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a b s t r a c t

Biomass-based fuels from bioenergy crops stand as viable alternatives to fossil fuels. Side-by-side infor-
mation on yields and N requirements of potential bioenergy crops is, however, lacking. The objectives of
our study were to evaluate yields, N removal, and response to N fertilization of perennial C4 and C3 species
under different N availability conditions in an irrigated Mediterranean climate. Five C4 species – mis-
canthus (Miscanthus × giganteus Greef et Deu ex. Hodkinson et Renvoize), switchgrass (Panicum virgatum
L.), big bluestem (Andropogon gerardii Vitman), bermudagrass (Cynodon dactylon L.), and elephantgrass
(Cenchrus purpureus (Schumach.) Morrone)-, and two C3 species – tall wheatgrass (Thinopyrum ponticum
Podp.) and tall fescue (Festuca arundinacea Schreb.) – were evaluated under three N fertilization rates (0,
100, and 200 kg N ha−1 yr−1) from 2009 to 2011 in Davis, CA, USA. Miscanthus, switchgrass, big bluestem,
and tall wheatgrass were harvested once per year, tall fescue twice, and bermudagrass four times per
year. Elephantgrass was eventually excluded from our study due to winter mortality. The highest N-
fertilized and unfertilized dry matter yields were achieved by miscanthus and switchgrass, followed by
tall wheatgrass, big bluestem, tall fescue, and bermudagrass, with highest dry matter yields of 33.9, 22.9,
17.2, 16.2, 15.6, and 12.0 Mg ha−1 yr−1, respectively. Significant responses to N were observed for all crops

in all years. Our results suggest that miscanthus and switchgrass have greatest potential as bioenergy
crops for several reasons: (1) these crops had the highest yields and required only a single-harvest per
year, (2) greatest response to N with yields increasing by 10.9 and 8.4 Mg ha−1 in the highest N treatment
and fertilizer use efficiency of 69 and 55 kg biomass kg−1 N applied, respectively, and (3) lowest biomass
N mass fraction of 3.6 and 2.6 g kg−1, respectively.

© 2014 Elsevier B.V. All rights reserved.
. Introduction

Interest in alternative sources of energy is growing due to insta-
ilities in the supply and cost of fossil fuels, national security
oncerns in the USA, and climate change induced by increasing

reenhouse gases in the atmosphere (Kering et al., 2012; Solomon
t al., 2007). Biomass-based fuels may be a viable alternative energy
ource (McLaughlin et al., 2002). Potential uses for biomass are

Abbreviation: FUE, fertilizer use efficiency.
∗ Corresponding author. Present address: Department of Soil Science, Faculty of
gronomy, Federal University of Rio Grande do Sul., 7712 Bento Goncalves Avenue,
orto Alegre, RS 9154-000, Brazil. Tel.: +55 51 9251 0321.

E-mail address: gabmpedroso@gmail.com (G.M. Pedroso).

ttp://dx.doi.org/10.1016/j.fcr.2014.02.003
378-4290/© 2014 Elsevier B.V. All rights reserved.
electric energy generation through co-firing with coal (Tillman,
2000), gas production by thermo-chemical gasification, and bio-
chemical conversion into liquid fuels such as ethanol (Parrish and
Fike, 2005). Ethanol fuel can be used in current internal combus-
tion engines and is the most cost-effective short-term alternative to
gasoline (Solomon et al., 2007). In addition, biomass-based ethanol
is estimated to achieve higher net energy efficiency and ethanol
yield per area (Schmer et al., 2008), while emitting less greenhouse
gases than maize-based ethanol (Adler et al., 2007).

Biomass feedstocks are available from agricultural and forestry
residues, urban wood wastes, and dedicated energy crops

(McLaughlin et al., 2002). Perennial C4 grasses such as switch-
grass (Panicum virgatum L.) and Miscanthus (Miscanthus × giganteus
Greef et Deu ex. Hodkinson et Renvoize) (Hodkinson and Renvoize,
2011) have strong potential as dedicated energy crops due to high

dx.doi.org/10.1016/j.fcr.2014.02.003
http://www.sciencedirect.com/science/journal/03784290
http://www.elsevier.com/locate/fcr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fcr.2014.02.003&domain=pdf
mailto:gabmpedroso@gmail.com
dx.doi.org/10.1016/j.fcr.2014.02.003
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Table 1
Soil properties (0–10 cm) at the location used to evaluate different dedicated energy
crops.

Climatic characteristics Davis

Soil name Brentwood silty clay loam
Clay (g kg−1) 280
Silt (g kg−1) 480
Sand (g kg−1) 240
pH (saturated paste extract) 7.2
CEC (cmolc kg−1) 35.4
Olsen-P (mg kg−1) 13.6
NO3-N (mg kg−1) 9.9
Extractable K (mg kg−1) 375
50 G.M. Pedroso et al. / Field Cr

onversion of sunlight into biomass, efficient water and N use,
nd ability to achieve high biomass yields with limited inputs
Samson et al., 2005). Once established, perennial crop fields can
e harvested for several years, reducing the energy input and costs
equired for annual replanting. In addition, perennial crops have
ther advantages compared to annual crops, such as reduced soil
rosion and nutrient leaching (Samson et al., 2005; Hohenstein and
right, 1994), increased soil organic matter content (Liebig et al.,

005), and providing habitat for wildlife (Dunn et al., 1993).
Nitrogen management is an important consideration in devel-

ping sustainable, energy efficient and environmentally benign
ropping systems dedicated for energy production (Guretzki et al.,
011). Fertilizer N is the main energy input and source of green-
ouse gases emissions during switchgrass cultivation for biofuel
urposes (Schmer et al., 2008; Adler et al., 2007). Furthermore, the
esponse of miscanthus and switchgrass to N fertilizer is not clear
nd results are conflicting due to variations in soil, crop manage-
ent, and number of harvests per year (Heaton et al., 2009; Parrish

nd Fike, 2005). Some studies have reported limited to no yield
esponse to N fertilization (Christian et al., 2001, 2008; Thomason
t al., 2005) while others reported significant yield responses (Ercoli
t al., 1999; Lemus et al., 2008; Muir et al., 2001; Pedroso et al., 2013;
troup et al., 2003).

Switchgrass and miscanthus are perennial C4 grasses that have
een most extensively studied as dedicated energy crops due to
heir high yield potential, excellent conservation attributes, adapt-
bility to marginal areas, and high water and N use efficiency
Heaton et al., 2004; McLaughlin et al., 1999; McLaughlin and Kszos,
005). Switchgrass is native to the North American tall grass prairie,
ccurring naturally throughout the mainland United States and
he Pacific Northwest (USDA, 2006). Reported dry matter yields
f switchgrass range from 5.5 to 36 Mg ha−1 (Fike et al., 2006;
eaton et al., 2004; McLaughlin et al., 1999; Pedroso et al., 2011;
chmer et al., 2008). Miscanthus × giganteus is a rhizomatous sterile
ybrid of M. sinensis and M. sacchariflorus (Hodkinson et al., 2002;
waminathan et al., 2010), and reported dry matter yields range
rom 8 to 44.1 Mg ha−1 yr−1 (Heaton et al., 2008; Lewandowski
t al., 2000; Maughan et al., 2012; Miguez et al., 2008).

Although switchgrass and miscanthus have received most of
he attention, regional and local environmental characteristics may
avor the use of different crops (Wright, 2007). Mediterranean
limates exhibit high solar radiation and longer growing season,
hich allows for a higher yield potential. Elephantgrass (Cenchrus

urpureus (Schumach.) Morrone), big bluestem (Andropogon ger-
rdii Vitman), and bermudagrass (Cynodon dactylon L.) may be well
uitable for energy production in such climates, especially under
onditions of low soil N. Elephantgrass is a high yielding grass
ative to tropical Africa (Knoll et al., 2012) that has traditionally
een used for dairy cattle feed due to its high yield and protein
ontent (de Morais et al., 2009). Reported dry matter yields range
rom 20 to 70 Mg ha−1 yr−1 under high N fertilization rates and

ultiple harvests per year (de Morais et al., 2009; Valencia-Gica
t al., 2012; Woodard and Prine, 1993). Big bluestem is native to
he American tall grass prairie (Price et al., 2012) and has tradi-
ionally been used as high quality forage. Big bluestem could be
sed for biofuel purposes due to its high fermentability (Weimer
nd Springer, 2007). Reported big bluestem dry matter yields range
rom 2.5 to 9.2 Mg ha−1 yr−1 (Propheter et al., 2010; Robins, 2010).
ermudagrass occurs naturally in North Africa, Asia, Australia and
outhern Europe (Xu et al., 2011). It has been extensively used
s a ruminant feed and is well adapted to soils with salinity and
rought issues (Burton et al., 1957; Stone et al., 2012). Yields up

o 24.2 Mg ha−1 yr−1 in irrigated multi-harvest systems have been
eported (Brink et al., 2003).

While most dedicated energy crops studied so far are C4 plants,
erennial C3 crops may be well suited in regions where winter
Organic matter (Walkley-Black) (g kg−1) 19.1
Total N (combustion) (g kg−1) 1.3

rainfall is available, such as in the warm Mediterranean climate
of California. Perennial C3 crops, like tall wheatgrass (Thinopyrum
ponticum Podp.) and tall fescue (Festuca arundinacea Schreb.), may
require less irrigation in Mediterranean climates because of their
ability to grow during the wet cooler months. In addition, agri-
cultural production systems in Mediterranean climates are often
irrigated, and C3 cool-season grasses have been reported to out-
perform C4 warm-season grasses in irrigated cropping systems
(Robins, 2010). Tall wheatgrass is native to Turkey, Asia Minor
and Russia (USDA, 2008). ‘Jose’ tall wheatgrass has shown high
saline tolerance (Suyama et al., 2007) and dry matter yields up to
8.0 Mg ha−1 yr−1 under saline drainage water irrigation (Robinson
et al., 2004). Tall fescue is native to Europe (Gibson and Newman,
2001) and is popular as forage in the transition zone between the
adaptive areas of cool-season and warm-season grasses (Asay et al.,
2001). Tall fescue yields up to 23.1 Mg ha−1 yr−1 have been reported
from multi-harvest systems under irrigation (Robins, 2010).

When assessing new biofuel crops for a region, it is ideal to
initially evaluate a broad range of potential species. Moreover,
the species response to N may play a major role in the selection
and performance of dedicated energy crops. However, side by side
comparisons of different dedicated energy crops are limited for
Mediterranean climates. California’s Mediterranean climate has a
high yield potential but may also require higher N inputs than
in the traditional Mid-Western regions where energy crops have
been studied. The objective of this study was to test potential C4
and C3 species as dedicated energy crops under irrigation in a
warm Mediterranean climate by evaluating biomass yields, crop
N removal, and fertilizer N use efficiency under conditions of low,
moderate, and high N availability.

2. Materials and methods

2.1. Site and species description

The experiment was conducted at the UC Davis Agronomy Field
Headquarters in Davis (38.5◦ N; 121.7◦ W), situated in the Cen-
tral Valley of California. Davis is located in a warm Mediterranean
climate (CSa) (Peel et al., 2007), exhibiting warm and dry sum-
mers and cool and wet winters, with average annual precipitation
of 445 mm during late fall, winter, and early spring. The soil is
classified as a very deep well drained Brentwood silty clay loam
(fine, smectitic, thermic Typic Haploxerepts) with a water table at
more than 200 cm. Soil samples were taken prior to establishment
in 2007 and averaged over 10 cm deep. Samples were air dried,
ground through a 2 mm mesh screen, and analyzed for pH (satu-
rated paste extract), NO -N, Olsen-P, extractable-K, CEC, organic
3
matter (Walkley-Black), particle size, and total N (Table 1). Tem-
perature and precipitation data for the duration of the experiment
were obtained from the Western Regional Climate Center (Table 2).
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Table 2
Monthly average temperature, frost free days, growing degree days, and precipitation from 2009 to 2011 at Davis, CA.

Month Temperature (◦C) Precipitation (mm)

2009 2010 2011 2009 2010 2011

January 8.3 8.6 7.4 37 168 48
February 9.9 11.0 8.9 158 73 88
March 12.2 12.2 11.5 41 0 161
April 15.2 12.9 15.0 16 82 2
May 20.1 16.4 16.6 19 15 24
June 21.4 22.4 20.6 12 0 44
July 23.6 22.9 23.7 0 0 0
August 23.3 21.8 22.8 0 0 0
September. 23.5 22.4 24.1 5 5 0
October 16.6 18.2 18.3 104 23 30
November 12.1 12.3 10.7 8 54 31
December 7.1 10.1 7.7 57 139 10
Mean/total 16.1 15.9 15.6 458 560 439
Frost free days 350 363 344 – – –
GDD† (base temp. 10 ◦C) 2442 2305 2302 – – –
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ource: Western Regional Climate Center.
† GDD, growing degree days.

Seven potential crops for bioenergy production were identified.
he C4 warm-season grasses were miscanthus (‘Hybrid Giganteus’
ariety), switchgrass (‘Alamo’ variety), elephantgrass (‘Promor A’
ariety), big bluestem (‘Big Kaw’ variety), and bermudagrass (‘Giant
K 37’ variety) and the C3 cool-season grasses were tall wheatgrass

‘Jose’ variety) and tall fescue (‘Fawn’ variety).

.2. Crop establishment and management

The experimental design was a split-plot randomized complete
lock design with four replications. The main plots treatments were
even perennial grass species with N rate as the sub-plots treat-
ents. The size of the main plots was 5 by 15 m. The crops were

stablished in the main plots during 2007 and 2008 (Table 3). Prior
o planting any of the crops the field was uniformly disked and

seedbed prepared to ensure a firm and fine soil surface. Tall
heatgrass and tall fescue were drill seeded at a depth of 0.5 cm

nd 25 cm between rows and bermudagrass was broadcast seeded
n September of 2007. Seeding rates were 17, 18, and 9 kg ha−1

f pure live seeds for tall wheatgrass, tall fescue and bermuda-
rass, respectively. Due to the low temperatures in fall 2007, the
eeding of switchgrass and bigbluestem were postponed until the
ollowing summer. In August of 2008, switchgrass and big bluestem
ere broadcast seeded at a seeding rate of 7.2 and 9 kg ha−1 of
ure live seeds, respectively. Miscanthus rhizomes were obtained
rom Mendel Biotechnology Inc. (Hayward, CA, USA) in October
f 2007. Rhizomes of approximately 25 g were transplanted into
2 cm square pots containing a potting mix and grown during the
007/2008 winter in a greenhouse in Davis, CA. In July of 2008,
he above ground portion of the miscanthus plants was trimmed
nd the potted plants were transplanted at a uniform spacing of
5 cm × 75 cm. Approximately 10% of the plants died and were
eplanted in spring of 2009. By the fall of 2009 the area between
lants had largely filled in as the miscanthus spread. Elephant-
rass was obtained from the USDA Research Station in Brawley,
alifornia. Plant stems were harvested and cut into billets contain-

ng 2 nodes in September of 2007. The billets were transplanted in
he same month, by placing a continuous row of billets into furrows
5 cm apart and covering with 5 cm of soil. The billets germinated
nd grew approximately 1 m tall before the onset of winter. How-

ver, the plants did not survive the 2007/2008 winter and the crop
ad to be replanted. Newly harvested billets from the same source
ere transplanted in August of 2008. Despite the longer establish-
ent period, the elephantgrass plants once again did not survive
the 2008/2009 winter. Elephantgrass was therefore excluded from
the experiment due to high winter mortality.

The experimental field was kept under sprinkler irrigation dur-
ing the 2007 and 2008 establishment years. Invasive plants were
controlled by hand weeding as necessary in 2007 and 2008 and no
fertilizers were applied in 2007. In July of 2008, 20 kg N ha−1 was
applied as urea (CH4N2O) to all plots.

Fertilizer N treatments (0, 100, 200 kg N ha−1 yr−1) were
imposed in 2009 (subplots of 5 by 5 m) and maintained through
2011. Each individual experimental sub-plot received the same N
rate as a single application of urea for the duration of the experi-
ment. In addition, phosphorus, potassium and sulfur were applied
annually to all plots at a rate of 100 kg ha−1 of P2O5 and K2O and
34 kg ha−1 of S to ensure these nutrients were not limiting. From
2009 to 2011 the irrigation was converted to a flood irrigation sys-
tem and flooded every two to three weeks during the growing
season. The main field operations and their timing are shown in
Table 3.

Above ground biomass yields were determined in 2009–2011.
Due to differences in growth patterns among crops, the timing
and number of harvests varied by crop. Miscanthus, switchgrass,
and big bluestem were harvested once per year after flowering
and senescence in mid-fall. Tall wheatgrass was harvested once
per year after flowering in mid-summer. Tall fescue was harvested
twice per year, in early-spring and mid-fall. Bermudagrass was har-
vested four times per year, with the first harvest being performed
in late-spring and the last one in mid-fall. With the exception of
miscanthus, all crops were harvested using a walk-behind tractor
(BCS 750 model, BCS America, Portland, OR, USA) equipped with a
76 cm wide sickle bar mower set at a cutting height of 10 cm. The
borders were cleaned and the area harvested from each experimen-
tal unit was 5 m2. Miscanthus was harvested using a chainsaw to
cut plants 15 cm above ground level from a 9 m2 area in the middle
of each subplot. For all harvests the biomass was weighed and a sub-
sample taken for dry matter determination (60 ◦C). Biomass yields
are expressed on a dry matter basis throughout the manuscript. The
subsamples were coarsely ground in a Wiley mill, finely ground in
a ball mill, and analyzed for N mass fraction by combustion at the
Stable Isotope Facility at UC Davis.

Fertilizer use efficiency (FUE) represents the increase in biomass
per unit of fertilizer N applied, and was calculated as follows where

yields and N fertilization rate are expressed in kg ha−1:

FUE = (Yield N fertilized plot − yield unfertilized plot)
N fertilization rate
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Table 3
Primary management practices from 2007 to 2011.

Year Management Miscanthus Switchgrass Bermudagrass Big bluestem Tall wheatgrass Tall fescue

2007 Planting – – September 5 – September 4 September 4

2008 Planting July 9 August 8 – August 8 – –
Fertilization August 22 August 22 August 22 August 22 August 22 August 22
Harvest – – July 9; November 20 – July 9 July 9; November 20

2009 Fertilization April 10 April 10 April 10 April 10 April 10 April 10
Harvest November 3 November 3 May 12; June 24; August 17; November 3 November 3 June 24 May 12; November 3

2010 Fertilization April 7 April 7 April 7 April 7 April 7 April 7
Harvest October 19 October 19 June 1; July 14; August 7; October 19 October 19 August 6 May 5; September 16
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2011 Fertilization April 8 April 8 April 8
Harvest October 12 October 12 April 10; June 21; A

.3. Statistical analysis

Data were analyzed for normality and constant variance
f errors, and data transformations were performed when
ssumptions were violated. Analyses of variance on biomass yields,
iomass N mass fraction, crop N removal, and FUE were per-
ormed using the Mixed Procedure in SAS 9.3 (SAS Institute Inc.,
ary, NC, USA). Species, year, N treatment, and the interactions
etween species × year, species × N treatment, year × N treatment,
nd species × year × N treatment were considered to be fixed
ffects, while block was considered a random effect.

Due to significant interactions (Table 4), analysis of variance on
iomass yield data was performed by crop, with N treatment, year
nd the interaction between N treatment × year as fixed effects,
nd block as random effect. When no significant interaction was
etected between N treatment × year within the same species, the
ffect of N fertilization was analyzed across years. When the inter-
ction between N treatment × year was significant, the effect of N
ertilization was analyzed for each year. Biomass N mass fraction,
rop N removal, and FUE data were analyzed by crop at each year
nd N fertilization rate. Differences were considered to be signifi-
ant at the 5% probability level.

. Results and discussion

.1. Biomass yields, response to N fertilization, and FUE

Due to the significance of the fixed effects species, N treatment,
nd year, and the interactions between species × N treatment and
pecies × year (Table 4), biomass yields, response to N fertilization,
nd FUE data are presented for each crop and year.

Averaged across N treatments and years, miscanthus had the
ighest dry matter yields at 20.3 Mg ha−1 yr−1, followed by switch-
rass (16.1 Mg ha−1 yr−1), big bluestem, tall wheatgrass, and tall
escue (9.8, 10.5, and 8.6 Mg ha−1 yr−1, respectively), and lastly by
ermudagrass at 7.2 Mg ha−1 yr−1 (Fig. 1). In the first year, tall
heatgrass, miscanthus, and switchgrass were the highest yield-

ng crops with average yields across N rates of 15.3, 14.7, and
2.7 Mg ha−1 yr−1, respectively. In the second year, switchgrass
18.7 Mg ha−1 yr−1) and miscanthus (17.8 Mg ha−1 yr−1) had the
ighest yields, followed by big bluestem, tall wheatgrass, tall fes-
ue, and bermudagrass. Similarly in the third year, miscanthus was
he highest yielding crop at 28.3 Mg ha−1 yr−1, followed by switch-
rass (17.0 Mg ha−1 yr−1). A significant effect of year on yields was

bserved for all crops (Table 4). Yields of some species increased
rom the first to the third year (C4 species miscanthus, switchgrass,
nd big bluestem), while other decreased over the same time period
bermudagrass and tall wheatgrass).
April 8 April 8 April 8
1; October 12 October 12 August 1 April 10; October 12

When no N was applied, miscanthus and switchgrass had
the highest yields (13.8 and 11.1 Mg ha−1 yr−1, respectively) and
bermudagrass and tall fescue the lowest (4.2 and 4.3 Mg ha−1 yr−1,
respectively) (Fig. 1). In addition, miscanthus and switchgrass
were the highest yielding crops when fertilized with 100 and
200 kg N ha−1 yr−1, while bermudagrass had the lowest yields at
these N fertilization rates. Average yields across years of the treat-
ments receiving 200 kg N ha−1 yr−1 were 24.7, 19.4, 13.6, 12.8, 12.5,
and 10.0 Mg ha−1 yr−1 for miscanthus, switchgrass, tall wheatgrass,
tall fescue, big bluestem, and bermudagrass, respectively. The high-
est single year yield achieved by the different species were 33.9,
22.9, 17.2, 16.2, 15.6, and 12.0 Mg ha−1 yr−1 for miscanthus, switch-
grass, tall wheatgrass, big bluestem, tall fescue, and bermudagrass,
respectively, with N fertilization rates of 200 kg N ha−1 yr−1 (Fig. 1).

Significant responses to N fertilization were observed for all
crops in all three growing seasons (Fig. 1). Miscanthus, switch-
grass, tall wheatgrass, and tall fescue exhibited greater responses
to fertilizer N than big bluestem and bermudagrass (Fig. 1). On
average across years, yields of the 200 kg N ha−1 yr−1 treatment
compared to the zero N treatment increased by 10.8, 8.2, 6.0, 5.8,
7.5, and 8.5 Mg ha−1 yr−1 for miscanthus, switchgrass, big bluestem,
bermudagrass, tall wheatgrass, and tall fescue, respectively. Mis-
canthus achieved the highest yield response to N fertilization
observed in our study, with yields increasing by 14.4 Mg ha−1 yr−1

in the highest N treatment compared to the zero N treatment in the
third growing season (Fig. 1). In contrast, bermudagrass exhibited
the lowest yield response to N fertilization, with yields increasing
by 3.9 Mg ha−1 yr−1 in the highest N treatment compared to the
zero N treatment.

The effect of N fertilization on yields differed among years for
miscanthus, switchgrass, tall wheatgrass, and tall fescue (repre-
sented by the different slopes in Fig. 1). Miscanthus and switchgrass
exhibited increasing yield responses to N fertilization over time
mainly due to yield increases of the fertilized plots, whereas tall
wheatgrass and tall fescue showed increasing response to N mainly
due to a decrease in yields of the zero N treatment. Although big
bluestem and bermudagrass showed the same yield response to
N in all years, big bluestem showed an increase in yields of all N
treatments over time, whereas bermudagrass showed a decrease
in yields of all N treatments over time (Fig. 1).

Fertilizer use efficiency is an important criterion in the selec-
tion of dedicated energy crops. In the first and second years
when fertilized with 100 kg N ha−1 yr−1, miscanthus, switchgrass,
and tall wheatgrass had the highest FUE values at 65, 81 and
87 kg biomass kg−1 N applied, respectively (Fig. 2). In the third
year, miscanthus exhibited the highest FUE value of our study,

at 120 kg biomass kg−1 N applied, followed by switchgrass, big
bluestem, and tall fescue (58, 55, and 56 kg biomass kg−1 N applied,
respectively). When fertilized with 200 kg N ha−1 yr−1 the differ-
ences in FUE values among species were smaller to non-significant
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Table 4
Summary statistics with significance of fixed effects on biomass yield, biomass N mass fraction, crop N removal, and FUE. P-values lower than 0.05 are considered statistically
significant.

Fixed effects df Biomass yield N mass fraction Crop N removal FUE

F value P-value F value P-value F value P-value df F value P-value

Species 5 98.11 <0.0001 535.83 <0.0001 51.28 <0.0001 5 11.58 <0.0001
N treatment 2 213.33 <0.0001 66.05 <0.0001 205.34 <0.0001 1 30.24 <0.0001
Year 2 4.07 0.0189 3.86 0.0231 4.70 0.0104 2 5.53 0.0053
Species × N treatment 10 2.64 0.0053 1.5 0.1446 2.73 <0.0040 5 2.91 0.0151

d
a
m
a
a
t

s
B
s
m
i
a
B
m

F
N
s

N treatment × year 4 2.37 0.0549 0.86
Species × year 10 22.41 <0.0001 8.67
Species × N treat. × year 20 2.36 0.0017 3.52

ue to a decrease in FUE observed with miscanthus, switchgrass,
nd tall wheatgrass (Fig. 2). On average across years, FUE values of
iscanthus, switchgrass, and tall wheatgrass decreased by 29, 31,

nd 34 kg biomass kg−1 N applied, respectively, whereas tall fescue
nd bermudagrass had equal FUE values between both N-fertilized
reatments.

Except for bermudagrass, the yields achieved by the different
pecies in our study are within the higher range of reported yields.
ig bluestem yields of 16.2 Mg ha−1 yr−1 from our study is sub-
tantially greater than yields of 9.2 Mg ha−1 yr−1 reported from a
ulti-harvest system in Utah (Robins, 2010) and 7.7 Mg ha−1 yr−1

n Pennsylvania (Sanderson et al., 2004). The greater yields

chieved in our study may be due to the longer growing season.
ig bluestem is photoperiod sensitive (USDA, 2012). Early dor-
ancy break due to warm temperatures in early spring allows for

ig. 1. Biomass yield response to N fertilization by crop and year. The effect of N fertiliz
treatment × year was significant, and across years when the interaction was not signi

ignificant at P < 0.05, <0.001 and <0.0001, respectively.
0.4883 1.98 0.1002 2 0.11 0.8923
<0.0001 23.26 <0.0001 10 4.93 <0.0001
<0.0001 1.03 0.4316 10 1.34 0.2218

a longer vegetative growth, potentially resulting in greater yields.
Similarly, the highest tall fescue and tall wheatgrass yields (15.6
and 17.2 Mg ha−1 yr−1, respectively) are greater than the yields of
9.5 (tall fescue) and 7.7 (tall wheatgrass) Mg ha−1 yr−1 reported in
New Mexico (Lauriault et al., 2005; Smeal et al., 2005). Suyama
et al. (2007) reported tall wheatgrass yields of 8.3 Mg ha−1 yr−1 in
the San Joaquin Valley of California with drainage water irrigation.
Tall wheatgrass yields declined over time in our study (Fig. 1).
While the cause of this decline is uncertain, it may be due to high
N removal in the first year (Fig. 3) and a subsequent depletion
of soil N reserves. Despite the relatively high yields exhibited by
big bluestem, tall fescue, and tall wheatgrass, all species had a lin-

ear response to N up to 200 kg N ha−1 yr−1 (Fig. 1), suggesting that
higher yields could have been achieved with higher N fertilization
rates.

ation on biomass yields was analyzed for each year when the interaction between
ficant. The symbols *, **, *** indicate that N fertilization effect on biomass yield is
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ig. 2. Fertilizer use efficiency (FUE) by species, year, and N fertilization rate. Speci
epresent confidence intervals. Confidence intervals within the same year and N ra

Bermudagrass, on the other hand, achieved maximum yield of
2 Mg ha−1 yr−1 in our study, which is within the lower range of
eported yields of 6–27 Mg ha−1 yr−1 (Xu et al., 2011). The relatively

ow yields achieved in our study by bermudagrass are likely due to
he N fertilizer management, in which the entire N fertilizer was
pplied in a single application in early spring (Table 3). Although
ncreasing and splitting the N fertilization rates may result in higher

ig. 3. Biomass N mass fraction and crop N removal by species, year and N fertilization ra
ear and N fertilization rate that do not overlap indicate that biomass N mass fraction an
an separations were performed within years at each N fertilization rate. Error bars
do not overlap indicate that FUE values are statistically different (P < 0.05).

yields (Brink et al., 2003; Xu et al., 2011), the costs and energy input
associated with this management needs to be taken into consider-
ation if bermudagrass is considered a potential dedicated energy

crop.

Others have reported that miscanthus and switchgrass require
two to five years to mature and reach peak yield levels (Heaton
et al., 2004; Miguez et al., 2008). In our study, switchgrass yields

te. Error bars represent confidence intervals. Confidence intervals within the same
d crop N removal are statistically different (P < 0.05).
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eaked in 2010, which was the second full production year after
stablishment (Fig. 1). On the other hand, miscanthus had yields
hich increased in every year of the experiment thus it is not pos-

ible to conclude whether miscanthus reached its maximum yield
otential. Nevertheless, average miscanthus and switchgrass yields
re significantly higher than the average yields reported by (Heaton
t al., 2004) of 22 Mg ha−1 yr−1 (miscanthus) and 10.3 Mg ha−1 yr−1

switchgrass) when averaged across N rates and precipitation lev-
ls.

The highest yields achieved by miscanthus and switchgrass
n our experiment were 33.9 and 22.9 Mg ha−1 yr−1, respec-
ively; however higher yields have been reported elsewhere. For
xample, Heaton et al. (2008) reported miscanthus yields up to
4.1 Mg ha−1 yr−1 in Illinois. Fike et al. (2006) reported switch-
rass yields up to 28 Mg ha−1 yr−1 in a single-harvests system in
irginia. However, the single-harvest system may have limited
witchgrass yields in our study. Thomason et al. (2005) reported
hat switchgrass yields were 14 and 26% higher when switch-
rass was harvested two and three times per year, respectively, in
omparison to single-harvest systems. Also, Pedroso et al. (2011)
eported switchgrass yields of 38 Mg ha−1 yr−1 in a two-harvest
ystem in the Central Valley of California.

The higher yield achieved by miscanthus relative to switch-
rass is in agreement with other side-by-side studies (Dohleman
t al., 2012; Propheter et al., 2010), where switchgrass produced
n average 53% less biomass per year than miscanthus. The yield
ifferences between miscanthus and switchgrass observed in our
tudy would likely have been reduced if switchgrass had been man-
ged in a two-harvest system. However, the use of multi-harvest
ystems for bioenergy production is a topic requiring further study,
ecause the higher energy input and crop N removal associated
ith multiple harvests may offset any gains in biomass yield.

Miscanthus, switchgrass, and tall wheatgrass were more
fficient in the use of fertilizer N than the other species
Fig. 2), achieving the highest FUE when fertilized with 100 and
00 kg N ha−1 yr−1. In addition, miscanthus and switchgrass exhib-

ted a decrease in FUE when fertilized with 200 kg N ha−1 yr−1, indi-
ating that the maximum FUE was reached at 100 kg N ha−1 yr−1.
n contrast, big bluestem, bermudagrass, and tall fescue had
maller to non-significant decreases in FUE when fertilized with
00 kg N ha−1 yr−1, which suggests that maximum FUE may have
ot been achieved in our study. The maximum FUE at lower N

ertilization rates observed with miscanthus, switchgrass, and tall
heatgrass are an additional advantage over the other species,

ecause it indicates low N fertilization requirements to achieve
aximum return of biomass per unit of N applied. Although C3

ool-season grasses are known to achieve lower FUE values than
4 warm-season grasses, tall wheatgrass and tall fescue had FUE
alues similar to switchgrass in all years.

Our results indicate that miscanthus and switchgrass are better
dapted as dedicated energy crops under irrigation in Mediter-
anean climates, achieving greater yields than the other crops in
onditions of low, moderate, and high N availability. Miscanthus
nd switchgrass were more efficient in the use of available soil-
, achieving the highest yield when not fertilized with N. The
ighest N-fertilized yields were also achieved by miscanthus and
witchgrass, followed by tall wheatgrass, and tall fescue. In addi-
ion, the highest increases in yield per unit of fertilizer N (i.e.
UE) were also achieved by miscanthus and switchgrass, indicat-
ng that those species were more efficient in the use of fertilizer
.

.2. Biomass N mass fraction and crop N removal

Due to the significant three-way interaction (biomass N
ass fraction) and significant interactions between species × N
search 161 (2014) 149–157 155

treatment and species × year (crop N removal) (Table 4), biomass
N mass fraction and crop N removal data are presented by species,
year, and N fertilization rate.

At all N fertilization rates and years, biomass N mass frac-
tion at harvest was lowest for miscanthus, switchgrass, and big
bluestem, and highest for bermudagrass and tall fescue (Fig. 3).
Average biomass N mass fraction across N rates and years were
2.6, 3.0, 3.6, 6.5, 10.3, and 11.2 g kg−1 for switchgrass, big bluestem,
miscanthus, tall wheatgrass, tall fescue, and bermudagrass, respec-
tively (Fig. 3). Overall across crops and years, the addition of
100 kg N ha−1 yr−1 did not significantly increase biomass N mass
fraction in relation to the zero N treatments; however, the applica-
tion of 200 kg N ha−1 yr−1 resulted in significantly greater biomass
N mass fraction compared to the zero and 100 kg N ha−1 yr−1 treat-
ments.

The low biomass N mass fraction exhibited by miscant-
hus, switchgrass, and big bluestem presents an advantage over
the other species. Low biomass N mass fraction feedstocks
are desirable for bioenergy production, because high mineral
concentration in the biomass feedstock can cause char forma-
tion (Rejai et al., 1993), corrosion and increased NOx emissions
(Jorgensen, 1997) during the thermochemical conversion of
biomass. In addition, senesced biomass exhibits lower moisture
content, which can reduce the costs with bailing and transporta-
tion.

Crop N removal is a concern when managing dedicated energy
crops. High rates of crop N removal indicate high N fertilization
requirements to replenish soil and plant N reserves to sustain
high yields. Miscanthus, bermudagrass, tall wheatgrass, and tall
fescue had the greatest rates of crop N removal at all N fertiliza-
tion rates, including the zero N treatments (Fig. 3). Accumulated
crop N removal at the end of the experiment from the zero N
treatments was 133, 124, 119, and 113 kg N ha−1 yr−1, for miscant-
hus, bermudagrass, tall wheatgrass, and tall fescue, respectively.
When averaged across years and N rates, tall fescue, bermuda-
grass, miscanthus, and tall wheatgrass removed on average 85,
82, 78, and 75 kg N ha−1 yr−1, respectively (Fig. 3). In contrast,
switchgrass and big bluestem had the lowest crop N removal,
at 43 and 32 kg N ha−1 yr−1. The high crop N removal observed
with miscanthus was caused by the high yields achieved by this
crop (Fig. 1), as indicated by the low biomass N mass fraction
(Fig. 3). In contrast, bermudagrass, tall wheatgrass, and tall fescue
removed as much N as miscanthus mostly because of high biomass
N mass fraction. Crop N removal increased significantly with N
fertilization rates at all years and for all crops. On average across
years and species, the application of 100 and 200 kg N ha−1 yr−1

increased crop N removal by 30.9 and 66 kg N ha−1 yr−1, respec-
tively.

The low N mass fraction in the biomass of miscanthus,
switchgrass, and big bluestem is likely a result of the single-
harvest management system. Those crops were harvested once
a year in mid-fall after going through the senescence process.
It is known that warm-season grasses translocate N during
senescence from above- to belowground tissues, for use in over-
wintering and regrowth in the following spring (Clark, 1977).
Therefore, the single-harvest management allowed for the translo-
cation of N from above- to below-ground biomass, lowering the
biomass N mass fraction prior to harvest and consequently low-
ering crop N removal per unit of biomass produced (Guretzki
et al., 2011; Parrish and Fike, 2005; Sanderson et al., 1999;
Vogel et al., 2002). In addition to potentially reducing long-
term N fertilization requirements due to lower crop N removal,
the N stored in below-ground biomass may be re-allocated to
above-ground the following growing season, which may further

decrease fertilizer N requirements and increase long-term system
sustainability.
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. Conclusions

Results from our study suggest that miscanthus and switchgrass
ave the greatest potential as dedicated energy crops in California’s
editerranean climate. Miscanthus and switchgrass achieved the

ighest yields in the Mediterranean climate of California, while
ermudagrass (C4) and tall fescue (C3) produced the lowest aver-
ge yields. In addition, miscanthus and switchgrass achieved the
ighest yields with and without the application of N fertilizer. Big
luestem and tall wheatgrass performed relatively well when fer-
ilized with 200 kg N ha−1 yr−1. Tall fescue and bermudagrass were
ble to achieve comparable yields to big bluestem under the highest
fertilization treatment. However, those crops showed the high-

st rates of crop N removal and were harvested two and four times
er year, respectively, which increases the energy input and costs
ssociated with multiple harvests and may increase long-term N
equirements. Significant yield responses to fertilizer N indicate
hat perennial dedicated energy crops require moderate to heavy N
ertilization to achieve high yields in Mediterranean climates. Mis-
anthus and switchgrass showed the highest yield response to N
ertilization and FUE values, while bermudagrass had the lowest
esponse and FUE values. Furthermore, miscanthus and switch-
rass exhibited the lowest biomass N mass fraction of our study.
he results indicate that miscanthus and switchgrass are better
dapted as dedicated energy crops for Mediterranean climates, due
o high fertilized and unfertilized yields and high use efficiency
f both native soil N and fertilizer N. In addition, N translocation
uring senescence from above- to belowground biomass may have
een responsible for the low biomass N mass fraction exhibited
y miscanthus and switchgrass, suggesting high conservation of N
ithin the plant-soil system. The storage and re-cycling of N within
erennial bioenergy crops is a topic that requires further studies.
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