs (Eijkelkamp Agrisearch 

Equipment, Giesbeek, Netherlands) with different diameters. Cores were taken from the soil 

surface between plants to avoid coring through rhizomes. Three of them (5 cm diameter) 

were used for bulk density and soil moisture content determinations. Fresh mass of the 

sample was recorded prior to air-drying (30 ºC) and again after 10-days air drying. Air-dried 

samples were gently crushed and sieved to 2 mm. Stones and roots retained on the sieve 

were weighed and their volume determined by displacement of water in a measuring jug. 

This allowed for bulk density to be measured without stone content. A 15 g sub-sample of 

the air-dried, sieved soil was oven-dried at 105 °C for 24 hr and re-weighed in order to 

derive total soil moisture content. 

The remaining three cores (2.5 cm diameter) were horizontally sectioned into 3 depths: 0-10, 

10-20 and 20-30 cm and each horizontal section was transferred to labelled bags and 

immediately frozen at -23 °C soon after collection. Vegetation samples were cleaned, oven-

dried at 60 °C and cryo-milled (SPEX SamplePrep, Freezer/Mill 6770) to a fine powder prior 

to analyses. Bulked soils were freeze-dried and then sieved to remove stones while coarse 

and fine roots were picked out by hand, cleaned, oven-dried at 60 °C, cryo-milled and placed 

in glass sample vials. The remaining soil was ball milled (Fritsch Planetary Mill Pulviresette 

5) to a fine powder ready for analysis. 

Final dried samples of leaves, stems, rhizomes, roots and bulk soils were analysed for C and 

N contents (%) using an elemental analyser (LECO Truspec Micro, Michigan, USA) and for 

C isotopic analyses (see below). 
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2.3. 13CO2 pulse labelling of Miscanthus plots 

In each replicate plot, square 13C pulse chambers were erected (2 m l, 2 m w, 3 m h) above 

the crop resulting in a total tent volume of 12 m3. Aluminium scaffold was used to support 

plastic polythene film that allowed 90% of photosynthetically active radiation (PAR) to enter 

the chamber. 

Pulsing tents were sealed from the ambient atmosphere at 7:00 am on 26 July 2013 by 

using a continuous line of large sandbags (approx. 60 cm (l), 20 cm (h), 30 cm (w)) laid 

along the base of the enclosures on the tent skirt (Elias et al., 2017). CO2 concentrations 

within the tents were initially monitored using a handheld infra-red gas analyser (IRGA) 

(EGM-4, PP Systems, Amesbury MA, USA) until photosynthetic CO2 drawdown was 

observed. The 13C pulse labelling started at ca. 08:20 hrs, once photosynthesis had 

commenced (identified by observing sub-ambient CO2 concentrations within the pulsing 

tents), by introducing ca. 6 l of 99% 13C-atom enriched pure CO2 (CK Gases, UK) in 

sequential batches over the course of ca. 2 hours. The polythene tents were subsequently 

removed at ca. 11 am. In order to counter ambient air temperature increases within the 

chamber during the pulsing period, each was cooled using 3.9 kW water cooled, split air 

conditioner capable of air movement of 416 m3/hr (Andrew Sykes, UK). Additional air 

movement was facilitated by a tripod fan positioned opposite the air conditioning unit, within 

the pulsing chamber. One large 25 kWh diesel generator (located outside the experimental 

area) was used to provide power to all tents. During the 13C pulse, air temperatures were 

regularly monitored inside the tent to ensure that temperature remained below 30 ºC. 

 

2.4. Soil CO2 sampling  

During the 13C pulse, 20 ml gas samples were taken frequently via syringe and stored in 12 

ml gas-tight exetainer vials (Labco, Lampeter, UK) for subsequent 13C and CO2 

concentration analyses. Soil 13C-CO2 flux measurements were made one week prior to 13C 

labelling and then at 4, 24, 48 hours after labelling, followed by less frequent sampling on 

days 3, 4, 5, 7, 10, 14, 28, 56, 84 and 130 (14 time points x 3 chamber locations (2 within 

plot, one just outside) x 9 plots x 4 measurements per time point = 1512 gas samples; Fig. 

S2). The final gas sampling day was in December 2013. Two PVC static chamber gas 

collars (15 cm d, 10 cm h) were permanently installed into the soil to a depth of 2 cm below 

the surface at equal spacing within the 13C pulsed area, while a third identical collar was 

positioned outside the experimental plot for periodic natural abundance control 

measurements required for the 13C mass balance calculations. The chamber lid had a height 

of 20 cm and an internal diameter of 15 cm, and when sealed with the collar (inserted into 

the soil by 5 cm), the chambers had an internal volume of ~0.005 m3 and a headspace 

volume of ~5 l. The chamber lids were sprayed with a reflective paint and fitted with a central 

septum for gas collection with a needle and syringe. Headspace gas samples (20 ml, 0.4% 

of total chamber headspace volume) were taken using the static chamber method described 
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by Anthony et al. (1995) at 0, 15, 30 and 45 minutes post enclosure and injected into 12 ml 

gas-tight borosilicate glass vials (Labco, Lampeter, UK) for subsequent GC analysis. At each 

gas sampling, measurements of soil moisture, soil temperature and air temperature were 

made. Three soil moisture measurements were taken around each gas sampling chamber 

with a handheld ML2Theta probe (Delta T Devices, Cambridge, UK) at a depth of 6 cm. Soil 

and air temperatures were taken at the beginning and end of each gas sampling around 

each chamber using a handheld temperature probe (Mini immersion thermometer, Testo Ltd, 

Alton, UK). 

 

2.5. Post-pulse plant and soil analyses 

At each gas sampling event (except 48 hrs, 4, 5 and 10 days) solid samples of leaves, 

stems, roots, rhizomes and bulk soils were taken from each experimental plot following the 

methodologies described above (n=3 replicates x 10 time points). An additional sampling of 

plant tissues and soils took place at day 190 (03/02/2014). Green leaves were taken from 

the upper sections of the plant (upper leaves or “leaves”) with the rest of the leaves and 

stems bulked together as one sample (stems+lower section leaves, “stems” henceforward). 

Only three plots out of nine had top leaves available for sampling on day 190 due to 

senescence: one GIG plot and two SIN plots. 

As before, all solid samples were transferred to labelled bags and immediately frozen at -20 

°C for processing. Vegetation and rhizome samples were cleaned, oven-dried at 60 °C and 

cryo-milled (SPEX SamplePrep, Freezer/Mill 6770) prior to analyses. Bulked soils were 

freeze-dried and then sieved and ball milled (Fritsch Planetary Mill Pulviresette 5). Coarse 

and fine roots were picked out from the sieve, cleaned, oven-dried at 60 °C and then cryo-

milled. 

 

2.6. Gas sampling and isotopic analyses of respired CO2, plant and soil samples 

Gas samples were analysed separately for CO2 concentration and δ13C isotopic enrichment. 

10 ml gas was removed from the glass sample vials via a syringe with a 2-way open/closed 

valve. These were attached to a 16-port distribution manifold feeding into a Small Sample 

Inlet Module (SSIM) and finally to a Picarro G-2131i Series CRDS (Cavity Ring Down) 

system where they were analysed automatically. A calibration gas sample (414 ppm, -

9.98‰) was run after every 8 samples. 5 ml of the remaining sample gas was transferred to 

a 3 ml borosilicate glass sample vial (Labco, Lampeter, UK) and run on a PerkinElmer 

Autosystem XL Gas Chromatograph (GC) (PerkinElmer, Waltham, MA, USA) fitted with a 

Flame Ionisation Detectors (FID) operating at 130 °C and Electron Capture Device (ECD) 

operating at 360 °C. The GC was fitted with a stainless steel Porapak Q 50-80 mesh column 

(length 2 m, outer diameter 3.17 mm) maintained at 60 °C. Eight calibration gas standards 
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(Air Products, Waltham on Thames, UK) were run per 32 samples and results were 

calibrated against these (Case et al., 2012). 

Solid sample analysis was performed on a Costech ECS4010 Elemental Analyser (Costech 

Analytical Technologies Inc, CA, USA) coupled to a Picarro G-2131i Series CRDS analyser 

(Picarro Inc, CA, USA) via a split-flow interface using a method similar to (Balslev-Clausen et 

al., 2013). Combustion gases were then vented through 1/16” Swagelok stainless steel 

tubing into the Picarro Caddy split flow interface, which matches flow rates, before passing 

into the Picarro CRDS analyser for δ13C analysis. Isotopic standards covering a 

representative range of δ13C values were run during each analysis batch for instrument 

calibration. 

 

2.7. Mass balance calculations and statistical analyses 

Outputs from the Picarro 13CO2 analyser were expressed in standard delta (δ) value notation 

(δ13C) [Equation 1], but converted to the atom % excess values for mass balance 

calculations [Equations 2 and 3] as in similar previous studies (e.g. Elias et al., 2017; 

Briones et al., 2019). The atom % excess represents enrichment above the 13C natural 

abundance values for each compartment (plant, root, rhizome, bulk soil and soil respiration) 

relative to the same samples taken before 13C pulse labelling. Atom % excess was then 

calculated by subtracting the atom % enrichment of labelled samples from the corresponding 

atom % enrichment of natural abundance samples [Equation 3]: 

δ13Csample = ((13C/12Csample)) / (
13C/12CPDB) -1)*1000 [Equation 1] 

Atom % = (100*AR*(δ13C/1000 +1)) / (1+AR*(δ13C/1000 +1))  [Equation 2] 

13C Atom % excess = atom %pulse labelled sample – atom %background reference sample [Equation 3] 

where 13C/12CPDB is the isotopic ratio of the standard material PDB, 13C/12Csample is the 

isotopic ratio of a measured sample and AR is the absolute ratio of standard material (PDB) 

given as 0.0112372. 

We used the slope of an OLS regression fitted to CO2 concentrations measured at 0, 15, 30 

and 45 minutes post enclosure to calculate CO2 concentration change over time. Time 

series of CO2 concentrations were quality controlled by discarding any with an R2<0.9, and 

CO2 fluxes (mg CO2 – C m-2 h-1) were calculated using Equations 4 and 5. Fluxes were 

partitioned into their 12C and 13C components using Equation 2. 

Cm = (Cv x M x P) / (R x T)  [Equation 4] 

F = (V x Crate)/A [Equation 5] 

where Cm = Mass per volume concentration (µg CO2-C/L), Cv = CO2 concentration by volume 

(mixing ratio) (ppmv CO2 - C), M = Molecular weight of CO2,  P = Barometric pressure (atm), 

R = Ideal gas constant defined as 0.08205746 L atm K-1 mol-1 and T = Air or chamber 

temperature at the time of sampling (K), F = Gas flux (mg CO2 – C m-2 h-1), V = Internal 
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volume of the enclosure (m3), Crate
 = Change in gas concentration over enclosure period (mg 

CO2 m
3 h-1) and A = area of collar enclosed soil surface (m2). 

The 13C fluxes (g m-2 hr-1) from the 13C pulsed plots are a combination of pre-existing (old) 

natural abundance 13C and enriched 13C after labelling. Therefore, the 13C excess flux was 

calculated using data from the chamber outside the 13C pulsed plots as the background 

sample [Equation 6]: 

13Cexcess Flux = 13Cpulse labelled sample flux – 13Cbackground reference sample flux  [Equation 6] 

Normality and homogeneity of variances were checked using the Shapiro-Wilk test and the 

Levene's test, respectively, and data were log transformed (13C signatures had to be log(-x) 

transformed, 13C excess were log(x+constant) transformed and percentage data were 

arcsine [squareroot(x/100)] transformed) to improve variance homogeneity (Levene’s test). 

Analyses of Variance (ANOVA) was used to evaluate overall differences in abiotic conditions 

and in soil, plant and soil respiration samples between the three species (i.e. GIG, SIN, LUT) 

across the studied period. Repeated measures ANOVA was used to determine the influence 

of time, species and the interaction between these two factors on soil respiration rates and 

the absolute amount of 13C excess in each of the plant sections, bulk soils and in soil 

respiration. 

In addition, exponential decay functions were fitted to the isotopic values of plant tissue, soil 

and soil respiration samples measured on the different time points to compare the temporal 

changes in 13C assimilation and translocation in the three species during the course of the 

experiment. 

Finally, the interdependence of soil respiration rates and abiotic variables (air and soil 

temperature and soil moisture) was explored using linear correlations (Pearson correlation 

coefficient). 

The data in Tables and Figures are presented as means ± S.E (n=3). All statistical analyses 

were performed using SAS System Release 9.3 (SAS Institute Inc., Cary, NC).  

 

3. Results 

3.1. Pre-pulse crop parameters, plant and soil chemical properties and natural abundance 

delta values 

During the investigated year M. lutarioriparius (LUT) produced the tallest plants, followed by 

M. giganteus (GIG) and M. sinensis (SIN) (Table 1). However, despite not being a tall-

growing crop, GIG rendered the highest yield (Table 1). 

Species identity did not affected gravimetric soil moisture contents, 30% on average (Table 

1). Similarly, there were no significant differences in bulk density values between the three 

Miscanthus species and on average was approximately 1 g cm-3 across the plots (Table 1). 

This is as expected for a Denbigh soil (fine loamy/fine silty) which has extensive root growth. 
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Pre-pulse measurements of the vegetation indicated that leaves, stems and rhizomes had 

higher C contents than roots, with GIG showing the lowest values in its roots relative to the 

other C pools (Fig. 1a and Table 1). In contrast, most plant N was concentrated in the leaves 

of the three crops (Fig. 1b and Table 1).  

The species identity of the plant crop had a significant effect on total soil C (ANOVASPECIES: F 

= 6.43, p = 0.0078) and total N concentrations (ANOVASPECIES: F = 4.90, p = 0.0182) and the 

soils under LUT stored higher amounts of these two elements, more so in the 10-20 cm soil 

layer (Table 1 and Figs. 1c,d). The lowest values were measured in the 20-30 cm layer, but 

the differences with the top layer were only significant for GIG (ANOVADEPTH: F = 11.16, p = 

0.0095 for total C and ANOVADEPTH: F = 7.97, p = 0.0205 for total N; Figs. 1c,d).  

Natural abundance carbon delta values of the plant samples clearly indicated the use of C4 

carbon fixation by the three Miscanthus species, with values ranging from -9.45 to -13.73 

(Table 1). However, very little of this enriched plant material has been incorporated into the 

C3 soils since the start of the field trial, as indicated by the low isotopic values (around -26‰) 

measured after three years and across the three treatments (Table 1). The less negative 

delta values were measured in the GIG soils, with the deepest soil horizon also showing the 

highest isotopic enrichment (Table 1). 

 

3.2. Influence of Miscanthus species on soil respiration and 13C excess rates 

Soil respiration rates for all three Miscanthus treatments steadily declined as the growing 

season ended (Repeated Measures of ANOVA, Wilk’s Lambda test: FTIME = 6.26, p = 

0.0184; Fig. 2), but no significant differences in these temporal trends were observed 

between species during the post-pulse period (Repeated Measures of ANOVA, Wilk’s 

Lambda test: FTIME*SPECIES = 1.10, p = 0.4439). Abiotic conditions were the main drivers 

behind overall soil respiration rates, with warmer temperatures (soil and air temperatures) 

having a significant positive effect on C fluxes (Pearson correlation, p = 0.0002, and p 

<0.0001, respectively) and soil moisture having the opposite effect (p = 0.0240).  

However, the response of soil respiration to changes in temperature and moisture regimes 

was significantly different between Miscanthus species (Table 2), and while C fluxes from 

GIG and LUT were unaffected by soil moisture, this abiotic factor had a significant influence 

on the amount of CO2 emitted from SIN soils (Table 2). Across the whole study period, the 

soils of the SIN plots had, on average, a higher moisture content than those under the other 

two crops (albeit the differences were only significant with the LUT plots; Table 3), and with 

the majority of the soil samples exceeding the value of 30% (Fig. S3). The negative effect of 

a higher soil moisture content on soil respiration rates have likely mitigated the stimulating 

effects of temperature and resulted in the lowest amounts of CO2 being released from the 

SIN soils (Post-pulse measurements, Table 3). 
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The highest 13C enrichment flux (Fig. 2) was observed during the first 24 hours following the 

13C pulse in all three species. Thereafter 13C effluxes decreased very rapidly and 3 days 

after pulse-labelling ca. 50% of the tracer was lost, with the rest being gradually respired 

during the next 25 days (Repeated Measures of ANOVA, Wilk’s Lambda test: FTIME = 110.48, 

p < 0.0001; Fig. 2). Despite respiring less CO2, the SIN soils emitted a greater proportion of 

the heavier isotope into the atmosphere when compared to the other two species, although 

the differences were not significant (Table 3). Cumulative values of 13CO2 excess in SIN, 

LUT and GIG for 130 days were 1035±131, 964±52 and 682±134 mg CO2-C m-2 hr-1, 

respectively. 

  

3.3. Influence of Miscanthus species on the allocation of recently photosynthetised 13C 

carbon in plant tissues 

Pulse labelling with 13CO2 resulted in a rapid isotopic enrichment of the vegetation and within 

the first 4 hours the amount of 13C fixed into plant biomass (as mg C m-2) was higher on 

average, albeit not significant, in the GIG and SIN plants than in those in the LUT plots 

(ANOVASPECIES: F = 0.81, p = 0.4582; Fig. 3) and inversely related to their respective 

standing biomass prior to pulse-labelling (Table 3 and Fig. 3).  

Furthermore, across the whole investigated period, more recent C assimilates (as 13C 

excess) were allocated aboveground than in the belowground biomass (ANOVATISSUE: F = 

54.44, p < 0.0001) and with species identity having a significant influence on the amounts of 

13C assimilated by the different plant tissues, with the exception of the leaves (Table 4). 

Accordingly, GIG and LUT incorporated 77.7% and 73.8%, respectively, of the total amount 

of 13C fixed in the stems compared to SIN (69.3%), but the latter showed a greater isotopic 

enrichment in the rhizomes and roots (22% and 8% on average, respectively). GIG 

incorporated 16.3% and 6.0% and LUT 18.0% and 7.3% of total 13C fixed into rhizomes and 

roots, respectively. 

In the three species, enrichment within the upper leaves peaked between 4 and 24 hours 

following 13C addition (Figs. 4a-c and Table 5), with the rest of the leaves and stems peaking 

between 24 hours to 3 days post 13C labelling (Figs. 4d-f and Table 5). Rhizome enrichment 

peaked between 1 and 14 days (Figs. 4 g-I and Table 5), and the root enrichment between 3 

and 56 days (Figs. 4 j-l and Table 5), highlighting the time-lag between fixing of current 

photosynthate in the leaves and subsequent transport and re-allocation in other plant 

tissues. Thereafter, enrichment levels gradually decreased over the sampling period across 

the three species (Repeated Measures of ANOVA, Wilk’s Lambda test: FTIME = 5.54, p = 

0.0015 and FTIME*SPECIES = 0.87, p = 0.6107; Fig. 4), although more slowly in the case of the 

stems in all three species, with 13-27% of the maximum enrichment still remaining in this 

plant section 190 days after pulse-labelling (Fig. 4). The only significant time x species 

interaction was observed for rhizomes (Table 5), and indicated that not only were SIN 

rhizomes significantly enriched compared to the other two Miscanthus species on three 
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sampling occasions (24 h, 3 days and 56 days), but also a different turnover rate of recently 

assimilated C in this plant section compared to the other two species. Thus, while the small 

amounts of 13C assimilated by GIG became fixed and stored in this plant tissue after 24 h 

and in LUT they were rapidly lost (as evidenced by the higher value of the slope of the 

exponential curve), a more progressive decline over time was observed in the case of SIN 

rhizomes, which led to similar amounts of labelled C remaining (relative to maximum 

enrichment) for both GIG and SIN at the end of the experimental study (Fig. 4).  

Compared to plant tissues, only small amounts of recently photosynthesised 13C carbon 

were incorporated into the soils under the three crops (less than 1% compared to the total 

amount fixed in the plants). However, despite the low 13C translocation belowground, 

species identity had a significant effect on the averaged enrichments of both rhizospheric 

and bulk soils (Table 4) as these two soil pools were significantly more enriched under SIN 

and LUT than under GIG (Fig. 5). Over the study period, 13C enrichment within the 

rhizosphere peaked at day 14 for LUT and at day 28 for SIN, whereas no time effect was 

observed for the 13C enrichment in the bulk soils (Table 5). 

 

4. Discussion 

Our study provides support for morphological trait differences in above and below-ground 

Miscanthus species having a significant effect on C allocation and turnover. This is important 

because the majority of research and modelling predictions has focused on the one species, 

the sterile allotriploid hybrid M. x giganteus and hence, our findings suggest that the careful 

selection of a particular species could help to improve the soil C sink function, and thus 

contribute to the net GHG mitigation or removal potential of this perennial bioenergy 

production system. 

 

4.1. Growing Miscanthus for biomass production 

It has been suggested that plant height, rather than shoot density, can be used as an index 

of aboveground yield (Clifton-Brown et al., 2001) and that a greater ploidy level can improve 

biomass production (Zub et al., 2011). At our study site, the diploid LUT has the tallest 

plants, but produced a similar crop yield (and had the highest standing biomass before the 

start of the pulse-labelling experiment) to the triploid GIG. That GIG is the Miscanthus plant 

with the highest primary productivity in terms of crop yield has been reported in several 

studies (Lewandowski et al., 2000; Pyter et al., 2007; Li et al., 2018; Fradj et al., 2020), but 

Clifton-Brown et al. (2001) specifically mentioned LUT (referring to Miscanthus 

sacchariflorus lutarioriparius) as an exception to his general relationship of stem height being 

the best indicator of yield, due to its low stem density. However, above-ground biomass of 

Miscanthus species and hybrids varies with location, year of cultivation and planting 

densities (Feng et al., 2015; Clifton-Brown et al., 2019; Shepherd et al., 2020). For example, 
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for mature GIG in England a gradual yield increase with crop age has been recorded, but in 

stands with low planting densities yields plateau after 9 years (Shepherd et al., 2020). 

Furthermore, long-term crop performance also depends on genotypic variability and a field 

experiment with 15 Miscanthus species reported a shorter establishment period to reach a 

yield plateau of GIG and LUT than of SIN hybrids (Gauder et al., 2012). 

A lower crop yield than expected for a taller crop such as LUT could also be likely a 

consequence of a higher proportion of pre-winter leaf mass dropped by this species 

(McCalmont et al., in prep). These losses originated from senescent leaves can represent a 

high percentage of the total above-ground biomass that is produced, with important 

implications for the total biomass that can be finally harvested (Kahle et al., 2001).  

Abscised leaves have seen to contribute more to the soil C accumulation than the rhizomes 

or roots in Miscanthus crops (Amougou et al., 2012). Therefore, it is possible to assume that 

the significant higher concentration of organic C and total N the soils under LUT is the result 

of a higher input of leaf litter. The fact that the 13C allocation to bulk soil was higher in LUT 

relative to GIG and SIN (albeit extremely low), but not different in rhizosphere soils, supports 

the idea that this 13C return may be coming more from litter rather than root deposition 

relative to the other species. In addition, and despite the lack of significant differences in the 

C and N contents of leaves, the higher quality (in terms of C/N ratio) of the LUT litter could 

also have positive implications for decomposition processes, as it has been seen in previous 

studies (Yajun et al., 2016; Zhao et al., 2020). 

 

4.2. Growing Miscanthus for increased C storage and less CO2 emissions 

Previous studies have shown that, although the three species investigated here show similar 

performance in radiation capture, GIG exhibits a significantly higher radiation‐use efficiency 

than the noninterspecific hybrid genotypes (Davey et al., 2017). This explains not only the 

high yields observed in GIG crops, but also its slightly higher incorporation of the 13C tracer 

into the upper leaves compared to the other two species. Thereafter, enrichment levels 

decreased in all four plant tissues (upper leaves, stems, rhizomes and roots), but the gradual 

decrease was less evident in the stems of all three species until the final sampling day. 

These findings suggest that although three species invest a great proportion of labelled 

assimilates into photostynthetic biomass (Elias et al., 2017), GIG attains a greater 

aboveground biomass because they are mostly deposited into cellulose rather than starch 

(Madison et al., 2017). 

There was a small time-lag until this recently assimilated C was transferred to the 

belowground biomass, in particular in the case LUT, with the 13C enrichment in rhizomes and 

roots peaking several days later (14 and 28 days, respectively) and the lowest amounts of 

labelled assimilates being allocated in these two plant sections compared to the other two 

species (less than a week for translocating higher amounts of assimilates from aboveground 
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biomas to rhizomes and roots in both GIG and SIN). These differences in C transfer and 

storage could be due to the higher plant height of LUT compared to GIG and SIN and to their 

different rhizome and root systems. LUT does not form tuft rhizomes (broad and thick-

stemmed that creep laterally from where shoots develop) unlike SIN (they do not exhibit the 

lateral creeping habit and aboveground shoots form dense centralised tufts made out of 

thinner stems), but those of GIG are an intermediate type (Lewandowski et al., 2003) that 

creep less than LUT rhizomes (Richter et al., 2015). Tuft type rhizomes yield higher dry 

matter than the non-tuft types and could explain why, in this study, both GIG and SIN stored 

more labelled C in their rhizomes than in those of LUT. However, underground production of 

GIG rhizomes and roots changes during the growing season (Dohleman et al., 2012), and in 

the case of SIN with spatial location, either in its Japanese native range (reviewed by 

Stewart et al., 2009) or in cultivations (Christensen et al., 2016). Furthermore, the timing of 

senescence has been pointed out as critically important for the translocation of mineral 

nutrients and carbohydrates back to the rhizomes to be remobilised for regrowth in spring 

(Nunn et al., 2017), which occurrs earlier in LUT (McCalmont et al., in prep). Therefore, more 

research is needed to fully understand the effects of individual species on rhizome C storage 

dynamics in European Miscanthus stands. 

Translocation of C from plant tissues and into soil respiration occurred very rapidly in the 

three Miscanthus species, before our first measurement (4 h after labelling), in agreement 

with previous studies (Elias et al., 2017; Robertson et al., 2017a) and the highest 13C 

enrichment flux was measured during the first 24 hours in all three species. Since the rate of 

transfer from photosynthetic biomass to soil respiration is controlled by phloem transport 

velocity and environmental conditions (Kuzyakov and Gavrichkova, 2010; Dannoura et al., 

2011; Lemoine et al., 2013; Liesche and Patrick, 2017; Gavrichkova and Kuzyakov, 2017), 

the short time lag observed here can be related to the rapid growth rates of Miscanthus spp. 

that are mainly controlled by temperature (Nunn et al., 2017). Consequently, as expected, 

soil respiration rates steadily declined as the growing season ended in parallel with 

decreasing air and soil temperatures and increasing soil moisture levels. Similar seasonal 

changes in soil respiration rates, with increases in spring and summer and decreases 

throughout the autumn have been observed in many field studies, including different 

Miscanthus species (Yazaki et al., 2004; Elias et al., 2017; Robertson et al., 2017b). 

Interestingly, although no significant differences in the rate of transfer of photosynthetically 

fixed C into respired CO2 between Miscanthus species, SIN translocated more labelled 

assimilates into soil respiration, but more importantly, under this crop the soils emitted less 

CO2 to the atmosphere. 

Carbon transfer to soil was negligible and most of the labelled assimilates exudated by the 

roots remained in the surrounding soil (rhizosphere), specially under SIN and LUT. This 

contrasts with other studies which found that Miscanthus-derived C could represent up to 

15–18% of the total soil C (Christensen et al., 2016) or 26 –29% of the cumulated C input 
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(Hansen et al., 2004), but it is coincidental with other work that reported more variable 

results depending on duration of the cultivation (Felten and Emmerling, 2012; Al Souki et al., 

2021) and soil depth (Felten and Emmerling, 2012; Richter et al., 2015). One possible 

explanation for these contrasting results is timing of the pulse-labelling, which in our study 

occurred at the peak of the growing season when plant metabolism and growth of biomass 

was higher, whereas a later application could have favoured belowground processes. We 

chose to perform this labeling experiment in mid-summer (late July) because it is the period 

of maximum biomass accumulation, and consequently, we anticipated a greater 

belowground transport of non-structural compounds than earlier in the growing season. 

However, although we acknowledge that our 13CO2 pulse-labelling approach might not have 

induced a measurable amount of labile C into more recalcitrant soil pools (Carbone et al., 

2007; Carbone and Trumbore, 2007; Kuzyakov, 2011), it confirmed that after three years 

since the establishment of the C3 to C4 switch trial very low amounts of C4-derived carbon 

has been incorporated into the C3 topsoils. 

5. Conclusions 

Our study showed that recently photosynthesised C transfer from above-ground vegetation 

to rhizomes and roots and finally to the soil was rapid (less than two months) in all three 

Miscanthus species. However, more C4-derived carbon from SIN entered the rhizomes and 

the roots, and hence susceptible to be retained after the aboveground biomass has been 

harvested (Robertson et al., 2017a). Therefore, despite being a slow-growing species and 

having lower above- and below-ground biomass compared to GIG (Christensen et al., 2016), 

SIN could be the choice of species to increase C storage in soils, especially in commercial 

plantations where annual (above-ground) harvesting takes place.  

Furthermore, although LUT produces leaf litter of higher quality and had the highest increase 

in soil C content during the year of study, 25% of the below-ground biomass of SIN dies off 

annually (Mun, 1988; Shoji et al., 1990), which could also be decomposed by soil organisms, 

via bacterial-foodweb driven channels (Elias et al., 2017; Briones et al., 2019). Because 

Miscanthus-derived emissions from senesced biomass or SOM is much slower than from 

plant metabolic respiration (Robertson et al., 2017a) and our study showed that the soils 

under SIN emitted less CO2, this species also shows advantages in terms of climate change 

mitigation.  

Because plant growth and senescence are directly related to abiotic conditions (temperature 

and soil moisture), the final choice of species for growing Miscanthus should also be based 

on the ability to withstand other environmental stresses in any given agroclimatic area where 

it is going to be commercially produced (Ouattara et al., 2020). In relation to this, it has been 

shown that SIN is more resilient to drought and salinity stresses than GIG (Stavridou et al., 

2019) and that LUT is much more tolerant to cold winter temperatures than SIN (Yan et al., 

2012). Consequently, in the case of Europe, planting LUT is only recommended for those 

areas with irrigation or no susceptibility to drought, whereas GIG is recommended for most 
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areas of Europe (Lewandowski et al., 2016). However, unlike the sterile hybrid GIG, the two 

other fertile species (SIN and LUT) can escape from cultivation and have negative effects on 

nearby resident plant communities (e.g. Quinn et al., 2010; Hager et al., 2015) and hence, 

developing regionally restricted cultivars to minimize widespread and invasion risks is 

advocated.  
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Figure captions 

Figure 1. Averaged (a) C and (b) N contents in above- and below-ground plant tissues and 

(c) soil C and (d) N contents measured at 0–10, 10–20 cm and 20–30 cm at the three 

Miscanthus treatments (pre-pulse). Error bars are S.E. and different letters indicate 

significant differences between soil depth per Miscanthus species (Miscanthus x giganteus 

(GIG), Miscanthus sinensis (SIN) and Miscanthus lutarioriparius (LUT)). 

Figure 2. Exponential fitted time course of soil respiration (a, c, e) and excess 13C flux in soil 

respiration (b, d, f) in three Miscanthus species across the 130 day sampling period (a,b: 

Miscanthus x giganteus (GIG), c-d: Miscanthus sinensis (SIN) and e-f: Miscanthus 

lutarioriparius (LUT)). 

Figure 3. Relative amount of 13C fixed (as pulse-derived 13C per m2) into the different plant 

tissues (i.e., leaves, stems, rhizomes and roots; stacked columns and primary axis) at the 

first sampling (4 hours) and the average standing biomass (g/m2) of each Miscanthus 

species (Miscanthus x giganteus (GIG), Miscanthus sinensis (SIN) and Miscanthus 

lutarioriparius (LUT)) in the pulse-chamber on the week before pulse-labelling (blue 

diamonds and secondary axis). 

Figure 4. Exponential fitted time course of pulse-derived 13C incorporation into upper leaves, 

lower leaves+stems, rhizomes and roots at each Miscanthus species (Miscanthus x 

giganteus (GIG), Miscanthus sinensis (SIN) and Miscanthus lutarioriparius (LUT)) across the 

190 day sampling period. 

Figure 5. Box-plots showing the distribution of pulse-derived 13C incorporation into (a) 

rhizospheric soil and (b) bulk soil under each Miscanthus species (pre-pulse). Different 

letters indicate significant differences between species (Miscanthus x giganteus (GIG), 

Miscanthus sinensis (SIN) and Miscanthus lutarioriparius (LUT))  
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Table 1. Crop parameters, plant and soil chemical properties and natural abundance delta 

values at the three Miscanthus treatments in the investigated year prior to the 13C pulse-

labelling experiment (mean ± S.E.; n=3). Different letters indicate significant differences 

between Miscanthus species per parameter. 

  

Miscanthus x 
giganteus 

Miscanthus 
sinensis 

Miscanthus 
lutarioriparius  

    Vegetation 
   Crop height 2013 (cm) 200.78±6.27a 153.22±0.61b 249.44±1.67c 

Crop yield 2013 (t/ha) 16.05±1.10a 5.46±1.08b 10.63±1.73ab 

Litter fall 2013/2014 (g m-2) 689.02±108.38a 684.10±130.78a 887.14±131.94a 

Leaves C content (%) 44.00±0.49a 43.97±0.19a 44.80±0.18a 

Stems C content (%) 42.10±0.37a 42.18±0.30a 42.90±0.42a 

Rhizomes C content (%) 42.99±0.89a 39.20±4.54a 43.72±2.37a 

Roots C content (%) 29.20±4.48a 36.22±1.69a 38.04±0.88a 

Leaves N content (%) 2.27±0.02ab 1.87±0.18a 2.43±0.05b 

Stems N content (%) 1.34±0.16a 1.01±0.10a 0.87±0.07a 

Rhizomes N content (%) 1.44±0.33a 0.84±0.04a 0.78±0.17a 

Roots N content (%) 0.88±0.08a 1.12±0.17a 0.83±0.06a 


13C leaves (‰) ‒10.34±1.08a ‒9.90±0.91a ‒12.34±0.13a 


13C stems (‰) ‒10.78±0.63a ‒9.45±4.23a ‒12.25±0.18a 


13C rhizomes (‰) ‒10.74±0.31a ‒10.87±0.35a ‒11.41±0.34a 


13C roots (‰) ‒13.74±1.87a ‒12.52±0.57a ‒12.65±0.56a 

 
   

Soil 
   

Moisture content 0-30 cm (%) 30.15±2.59a 31.00±1.38a 28.84±1.33a 

Bulk density 0-30 cm (g cm-3) 1.10±0.06a 1.06±0.03a 0.95±0.07a 

Total C content 0-30 cm (%) 3.08±0.14a 3.12±0.19a 3.96±0.25b 

Total C content 0-10 cm (%) 3.27±0.06a 3.00±0.35a 3.85±0.14a 

Total C content 10-20 cm (%) 3.39±0.04a 3.50±0.17a 4.23±0.19b 

Total C content 20-30 cm (%) 2.58±0.22a 2.87±0.39a 3.81±0.80a 

Total N content 0-30 cm (%) 0.34±0.01a 0.35±0.01ab 0.42±0.03b 

Total N content 0-10 cm (%) 0.35±0.01a 0.36±0.00a 0.40±0.02a 

Total N content 10-20 cm (%) 0.37±0.01a 0.37±0.02a 0.44±0.01b 

Total N content 20-30 cm (%) 0.29±0.02a 0.32±0.03a 0.42±0.09a 


13C 0-30 cm (‰) ‒26.03±0.23a ‒26.46±0.29a ‒26.81±0.27a 


13C 0-10 cm (‰) ‒25.80±0.50a ‒26.47±0.64a ‒26.18±0.65a 


13C 10-20 cm (‰) ‒26.51±0.28a ‒26.78±0.70a ‒27.21±0.30a 


13C 20-30 cm (‰) ‒25.77±0.33a ‒26.15±0.20ab ‒27.04±0.28b 
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Table 2. Spearman correlation coefficients and significance relating soil respiration rates and 

amount of excess 13C in soil respiration to abiotic variables in three Miscanthus species. 

  

Miscanthus x 

giganteus 
  Miscanthus sinensis   

Miscanthus 

lutarioriparius  

         

 

r p  r p  r p 

Soil Respiration 

        
         Air Temperature 0.38154 0.0198 

 

0.38385 0.0208 
 

0.49463 0.0025 

Soil temperature 0.37644 0.0217 

 

0.25948 0.1265 
 

0.47701 0.0038 

Soil moisture -0.19905 0.0806 

 

-0.24568 0.0349 

 

0.00028 0.9856 

         13C excess 

        
         Air Temperature 0.67580 < 0.0001 

 

0.57243 0.0003 
 

0.74725 < 0.0001 

Soil temperature 0.69608 < 0.0001 

 

0.59742 < 0.0001 
 

0.78398 < 0.0001 

Soil moisture -0.51394 < 0.0001 

 

-0.61630 < 0.0001 

 

-0.55615 < 0.0001 
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Table 3. Averaged pulse-chambers measurements one week before and across the whole 

pulse-labelling experiment of abiotic conditions, soil respiration, 13CO2 excess, and chemical 

properties, delta values of above and belowground vegetation and soils (rhizospheric and 

bulk soil) per Miscanthus species (mean ± S.E.; n=3). Different letters indicate significant 

differences between Miscanthus species per parameter. 

  

Miscanthus x 
giganteus 

Miscanthus 
sinensis 

Miscanthus 
lutarioriparius  

    Pre-pulse measurements  
(one week prior to pulse ) 

   Air temperature (oC) 27.93±0.75a 27.47±0.53a 28.63±0.64a 

Soil temperature (oC) 17.77±0.12a 17.90±0.23a 18.27±0.09a 

Soil moisture (%) 18.87±1.61ab 20.36±0.78a 14.69±1.41b 

Standing biomass (g/m2) 2849±368a 3543±470a 5081±973a 

Soil respiration (mg CO2- C m2 h−1) 104.79±12.38a 123.61±10.84a 93.98±10.84a 

    Post-pulse measurements 
   

Air temperature (oC) 19.51±0.67a 19.47±0.66a 19.63±0.64a 

Soil temperature (oC) 16.31±0.43a 16.41±0.43a 16.59±0.44a 

Soil moisture (%) 30.08±0.82ab 32.77±0.88a 29.79±1.02b 

Soil respiration (mg CO2-C m-2 h−1) 75.98±4.23a 69.42±3.56a 79.83±4.88a 

13CO2 excess (CO2-
13C m−2 h-1) 52.48±6.22a 83.89±12.72a 77.08±9.81a 

    Vegetation 
   Leaves C content (%) 43.37±0.28a 43.80±0.15ab 44.19±0.22b 

Stems C content (%) 43.63±0.21a 43.88±0.21a 44.10±0.27a 

Rhizomes C content (%) 40.98±0.49a 39.68±0.90a 38.18±1.39a 

Roots C content (%) 29.19±1.27a 28.11±1.20a 30.58±1.29a 

Leaves N content (%) 1.58±0.09ab 1.32±0.08a 1.83±0.10b 

Stems N content (%) 0.83±0.10a 0.76±0.07a 0.79±0.10a 

Rhizomes N content (%) 0.98±0.04a 0.82±0.04a 0.90±0.07a 

Roots N content (%) 0.70±0.03a 0.71±0.03a 0.81±0.03b 


13C leaves (‰) 97.70±13.64a 100.37±15.36a 78.70±17.41a 


13C stems (‰) 114.94±10.21a 120.16±9.94a 72.22±7.86b 


13C rhizomes (‰) 38.35±10.86ab 64.01±9.36a 30.98±6.26b 


13C roots (‰) 4.38±2.85a 14.59±3.20b 4.65±2.52a 

    Rhizosoil 
   Total C content (%) 3.84±0.11a 3.96±0.09ab 4.40±0.18b 

Total N content (%) 0.37±0.01a 0.37±0.01ab 0.40±0.01b 


13C (‰) ‒24.99±0.21a ‒23.92±0.37b ‒24.53±0.29ab 

    Soil 
   

Total C content 0-30 cm (%) 3.13±0.06a 3.38±0.06b 3.54±0.08b 

Total C content 0-10 cm (%) 3.34±0.07a 3.54±0.07ab 3.65±0.11b 

Total C content 10-20 cm (%) 3.32±0.09a 3.55±0.08ab 3.87±0.14b 

Total C content 20-30 cm (%) 2.74±0.09a 3.14±0.11b 3.09±0.11ab 

Total N content 0-30 cm (%) 0.32±0.01a 0.37±0.03b 0.35±0.01b 

Total N content 0-10 cm (%) 0.33±0.01a 0.35±0.01a 0.35±0.01a 

Total N content 10-20 cm (%) 0.34±0.01a 0.36±0.01ab 0.38±0.01b 

Total N content 20-30 cm (%) 0.29±0.01a 0.32±0.01a 0.31±0.01a 


13C 0-30 cm (‰) ‒26.91±0.06a ‒26.58±0.09b ‒26.44±0.08b 


13C 0-10 cm (‰) ‒26.69±0.10a ‒26.21±0.15b ‒26.10±0.15b 


13C 10-20 cm (‰) ‒27.21±0.10a ‒26.96±0.13a ‒26.82±0.10a 


13C 20-30 cm (‰) ‒26.84±0.11a ‒26.58±0.13ab ‒26.40±0.15b 
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Table 4 Results from ANOVA for C and N contents, delta values and 13C excess (atom %) of above and belowground vegetation, rhizospheric and bulk soils. 

  Bulk soil     Rhizosoil     Leaves 
 

  Stems 
 

  Rhizomes 
 

  Roots 

  df F p 

 
  df F p 

 
  df F p 

 
  df F p 

 
  df F p 

 
  df F p 

Carbon (%) 
    

Carbon (%) 
    

Carbon (%) 
    

Carbon (%) 
    

Carbon (%) 
    

Carbon (%) 
   Species 2 9.34 <0.0001 

 
Species 2 4.70 0.0117 

 
Species 2 3.29 0.0423 

 
Species 2 1.1 0.338 

 
Species 2 1.96 0.1465 

 
Species 2 0.97 0.3822 

Depth 2 30.34 < 0.0001 

                         Species x Depth 4 0.38 0.8261 

                         

                             Nitrogen (%) 
    

Nitrogen (%) 
    

Nitrogen (%) 
    

Nitrogen (%) 
    

Nitrogen (%) 
    

Nitrogen (%) 
   Species 2 3.73 0.0253 

 
Species 2 4.42 0.0150 

 
Species 2 7.66 0.0009 

 
Species 2 0.05 0.9552 

 
Species 2 2.82 0.0651 

 
Species 2 4.87 0.0099 

Depth 2 4.02 0.0192 

                         Species x Depth 4 1.74 0.14.09 

                         

                             13C (‰) 
    

13C (‰) 2 3.44 0.0369 
 
13C (‰) 2 0.57 0.5669 

 
13C (‰) 2 7.74 0.0008 

 
13C (‰) 2 3.65 0.03 

 
13C (‰) 2 4.11 0.0197 

Species 2 10.84 < 0.0001 

 
Species 

    

Species 
    

Species 
    

Species 
    

Species 
   Depth 2 20.60 < 0.0001 

                         Species x Depth 4 0.34 0.8541 

                         

                             13C excess (atom %) 
   

13C excess (atom %) 
   

13C excess (atom %) 
   

13C excess (atom %) 
   

13C excess (atom %) 
   

13C excess (atom %) 
  Species 2 50.34 < 0.0001 

 
Species 2 7.01 0.0015 

 
Species 2 0.45 0.639 

 
Species 2 6.21 0.003 

 
Species 2 3.54 0.0334 

 
Species 2 3.82 0.0258 

Depth 2 0.57 0.5673 

                         Species x Depth 4 4.56 0.0014 
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Table 5. Results from Repeated Measures of ANOVA for the effect of Miscanthus species 

on pulse derived 13C allocation in above- and below-ground plant biomass and soils 

(rhizospheric and bulk soils) over time. Significance multivariate test on each is Wilks’ 

lambda test. 

Source df Type III SS Mean Square F Value Pr > F 

      Leaves 

     Time 8 0.33531531 0.04191 21.5 < 0.0001 

Time x Species 16 0.01846489 0.00115 0.59 0.8743 

      Stems 

     Time 8 0.10290896 0.01286 23.78 < 0.0001 

Time x Species 16 0.01361483 0.00085 1.57 0.1138 

      Rhizomes 

     Time 8 0.03740243 0.00468 4.47 0.0006 

Time x Species 16 0.03911215 0.00244 2.34 0.0149 

      Roots 

     Time 8 0.00448650 0.00056 2.78 0.0130 

Time x Species 16 0.00283596 0.00018 0.88 0.5949 

      Rhizosoil 

     Time 8 0.00005037 0.00001 2.67 0.0164 

Time x Species 16 0.00005338 0.00000 1.41 0.1751 

      Bulk soil 

     Time 8 0.00000205 0.00000026 0.74 0.6570 

Time x Species 16 0.00000454 0.00000028 0.82 0.6596 
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Highlights 

 A better understanding of the C allocation dynamics in Miscanthus bioenergy crops is 

needed 

 We pulse-labelled (13CO2) intact plant-soil systems of three Miscanthus species for 

up to 190 days 

 Miscanthus giganteus and M. lutarioriparius allocated more photosynthates into 

above-ground biomass 

 M. sinensis  crops transferred 30% of fixed 13C in its belowground biomass and 

emitted less CO2 

 Careful selection of Miscanthus species may hold the success for reaching net GHG 

mitigation 
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