N

N

Analysis of young Miscanthus x giganteus yield
variability: a survey of farmers’ fields in east central
France
Claire Lesur-Dumoulin, Mathieu Lorin, Mathieu Bazot, Marie-Helene

Jeuffroy, Chantal Loyce

» To cite this version:

Claire Lesur-Dumoulin, Mathieu Lorin, Mathieu Bazot, Marie-Helene Jeuffroy, Chantal Loyce. Anal-
ysis of young Miscanthus x giganteus yield variability: a survey of farmers’ fields in east central France.
Global Change Biology - Bioenergy, 2016, 8 (1), pp.122-135. 10.1111/gcbb.12247 . hal-01532528

HAL Id: hal-01532528
https://hal.science/hal-01532528
Submitted on 28 May 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-01532528
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

BAL CHANGE BIOLOGY

="BIOENERGY

GCB Bioenergy (2016) 8, 122-135, doi: 10.1111/gcbb.12247

Analysis of young Miscanthus X giganteus yield
variability: a survey of farmers’ fields in east central
France

CLAIRE LESUR-DUMOULIN"23, MATHIEU LORIN!""2, MATHIEU BAZOT!?,
MARIE-HELENE JEUFFROY'? and CHANTAL LOYCE'?

TUMR 211 Agronomie, INRA, F-78850 Thiverval Grignon, France, 2UMR 211 Agronomie, AgroParisTech, F-78850 Thiverval
Grignon, France

Abstract

Miscanthus x giganteus is often regarded as one of the most promising crops to produce bioenergy because it is
renowned for its high biomass yields, combined with low input requirements. However, its productivity has
been mainly studied in experimental conditions. Our study aimed at characterizing and explaining young M. gi-
ganteus yield variability on a farmers’ field network located in the supply area of a cooperative society in east
central France. It included the first three growth years of the crop. We defined and calculated a set of indicators
of limiting factors that could be involved in yield variations and used the mixed-model method to identify those
explaining most of the yield variation. Commercial yields averaged 8.1 and 12.8 t DM ha ' for the second and
third growth year, respectively. However, these mean results concealed a high variability, ranging from 3 to
19 t DM ha '. Commercial yields, measured on whole fields, were on average 20% lower than plot yields, mea-
sured on a small area (two plots of 25 m?). Yields were found to be much more related to shoot density than to
shoot mass, and particularly to the shoot density established at the end of the planting year. We highlighted that
planting success was decisive and was built during the whole plantation year. Fields with the lowest yields also
had the highest weed cover, which was influenced by the distance between the field and the farmhouse, the pre-
ceding crop and the soil type. Our findings show that growing young M. giganteus on farmers’ fields involves
limiting factors different from those commonly reported in the literature for experimental conditions and they
could be useful to assess the economic and environmental impacts of growing M. giganteus on farmers’ fields.
They could also stimulate the discussion about growing bioenergy crops on marginal lands.

Keywords: bioenergy, commercial yield, Miscanthus x giganteus, on-farm research, perennial crop establishment, regional
agronomic diagnosis

Received 17 June 2014; revised version received 24 December 2014 and accepted 5 January 2015

Introduction

Miscanthus x giganteus (hereafter called M. giganteus)
is a C4 perennial rhizomatous grass originating from
east Asia, which has been studied as an energy crop
since the mid-1980s, mostly in the European Union
(Lewandowski et al., 2003) and more recently in the
United States (Heaton et al., 2008). M. giganteus rhi-
zomes are planted in spring. As crop production dur-
ing the first growth year is not sufficient to make
harvest profitable, the crop is crushed to establish a
mulch on the soil surface. From the second year on,
the crop is harvested annually. Despite biomass losses
during winter, M. giganteus is usually harvested at the
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end of winter to improve combustion quality, to
reduce the energy demand for drying (Lewandowski
& Heinz, 2003) and to enable nutrient recycling
between the above-ground and the below-ground bio-
mass (Strullu et al., 2011; Cadoux et al., 2012). Yields
increase during 3-5 years before reaching a ceiling
phase during which a peak productivity is achieved.
After establishment, the crop can be harvested annu-
ally for 20-25 years (Lewandowski et al., 2003). Crop
nutrient requirements are said to be low thanks to (i)
high nutrient absorption and use efficiency and to (ii)
nutrient cycling between the above-ground and the
below-ground biomass, as well as through leaf fall
before harvest. Cadoux et al. (2012) recommend a
maximum nutrient fertilization of 73.5, 7.0 and
105.0 kg ha™' of N, P and K respectively, for a dry
matter yield of 15t ha ' at winter harvest. M. gigan-
teus requires few pesticides except for herbicides dur-
ing the first 2 years (Lewandowski et al., 2000).

© 2015 John Wiley & Sons Ltd
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Miscanthus giganteus is often regarded as one of the
most promising crops to produce bioenergy and in par-
ticular second-generation biofuels because it is
renowned for its high yields (Lewandowski et al., 2003;
Heaton et al., 2004, 2010; Dohleman & Long, 2009) com-
bined with low input requirements. High productivity
is indeed very desirable for energy crops as the assess-
ment of several environmental and economic indicators
such as energy yield, land area requirement, production
costs and gross margin is mostly based on yields.
Assessments of M. giganteus were based mostly on
yields recorded from small areas in field experiments
(Zegada-Lizarazu et al., 2013) (e.g. 12-30 t DM ha '
when harvested in December; Lewandowski & Heinz,
2003) or made from models predicting yields (e.g.
20 t DM ha ' of peak productivity for late winter har-
vesting; Styles & Jones, 2007; 15-25t DM ha=! for
spring harvesting; Smeets et al., 2009). However, Mi-
guez et al. (2008) reported a high between-site yield var-
iability in a meta-analysis on M. giganteus yields [with a
standard deviation (SD) of 4.53 t DM ha ' for ceiling
winter yields averaging 18.4 t DM ha ']. In the mean-
while, Sensitivity analyses revealed the strong influence
of yield estimates on land requirement (Styles & Jones,
2007), crop production costs (Smeets et al., 2009), profit-
ability (Styles et al., 2008), energy yields (Eranki & Dale,
2011) and on the greenhouse gas balance (Hillier ef al.,
2009; Eranki & Dale, 2011).

Yields recorded in farmers’ fields can be quite differ-
ent from yields recorded in experimental plots due to
two factors. First, commercial fields cover a higher
range of environments (soil types) and cropping sys-
tems (preceding crop, crop management of M. gigan-
teus) than experimental fields in which several factors
are fixed. For example, Cadoux et al. (2012) suggested
that the absence of response to increasing nitrogen fer-
tilization observed in several studies could be related to
high soil nitrogen (N) supply due to the preceding crop
or to significant net N mineralization. In on-farm condi-
tions, soil nutrient supply might be much more variable,
as well as soil water supply. As observed in several
yield gap analyses on arable crops (Becker & Johnson,
1999; Wopereis et al., 1999; Becker et al., 2003; De Bie,
2004), yields recorded in farmers’ fields are lower than
potential yields (limited by solar radiation and tempera-
ture only) due to suboptimal growing conditions
(regarding nutrient or water availability, pest pressures,
etc.). Secondly, the assessment of yields in farmers’
fields may be lower due to higher losses during the har-
vest process. The difference between experimental
yields measured on small plots and field-scale yields
was examined by Monti et al. (2009) for switchgrass. To
our knowledge, no similar study has been carried out
for M. giganteus, and its productivity has not been
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assessed in on-farm conditions. However, studies dedi-
cated to the impact of cropping M. giganteus on biodi-
versity and soil carbon storage were carried out in on-
farm conditions (Semere & Slater, 2007; Bellamy et al.,
2009; Sage et al., 2010; Zimmermann et al., 2013). They
reported heterogeneity in M. giganteus fields, which
may significantly affect the economic viability of the
crop (Zimmermann et al., 2013). The difference between
yields measured in experimental and in on-farm condi-
tions might be especially significant for M. giganteus as
growing the crop on marginal lands is seen as a way to
reduce competition for land with food production.

Our paper aims to describe the variability in M. gi-
ganteus yields in a set of farmers’ fields at a regional
scale and to identify the main limiting factors and crop-
ping practices affecting M. giganteus yields. We applied
the methodology framework of the regional agronomic
diagnosis (Doré ef al., 1997, 2008) to a farmers’ field net-
work of young M. giganteus crops grown in the Bourgo-
gne (Burgundy) region of east central France. We used a
two-step approach. First, we analysed the variations in
yield and yield components observed in the farmers’
field network. Then, we identified the main limiting fac-
tors responsible for yield variation within fields.

Materials and methods

The farmers’ field network

Data were collected in 20 commercial fields located on 19
farms in the Bourgogne region (Burgundy) in France
(Table 1). Fields were located in a 1500 km? area ranging from
46°54' to 47°16'N and from 5°02' to 5°46'E in east central
France. The field survey was carried out during three growing
seasons between 2009 and 2011. Water deficit (estimated as
the difference between evapotranspiration and precipitation
accumulated over the whole growing period from April to
October) reached over the 3 years 241, 143 and 276 mm,
respectively. This can be compared with a long-term annual
average (estimated over the past 20 years) of 222 mm. All
fields were located in the supply area of a cooperative society
created in 2009 in Burgundy to commercialize pellets of M. gi-
ganteus, switchgrass and wood. Ten fields were planted in
spring 2009 and ten in spring 2010 after two kinds of preced-
ing crops: (i) annual crops such as wheat, corn, sunflower or
(ii) set-aside (for more than 5 years). These fields covered four
soil types: three deep soils (clay soils, clay-loamy soils, hydro-
morphic loamy soils) and moderately deep soils located on
alluvia. Soil depth (estimated from soil core samplings)
exceeded 120 cm for deep soils and ranged between 80 and
110 cm for moderately deep soils. Miscanthus giganteus was
planted on small fields (from 0.67 to 5.50 ha, mean: 2.35 ha).
Twelve of the 20 fields were of an irregular shape (defined by
the number of angles around the perimeter) and/or a very
elongated shape (defined by a ratio of width to length <20%).
Thirteen of the 20 fields were described by the farmers as
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Table 1 The farmers’ field network

Planting year Preceding crop Area (ha) Soil type SWCyax (mm) Number of angles Ratio width to length  Distance (km)*

2009 Set-aside 1.61 C 228
2.46 A 53

1.59 LC 231

Annual crop 1.31 C 152

0.75 C 222

3.04 C 222

3.68 C 222

2.20 LC 207

1.61 L 225

2.07 L 231

2010 Set-aside 2.90 C 226.5

0.70 C 228

1.54 A 156

5.50 LC 224

1.64 L 221

2.30 L 221

2.99 L 222

Annual crop 3.35 C 222

2.26 A 99

1.75 A 90

7 0.20 2

4 0.35 49

4 0.40 0

3 0.75 0

4 0.13 4

6 0.30 0

5 0.50 4

4 0.60 0

4 0.20 0

4 0.40 3

8 0.07 0

4 0.20 6.5

4 0.43 7.5
10 0.24 20

4 0.15 0

4 0.25 13

5 0.40 3

8 0.10 25

4 0.60 0

5 0.56 0

C, clay soil; CC, calcareous clayey soil; A, alluvial soil; LC, loamy clay soil; L, hydromorphic loamy soil; SWC: soil water content.
*0 indicates that the field and the farmhouse are located on the same municipality.

having problematic behaviour regarding water: one field,
belonging to the moderately deep soil category, was said to
be prone to water stress, while the others, assigned to the
deep soil class, were described as wet to hydromorphic and
had mostly hydromorphic loamy soils. Finally, three fields
were located far from the farmhouse.

Fields were planted mechanically with rhizomes at densi-
ties varying from 15 300 to 22 750 rhizomes per hectare in
2009 (mean: 18 900) and from 17 400 to 25 150 in 2010 (mean:
19 650) following advice from the cooperative technician.
More than three quarters of the rhizomes were supplied by
the British environmental and rural consultant ADAS. Analy-
sis on the mitochondrial genome confirmed that all fields had
been planted with M. giganteus. All fields but one were chemi-
cally weeded during the year of establishment, before the first
regrowth and occasionally (for four fields) during the second
growth year. One field was also weeded before the second re-
growth. Eighteen of the 20 fields were not fertilized. The two
remaining fields were fertilized once in 3 years with
<30 kg N ha™" at the beginning of spring. Due to low biomass
production, fields were not harvested at the end of the estab-
lishment year but were crushed in the field to establish a
mulch on the soil surface at the end of December. In subse-
quent years, the entire fields were mechanically harvested
from mid-March to early April in bulk (4 field-years) or in
bales (26 field-years).

Measurements

Measurements were taken for three crop ages: growth year 1
(GY1), that is the planting year, growth year 2 (GY2), that is the
first harvested year, and growth year 3 (GY3).

Growth years 2 and 3. M. giganteus yields were measured at
the end of winter 2010-2011 (at the end of GY2, which is the
first harvested year) and 2011-2012 (at the end of GY3) for
fields planted in 2009 while they were only measured at the
end of winter 20112012 for fields planted in 2010 (at the end
of GY2). Two types of yields were measured in each field: com-
mercial yields (cYIELD) and plot yields (pYIELDS). Commer-
cial yields (cYIELD) were measured on the whole field area
during the mechanical harvest with a method defined accord-
ing to the harvest type. When M. giganteus was harvested in
bulk, each truck containing the harvest was weighed and a
sample was oven dried to determine the dry matter percentage.
When M. giganteus was harvested in bales, the number of bales
per field was counted. Then, an average bale mass per field
was estimated by weighing the trailers containing the harvest
and the dry matter percentage was determined with a sam-
pling probe. pYIELD were measured in the fields at the begin-
ning of February on small plots of 25 m?. Each plot included
six rows of M. giganteus and was randomly located. However,
precautions were taken to avoid field borders and extreme field
areas in terms of shoot density (i.e. areas that were not repre-
sentative of the field). Shoot density (SH_DENS) was measured
on the whole area of both plots. A total of 250 shoots were then
randomly selected in each plot (from all the rows and different
plants), cut approximately 10 cm above ground and weighed.
Twenty of these shoots were subsampled to assess shoot height
and diameter. Shoot mass (SH_MASS) was estimated from the
fresh mass of 250 shoots. Moisture content of aerial biomass
was determined in a subsample of around one kg by oven dry-
ing for 72 h at 105 °C. Both types of yield provide complemen-
tary information: pYIELD is similar to experimental yields and
can be related to yield components whereas cYIELD gives
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access to productivity data under real farming conditions and
has a better ability to take into account field heterogeneity. In
addition to yields and yield components, weed cover (WEEDS)
was assessed on ten 0.25 m® microplots located at random
throughout the field at the end of winter (March): on each mi-
croplot, the percentage of weed cover was estimated visually.

Establishment year. As mentioned above, crops were
crushed at the end of the first growth year. One 50 m? plot was
marked out and observed twice during the first year. The den-
sity of emerged rhizomes was counted at the end of June
(E_DENS), when emergence was considered to be complete.
Shoot density at the end of the first growth year (SH_DENS 1)
was recorded before crushing. Weed cover (WEEDS;) was
assessed visually at the end of winter using the same method
as during GY2 and GY3.

Soil and weather data. Weather data, that is daily mean
temperature (T), global radiation (Rg) and potential evapo-
transpiration (ETP) were collected from two Meteo-France sta-
tions (Ouges, 5°04'41"E, 47°15'38"N and Chamblanc, 5°04'41"E,
47°15'38"N) and from a third station set-up at Chissey sur Loue
(5°44'12"E, 47°01'37"N). Each field was associated with the clos-
est station, which was always within 20 km.

Soils were characterized by local experts and from soil analy-
sis. Fifteen soil cores were collected throughout each field with a
hydraulic coring device to the full soil depth, up to a maximum
of 120 cm. Each core was cut into four layers (0-30, 3060, 60—
90, 90-120 c¢m), and four composite soil samples were obtained
by mixing the 15 cores from each depth. The sample from the 0—
30 cm layer was analysed to determine particle size and chemi-
cal composition: available P (Olsen method), exchangeable Mg
and K, total carbon and nitrogen, CaCO; and pH. Samples from
the 30-60, 60-90 and 90-120 cm layers were mixed, and particle
size was determined on the resulting mixture. Maximum root-
ing depth according to soil type and crop age was assessed on
nine contrasting fields digging soil trenches and extrapolated to
the other fields belonging to the same category: maximum root-
ing depth was set at 120 cm for M. giganteus crops older than
1 year and planted on deep soils, while it was reduced to 80 cm
for 1-year-old crops. On shallower soils, maximum rooting
depth was estimated as the maximum sampling depth. Particle
size and maximum rooting depth were combined to estimate
maximal available soil water content (SWCyax) using the Ja-
magne method (Jamagne, 1968).

Analysing the variability in commercial yields, plot
yields and plot yield components

Variation in commercial yield (cYIELD) was described and
related to variation in plot yield (pYIELD). Then, pYIELD
was analysed according to yield components in three steps.
First, analyses were carried out for each harvest year and
pYIELD was related to its components (SH_DENS and
SH_MASS). Then, each variable estimated for a given year
(pYIELD, SH_DENS and SH_MASS) was related to the same
variable estimated for the preceding year to study how a
growth year affected the following one. Finally, we focused

© 2015 John Wiley & Sons Ltd, GCB Bioenergy, 8, 122-135

on the establishment year, relating shoot density (SH_
DENS_1) to the planting density (P_DENS) and to the den-
sity measured after rhizome emergence (E_DENS). The effect
of the shoot density established at the end of the establish-
ment year (SH_DENS_1) on the results of the following year
was also assessed. This was all carried out by analysis of
variance. The relationship between yield and shoot density
was also analysed with a nonlinear model to determine the
shoot density above which yield no longer increased. All
statistical analyses were carried out with the statistical pro-
gram R (version R-2.14.2).

Defining indicators of limiting factors

Several indicators of limiting factors were defined both for har-
vest years (i.e. growth years 2 and 3) and for the planting year
(Table 2).

Growth years 2 and 3. Water balance. The dynamic water
balance was calculated on a daily basis as follows:

SWC(j) = R(j) +I(j) + SWC(j — 1) — ETR(j) — D(j),

where, SWC(j) = soil water content on day j (mm); R
(j) = amount of rainfall on day j (mm); I(j) = amount of irriga-
tion applied on day j, (mm) (zero in our study); ETR(j) = actual
evapotranspiration on day j (mm); D(j) = amount of drainage
on day j, (mm) (assumed to be zero in our study).

Water balance was initialized on March 1st of the growth
year, assuming that SWC on that date was equal to SWCyax
(i.e. the soil was at field capacity). As M. giganteus is a peren-
nial crop, from the second growth year on, the root system is
already established when the first shoots emerge in spring. We
therefore regarded maximal rooting depth (and as a conse-
quence SWCyax) as constant during the growing season.

ETR was defined as follows:

ETR(j) = K.(j) x Ke(j) x ETP(j),

where, ETP(j) = potential evapotranspiration on day j;
K.(j) = cultural crop coefficient on day j, defined as a function
of degree-days [Audoire, 2011); data from the French multisite
experimental network REGIX) from the sugarcane K. as
defined by the FAO (Allen et al., 1998)]; K(j) = stress coeffi-
cient on day j; Kj) =1 if SWC({) > 2/3*SWCyax and
Kq(j) = SWC(j)/SWCpax otherwise (Itier, 1996).

An indicator assessing the intensity of water deficit was
derived from the above equation on a daily basis as follows:

ETR(j)

WATER(j) = X < ETEG)

= Ks(j).

It was then averaged over the time period defined for each
yield component. For the analysis of SH_DENS, we assumed
from observations of Cosentino et al. (2007) combined with
local expertise that all effective shoots (which excludes regres-
sive shoots) are established at the end of May, so we calculated
WATERgp from emergence (~March 25) until May 31. For the
analysis of pYIELD and cYIELD, WATERgp was calculated
over the whole growing period, that is from emergence until
first frosts (~October 15th).
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Nitrogen from mineralization. As most of the M. giganteus
fields of the network were not fertilized, an indicator of the
nitrogen available to the crop was assessed by estimating the
quantity of nitrogen mineralized from humus (Mh) using the
following equations adapted from the Azodyn model (Jeuffroy
& Recous, 1999) and the COMIFER method (COMIFER, 2011):

Mh = TN x Kin X ND,

where, TN, = humified organic nitrogen stock of the mineral-
izing layer (t organic N ha™"); K,,, = humified organic nitrogen
mineralization rate (kg mineral N/(t organic N x ND));
ND = number of normalized days during a given period of
time.

TNorg = Nt x P x D, x (100 — SR)/100,

where, Nt = organic nitrogen percentage in the mineralizing
layer fine earth; P = depth of mineralizing layer (cm);
D, = apparent density of fine earth in the mineralizing layer;
SR = volumetric coarse fragment percentage in the mineraliz-
ing layer.

Kn = myg X Fsyst:

where, Ky, , = standard humified organic nitrogen mineraliza-
tion rate (kg mineral N/(t organic N x ND)); Fgys = increase
factor of the quickly mineralizable organic nitrogen pool under
the influence of the cropping system organic restitution mode
(set to an average value of 1 in our study within a range of 0.8-
1.2, as we focused on the first growth years of M. giganteus, we
considered that M. giganteus, as a perennial crop, has not modi-
fied soil nitrogen mineralization yet).

Ko, =22750/((110 + A) x (600 + CaCOs3)),

where, A =clay content of the mineralizing layer (g/kg);
CaCO; = limestone content of the mineralizing layer (g/kg).

ND was computed as a function of mean temperature and
soil moisture content using the following equation:

ND = "exp(K x (T(j) — Tret)) x Ks(j),
j

where, K = a temperature coefficient equal to 0.115 (Jeuffroy &
Recous, 1999); T(j) = mean temperature on day j (°C);
Tyef = reference  temperature (15 °C) (COMIFER, 2011);
Kq(j) = water stress coefficient computed on day j from the
water balance.

Mhgp and Mhgp were computed differently for SH_DENS,
cYIELD and pYIELD using the same time periods as those used
for both WATER indicators.

Weeds. The indicator related to weed cover (WEEDS) was
defined as the mean of the measurement described above.

Shoot density of the establishment year and crop age.
SH_DENS 1 and crop age (AGE) were chosen as proxy vari-
ables to take into account the perennial character of the crop,
that is the initial growth conditions and the effect of a growing
season to the following one, respectively. The crop develop-
ment in a given year can indeed affect its development in the

following year through nutrient translocation between the aer-
ial biomass and the rhizome, as described by Beale & Long
(1997) and Strullu et al. (2011).

Establishment year

The same indicators of limiting factors were calculated to char-
acterize the establishment year through the shoot density estab-
lished at the end of the year (SH_DENS _1). The water balance
computation was however, slightly different. First, as the
above-ground growth of the crop is postponed and lower than
that in the following growth years, we defined cultural crop
coefficients suited to the establishment year based on French
unpublished phenology data (INRA UR Agrolmpact, personal
communication). Unlike in growth years 2 and 3, we cannot
assume maximal rooting depth to be constant during the first
growing season: we assumed that rooting depth increased from
20 cm to the maximal rooting depth, which occurred during
the establishment year (80 cm, as defined in section Measure-
ments). WATER; and Mh; were computed over the whole
growing period from the planting date (~April 1) to the first
frosts (~October 15).

Selecting indicators of limiting factors explaining yield
and yield component variations

Indicators of limiting factors explaining yield and yield com-
ponent variations were identified with a three-step method,
which was applied on both yield measurements (cYIELD
and pYIELD) to assess the robustness of the results against
the yield measurement method. First, yield and yield compo-
nents were successively related to the candidate explanatory
variables using linear regression models defined by
Y=¢o+ @ix1 T ...+ @, +¢ where y is the response vari-
able (cYIELD, pYIELD or yield components), xi, ... Xp are
the explanatory variables (indicators of the limiting factors),
and ¢ is the residual error term. The mixed-model method
(Burnham & Anderson, 2002) was used to select the
explanatory variables x;, ..., x, and to estimate the model
parameters ¢, ..., ¢,. The mixed-model method, as proposed
by Casagrande et al. (2009) to identify the main factors limit-
ing the grain protein content of organic winter wheat, con-
sists of fitting all possible linear combinations of the
explanatory variables by least squares and in computing, for
each combination, the Akaike Information Criterion (AIC)
value (Akaike, 1974) and the Akaike weight (Burnham &
Anderson, 2002).

The Akaike weight was computed for each regression model
as:

o~05(AIC—AIC )

27:1 2—05(AIC;—AlC ) ’

w; =

where w; is the weight obtained for the ith combination of
explanatory variables, AIC; is the AIC value computed for the
corresponding model, and AIC,,;, is the minimal AIC value
obtained among all the possible combinations. The weight w; is
the probability that, given a set of models, model i would be
the AIC-best model (Burnham & Anderson, 2002). The relative
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importance of the variable x is then estimated by w,(x), the
sum of the Akaike weights across all models in the set where
this variable occurs. The larger w,(x), the more important is x
(Burnham & Anderson, 2002). Using these sums, all the vari-
ables can be ranked according to their importance. The mixed-
model method was computed using the MMIX package of the
R statistical software (Morfin & Makowski, 2009).

In a second step, the stability of the mixed-model method
results was assessed using the bootstrapping method, as
described by Prost ef al. (2008), to identify and rank the limit-
ing factors of wheat yield. The principle of bootstrapping is
to generate a large number of new data sets from the initial
data set by randomly sampling data with replacement to
study the uncertainty in the results of selection methods. A
total of 1000 bootstrap samples were generated from the ini-
tial data set, and the mixed-model method was applied on
each sample using the MMIX package of the R statistical soft-
ware (Morfin & Makowski, 2009). For each explanatory vari-
able were computed (i) the frequency of selection of each
variable across the bootstrap samples, (ii) the mean of the
estimated parameter values across the bootstrap samples, and
(iii) the SD of the estimated parameter values across the boot-
strap samples. For a variable x, a high frequency of selection
combined with a low SD indicates that the result of the selec-
tion method is stable.

Selecting indicators of limiting factors explaining shoot
density measured at the end of the establishment year

The same procedure was used to identify indicators of limiting
factors explaining shoot density established during the first
growth year. Finally, the selected limiting factors for the estab-
lishment year were related to the field environmental condi-
tions and to the cropping system characteristics. For each
selected limiting factor, we defined a set of field cropping
system characteristics likely to affect the selected factor and
assessed their influence using an analysis of variance.

For instance, regarding weed cover, we selected four vari-
ables, which were likely to induce high weed pressure or influ-

Table 2 List of abbreviations

ence the efficiency of weed management. DIST represented the
distance between the field and the farmhouse and AREA the
field area: we assumed based on discussions with some famers
and with the advisor of the cooperative society that farmers
would be less likely to supervise and manage weeds in remote
and/or small fields. SA-PREC gave information on the preced-
ing crop to account for the fact that set-aside land exerts a
higher weed pressure than annual crops. L-SOIL indicated
hydromorphic loamy soils: we assumed that wet soils favour
weed development. Variables describing weed management
(based on herbicide applications) were not included because
we could not assess whether the timing of herbicide applica-
tion was appropriate or whether herbicide treatments were effi-
cient, and thus relate weed management to weed cover. For
instance, similar herbicide programs based on three applica-
tions a year resulted in weed prevalence varying from 10% to
90%. SA-PREC and L-SOIL were defined as binary variables.
DIST, AREA, SA-PREC and L-SOIL were included in an
analysis of variance to identify the influential variables that
was carried out using the following model (R Development
Core Team 2008, version 2.14.2):

v WEEDS; =I + a;DIST + a, AREA + a3SA — PREC
+ a4 — SOIL + a5sSA — PREC : L — SOIL + e

where | is the intercept; ai, a, a3, a4, as are unknown
parameters; e is the error term, e = N(, r). We used a
square root transformation for weeds to reduce skewness.
The distribution of the model residuals was checked for pat-
tern and normality. Significance of the effects was assessed.

Results
Analysing the variability in commercial yields, plot yields
and plot yield components

Relationship between commercial and plot yields. Commer-
cial yields (cYIELD) averaged 8.1 t DM ha ' for growth

AGE Crop age
AREA Field area
E _DENS Rhizome emerged density
P_DENS Rhizome planted density
DIST Distance from field to farm
L-SOIL Fields with hydromorphic loamy soil
Mh Mh: indicator of available nitrogen (Mhgp: calculated during the whole growing period;
Mhgp: calculated during the shoot emergence period; Mh;: calculated during the establishment year)
SA-PREC Fields which were set-aside before the plantation of M. giganteus
SH_DENS Shoot density
SH_DENS 1 Shoot density established during the first growth year
SH_MASS Shoot mass
WATER Indicator of water deficit (WATERgp: calculated during the whole growing period;
WATERGgp: calculated during the shoot emergence period; WATER;: calculated during the establishment year)
WEEDS Weed cover (WEEDS;: measured during the establishment year)
cYIELD Commercial yield
pYIELD Plot yield

© 2015 John Wiley & Sons Ltd, GCB Bioenergy, 8, 122-135
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year 2 (GY2) and 12.8 t DM ha ' for GY3 (Fig. 1a) but
were mostly highly variable: cYIELD ranged for
instance from 3.2 to 19.1 t DM ha ' for GY3. cYIELD
was closely related to plot yield (pYIELD) (P < 0.01,
7 =0.72) (Fig. 1b), the difference between them being
greater for high plot yields. cYIELD was on average
20% lower than pYIELD, but this difference was highly
variable with extreme values close to 50%.

Relationship between yield and yield components within
1 year. Plot yield (pYIELD) was highly variable in the
network of farmers’ fields: it ranged from 2.6 t DM ha '
to 224t DM ha ' (mean = 12.6 t DM ha '). pYIELD
depended more strongly on shoot density (SH_DENS)
(P <0.001 and partial * = 0.61) than on shoot mass
(SH_MASS) (P < 0.001 and partial * = 0.31) (Table 3). It
also depended on an interaction between shoot density
and shoot mass. Yield was also related to shoot height
(P <0.001 and partial 7? = 0.24), but was not related to
shoot diameter (data not shown). pYIELD increased with
shoot density up to about 390 000 shoots m 2 (Fig. 2).

Relationship between yields from two successive years.
pYIELD reached at the end of GY3 was closely related
to that of GY2 (P < 0.001, #* = 0.74; Fig. 3a). Yield com-
ponents were also closely correlated from one growth
year to the next: r* reached 0.62 for shoot density
(P <0.001) and 0.78 for shoot mass (P < 0.001) (Fig. 3b
and ¢, respectively). Shoot density increased more
between GY1 and GY2 than between GY2 and GY3 as
shown in Fig. 3b while shoot mass remained stable
between GY2 and GY3 (Fig. 3¢).

Yield components of the first growth year. Shoot density
established at the end of the first growth year
(SH_DENS _1) was not statistically related to the plant-
ing density P_DENS (P > 0.5) (Fig. 4a). SH DENS 1
was statistically related to the emerged rhizome density
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Table 3 Analysis of variance of plot yield for growth years 2
and 3 (**Significance with P < 0.001)

P-Value Partial
SH_DENS 8.4 x 10 Bwwrx 0.63
SH_MASS 2.7 x 107 Mok 0.33
SH_DENS x SH_MASS 1.4 x 10 Dk 0.04
SH_DENS, shoot density; SH MASS, shoot mass.
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Fig. 2 Variation in yield as a function of shoot density for
growth years 2 and 3 (the straight line stands for the nonlinear
equation between yield and shoot density).

measured at the end of June (E_DENS), but not particu-
larly strongly (P < 0.01, 7* = 30%) (Fig. 4b). E_DENS of
about 14 000 shoots ha ' (average value of our network)
resulted in SH DENS 1 ranging from 37 000 to 151 000
shoots ha~!. We therefore concluded that the number of
shoots per rhizome established after rhizome emergence
(i.e. the tillering process) affected the most the elabora-
tion of SH_DENS 1.
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Fig. 1 (a) Variation in commercial yields as a function of crop age; (b) commercial yields as a function of plot yields.
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Fig. 4 Shoot density measured at the end of growth year 1 (GY1) as a function of (a) planted rhizome density, (b) emerged rhizome

density.

Selecting indicators of limiting factors explaining yield
and yield component variations

Identification of limiting factors was carried out succes-
sively on yield (cYIELD and pYIELD) and shoot density
(SH_DENS), as it is the component which mostly
affected yield, as described above. As estimated param-
eter values and SD were similar before and after the
bootstrap procedure, we only give the parameter values
computed after bootstrap. Lastly, we show the relative
importance values w, computed before and after boot-
strap (Table 4).

For cYIELD, the factors associated with the highest
relative importance values were WEEDS and
SH _DENS 1: w,(WEEDS) had a value of 0.97 while
w,(SH_DENS_1) was equal to 0.92 (after bootstrap).
With w,(AGE) equal to 0.77, AGE had also some influ-
ence. On the other hand, WATERgp and Mhgp had the
lowest relative importance values (0.47 and 0.44, respec-
tively). The probability that these factors would appear
in the best model was thus low, and they have lower
effect on pYIELD than SH_DENS 1, WEEDS and AGE.

© 2015 John Wiley & Sons Ltd, GCB Bioenergy, 8, 122-135

The range of values for WATERgp was wide (from 0.4
to 1), but WATERgp values below 0.65 were recorded in
only six field-years. Besides, field-years with similar val-
ues for WATERgp (or Mhgp) were associated with
totally different values for YIELD, indicating that other
limiting factors had much more influence.

For pYIELD, WEEDS and SH_DENS 1 had also the
highest relative importance values (0.92 and 0.91,
respectively), followed by AGE (0.74). WATERgp and
Mhgp had again the lowest relative importance values
(0.47 and 0.44, respectively). Besides relative importance
values, the estimations of parameters were also similar
to the one estimated using cYIELD. The results were
therefore robust against the yield measurement meth-
ods. In addition, for ¢YIELD and pYIELD, the ranking
of limiting factors was similar before and after the
bootstrap procedure, showing that the results are stable.

For SH_DENS, SH DENS_1 was the limiting factor
associated with the highest relative importance value:
with w,(SH_DENS_1) equal to 1 before and after the
bootstrap procedure, that limiting factor was always
selected and did not depend on the sample data.
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Table 4 Relationships for growth years 2 and 3 between (a) potential limiting factors and commercial yield, (b) potential limiting factors and plot yield, (c) potential limiting fac-

C. LESUR-DUMOULIN et al.

tors and shoot density

(c) Shoot density

(b) Plot yield

(a) Commercial yield

Relative

Relative

value

importance
w(x)*

Parameter

value

value

importance
w(x)*

Parameter

importance
value

Relative

Parameter

value

SD

value w,(x)*

After

Before

After

After
bootstrap  bootstrap  bootstrap

Before

After After

Before

After

bootstrap  bootstrap

bootstrap  bootstrap  bootstrap

bootstrap

Limiting factors

0.58

0.61
0.44
0.60

1

3.38 x 10*
1.46 x 10°
2.10 x 10°

0.228

3.03 x 10*

0.74
45
43

0.91

0.92

0.88
0.30

0.29

2.2
7.9

3.0
-0.77
—0.0076

0.77
0.47
0.44
0.92
0.97

0.75
0.46
0.43
0.91
0.91

2.2

3.2
24

AGE

0.52
0.60

—7.34 x 10*

0.

7.7

WATER*
Mhi

1.60 x 102

1.59
—4.70 x 10°

0.

0.040

0.037

—0.0051

0.98
0.97

1.6 x 10-°
0.20

3.8 x 10-°
-0.32

1.6 x 10-°
0.23

3.8 x 10-°
—0.40

SHOOT_DENSITY_1

0.76 0.81

342 x 10°

WEEDS

AGE, crop age; WATER, indicator of water deficit; Mh, indicator of available nitrogen; Shoot density 1, shoot density established during the first growth year; WEEDS, weed

cover.

*The larger w,(x), the more important variable is x regarding the explained variable.

tAccording to the explained variable, WATER and Mh were computed on different period of time.

w,(WEEDS) amounted 0.81 highlighting the strong rela-
tionship between WEEDS and SH DENS. With
w,(AGE), w,(WATERgp) and w,(Mhgp) equal to 0.58,
0.52 and 0.60, respectively, AGE, WATERgp and Mhgp
were slightly related to SH_DENS. As for cYIELD and
pYIELD, the ranking of limiting factors was similar
before and after the bootstrap procedure, showing that
the results are stable.

Selecting indicators of limiting factors during the
establishment year

The influence of potential limiting factors was analysed
on the shoot density established at the end of the first
growth year (SH_DENS_1): w,(WEEDS;) amounted to
0.77 and was the only factor that had a high relative
importance value (Table 5). w,(WATER;) was equal to
0.46 and w,(Mh,) equal to 0.57.

On all fields, weed cover (indicator WEEDS;) aver-
aged 18.8% but ranged from 0% to 92% (SD = 27.2%).
Analysis of variance showed that DIST was the most
influential variable, followed by the interaction between
SA-PREC and L-SOIL (Table 6): fields with hydromor-
phic loamy soil which in addition used to be set-aside
before M. giganteus had a high weed cover.

Discussion

Are M. giganteus yields overestimated?

Commercial yields measured in our farmers’ field net-
work were on average 30% lower than the mean yields
predicted for the same growth years with the statistical
model derived from the meta-analysis of Miguez et al.
(2008). However, the meta-analysis of Miguez ef al.
(2008) was based on experimental yields, which are
commonly higher than commercial yields as losses due
to the harvesting process are minimums. In our study,
plot yields, which are more comparable to experimental
yields, were on average 20% higher than commercial
yields. However, plot yields remained on average 15%
lower than the average yields predicted for the same
years from Miguez et al. (2008). The average plot yield
we measured for the second growth year was for
instance closer to the lowest experimental yields mea-
sured in different European countries — from 3 to
8 t DM ha ! (Clifton-Brown & Lewandowski, 2002;
Riche et al., 2008; Schwarz, 1993; Zub et al., 2011) — than
to the highest average yields measured for instance in
Poland - 15.3 t DM ha ! (Jezowski et al., 2011) — or in
the United States — 16.5 t DM ha™! (Maughan ef al.,
2012). In addition, we observed a high yield variability
between farmers’ fields: plot yields varied for instance
from 3.4 to 22.4 t DM ha™! for the third growth year.

© 2015 John Wiley & Sons Ltd, GCB Bioenergy, 8, 122-135
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Table 5 Relationships identified during growth year one between potential limiting factors and shoot density

Shoot density_1

Parameter value SD Relative importance value w.,(x)*
Limiting factors After bootstrap Before bootstrap After bootstrap
Mh, 9.95 x 10? 1.26 x 10° 0.39 0.57
WATER, —5.82 x 10? 9.37 x 107 0.31 0.46
WEEDS, —9.33 x 10? 7.26 x 10> 0.70 0.77

WATER, indicator of water deficit; Mh, indicator of available nitrogen; WEEDS, weed cover.
*The larger w.(x), the more important variable is x regarding the explained variable.

Table 6 Covariance analysis on weed cover (****Significance
with P < 0.001;**Significance with P < 0.05; *Significance with
P<0.1)

Estimate P-Value
Intercept +3.2 1.7 x 1072+
DIST +0.15 7.2 x 10 Sk
AREA —0.39 37 x 107!
SA-PREC —0.37 7.6 x 1071
L-SOIL —0.65 6.8 x 107!
SA-PREC : L-SOIL +4.41 5.7 x 107 2*

DIST, distance from field to farm; AREA, field area; SA-PREC,
set-aside as preceding crop; L-SOIL, hydromorphic loamy soil.

This variability is higher than the one observed on
seven experimental sites with varying soil water avail-
ability in England: Price ef al. (2004) measured third
year yields ranging from about 5 to 15 t DM ha™".

Following Jezowski et al. (2011) and Zub et al. (2011),
we can regard yields measured in the third growth year
in our farmers’ field network as a good indicator of
M. giganteus yield potential. On the basis of the compar-
isons made earlier, it appears that yield estimates com-
monly used in assessment studies dedicated to
M. giganteus — for example 12-30 t DM ha ' for Lewan-
dowski & Heinz (2003) and 15-25 t DM ha ' for Smeets
et al. (2009) — tend to be overestimated compared to
yields recorded in farmers’ fields, especially the highest.
We also highlighted the need to account for the reduc-
tion between experimental yields and commercial
yields. Lastly, given the large yield variability observed
between fields, the use of several assumptions on yield
values should be generalized in assessment studies ded-
icated to M. giganteus.

What are the main yield-limiting factors identified in farm
conditions?

We found that young M. giganteus yields in our farm-
ers’ field network were strongly limited by the shoot
density established at the end of the establishment year:

© 2015 John Wiley & Sons Ltd, GCB Bioenergy, 8, 122-135

planting success appears therefore to be decisive. Young
M. giganteus crops with the lowest shoot densities at the
end of the establishment year were indeed strongly
penalized in terms of yield value and of yield increase
the following years. Within a year, we found that yields
were strongly related to shoot density, as observed by
Clifton-Brown et al. (2007), Jezowski et al. (2011), Zub
et al. (2011) and (Gauder et al., 2012). On average, shoot
densities reported in the literature — from 570 000 to
740 000 shoots ha ! (Clifton-Brown & Lewandowski,
2002; Jezowski et al., 2011; Zub et al., 2011, Maughan
et al., 2012) — are higher than the mean shoot density
observed in our study. The fields we studied had very
uneven stands: several contained areas with very few
plants, and sometimes none at all. This is different from
experiments in which missing plants are replaced after
the planting year, as described by Clifton-Brown & Le-
wandowski (2002), Clifton-Brown et al. (2007) and Mau-
ghan ef al. (2012), but agrees with observations in
commercial fields. Zimmermann et al. (2013) indeed
mentioned that field heterogeneity could be due to
problems with the planting technique, bad rhizome
quality, poor overwintering or small-scale variations in
soil quality. We observed as well that poor tillering
occurring after rhizome emergence during the establish-
ment year could be an important source of heterogene-
ity in commercial fields. Planting success therefore
depends on the whole establishment year and not only
on the planting operation.

We also found yield variability to be strongly related
to weed cover. Similarly, we showed that the shoot den-
sity of the first growth year was strongly related to
weed cover. As weed competition with early growth of
M. giganteus was not monitored from the beginning of
the growing season, we cannot determine whether weed
pressure decreased yields or whether lower biomass
encouraged weed development. Our network included
fields with high or even extreme weed cover at the end
of the establishment year (e.g. 35%, 44%, 92%, Fig. 5).
On most fields, weed cover decreased rapidly from the
second year: crushing M. giganteus at the end of the
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planting year allowed the development of a mulch,
which was supplemented by the leaves falling during
autumn and winter in the following years. However,
fields with the highest weed cover at the end of the
planting year also had the highest weed cover the later
years (Fig. 5). As M. giganteus is known for being poorly
competitive with weeds during the establishment year
(Lewandowski et al., 2000), we assume that on the fields
with the highest weed density, weeds limited shoot til-
lering during the first year. We also suspect that the
weed effect that we observed in the later years by the
limiting factor selection procedure resulted from an
interaction between the poor shoot development and
the high weed development which occurred during the
planting year.

In experimental conditions, several authors (Heaton
et al.,, 2004; Richter et al.,, 2008; Gauder et al., 2012)
reported that M. giganteus yields were limited by water
availability. On our farmers’ field network this was not
the case, probably because most fields had a high soil
water capacity (mean = 193 mm; range: 42 — 228 mm).
Only three fields out of 20 had a soil water capacity of
<100 mm. Two of these three fields were located on
alluvial gravel soils close to rivers and probably bene-
fited from a high water table. The third is one of the
two fields with the lowest shoot densities and the low-
est yields. Unlike Heaton ef al. (2004) and Richter et al.
(2008), we explored a narrow spatial climatic variability
as our fields were located in the same supply area,
while compared to Gauder et al. (2012), we explored a
narrow temporal weather variability. Comparison with
long-term climatic averages shows that the years
included in our study were characterized by water
deficits only slightly higher (241 and 276 mm in 2009
and 2011, respectively) or even lower (143 mm in 2010)
than the mean value estimated over 20 years (222 mm).
However, as we estimated the water stress indicator by
adapting a water balance model commonly used for

(a)

20 —
9
& 15
N o
0 % °
& 10
Q
o
®
$ 7

[e) (o]

o

o
()
I I I I I I
0 20 40 60 80 100

Weed cover (GY1) (%)

o
|

annual crops (Sinclair & Ludlow, 1986; Muchow & Sin-
clair, 1991; Lecoeur & Sinclair, 1996; Soltani et al., 2000)
and grapevine (Pellegrino ef al., 2005a,b), it would be
valuable to assess the validity of this indicator for M. gi-
ganteus. Besides the narrow spatial and temporal vari-
ability explored in our field network, we can also
hypothesize that the overriding influence of planting
success concealed the influence of limiting factors oper-
ating at the annual scale. Further research is needed to
adapt other stress indicators commonly used for annual
crops — for example indicator for the diagnosis of plant
N status, as pointed out by Cadoux et al. (2012) — and to
characterize the crop sensitivity to several stresses
according to the growth stage and to crop age. Finally,
longitudinal studies would be valuable to see (i)
whether yield trends over the years follow a similar pat-
tern in commercial fields compared to the one observed
in experimental fields and (ii) whether additional yield-
limiting factors appear on the long run: Arundale et al.
(2014a) showed for instance that nitrogen fertilization
affected the intensity of yield decline with stand age
observed for M. giganteus (Lesur et al., 2013; Arundale
et al., 2014b).

What could explain the large difference between plot yields
and commercial yields?

The large difference between plot yields and commer-
cial yields could be due to three phenomena.

The first one deals with measurement errors. Commer-
cial yields require complex procedures to be measured,
especially when different harvesting methods are used
and when famers own several fields. Field heterogeneity
makes it difficult to measure representative plot yields.
Although our protocol to estimate plot yields was based
on random plot selection, we did avoid field borders and
areas where densities were so low that we could not
have measured yield based on our method. Doing so, we
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Fig. 5 Influence of weed cover: (a) evolution of weed cover between growth year 1 (GY1) and growth year 2 (GY2); (b) shoot density

as a function of weed cover at the end of GY1.
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did not assess properly whether heterogeneity varied
greatly between fields, or how it affected the difference
between plot yields and commercial yields. Field hetero-
geneity combined with the high amount of biomass pro-
duced makes it challenging to measure M. giganteus
yields in on-farm conditions and further research on that
aspect would be very valuable. Setting a plot specifically
in field borders, which are commonly more heteroge-
neous, could for instance improve yield estimation.
Remote sensing techniques as proposed by Zimmer-
mann et al. (2013) could also be improved to assess the
effect of patchiness intensity on yield.

The second phenomenon could be related to the inter-
val of time between plot yield measurements, carried
out at the beginning of February, and commercial yield
measurements, carried out from the end of March to the
beginning of April. Miscanthus giganteus standing bio-
mass peaks during autumn before declining during
winter under the effects of leaf fall and of remobiliza-
tion between the above-ground and the below-ground
biomass (Strullu et al., 2011; Cadoux et al., 2012). Le-
wandowski & Heinz (2003) reported for instance 13%
decline between February and March. In our field net-
work, harvest timing was chosen to maximize the plant
dry matter rate to facilitate biomass storage.

Lastly, the difference between commercial yields
and plot yields could be due to losses occurring dur-
ing the harvest process: biomass can be either uncut
or not picked up by the harvesting machine. To our
knowledge, harvest losses were never studied for
M. giganteus but Monti et al. (2009) observed for
switchgrass that biomass losses during the harvest,
accounted from 35% to 45% of potential harvestable
biomass. We observed in our field network that the
cutting height was highly heterogeneous within a sin-
gle field and between fields. We also observed that
the amount of unrecovered biomass appeared visually
higher in small fields and/or in fields with irregular
shape. Lastly, the amount of unrecovered biomass
seemed lower in fields harvested in bulk compared to
bales. The harvesting method was, however, deter-
mined by the distance between the field and the coop-
erative society. As a result, harvest in bulk cannot be
generalized. We therefore agree with Zegada-Lizarazu
et al. (2013) who emphasized the need to develop bet-
ter harvest techniques and to improve harvest machin-
ery to reduce biomass losses in the field.

Cropping M. giganteus on marginal lands?

Cropping M. giganteus on marginal lands may be a way
to limit land competition between food crops and non-
food crops. Although marginal lands are not clearly
defined (Batidzirai et al., 2012), according to CGIAR
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(Consultative Group on International Agricultural
Research, 1999) they can be land affected by biophysical
(drying soil, water saturated soil, steepness of terrain,
etc.) or socio-economic constraints (land legal status,
remote fields, etc.). In our study, we found that fields
with the most weed development (i) were located far
from the farm or (ii) combined hydromorphic loamy
soil and set-aside as preceding land-use (i.e. large
weed-seed banks and physical conditions favouring
weed development). The hydromorphic nature of soil
might also have affected planting success due to water-
logging (Zimmermann et al., 2013). In parallel, former
set-aside fields also have a high click beetle pressure,
which can decrease emergence and tillering if it is not
controlled (P. Béjot, personal communication). Inter-
views with the farmers showed that they chose those
fields to plant M. giganteus because the crop was
described as a way to cultivate fields that were left as
set-aside lands, located in environmentally sensitive
areas or were difficult to manage due to their size,
shape, remoteness or environment, to decrease the com-
petition of energy crops with food production. How-
ever, our study showed that such marginal lands may
require special care during the establishment phase,
particularly as regards weed control. In addition, we
could also wonder whether marginal lands could have
a higher risk of harvest losses. Monti et al. (2009) shown
indeed for switchgrass that field slope affected the
amount of unrecovered biomass during the harvest pro-
cess. Our field observations suggested that fields of a
particular size or shape (small or narrow) could also
present a higher risk of harvest losses. Further research
would be valuable on that topic: measuring harvest
losses for M. giganteus would be of particular interest
and a special focus should be made on marginal lands,
as they can be defined as difficult to manage.
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