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Abstract Napiergrass (Pennisetum purpureum Schum.) is a
high-yielding perennial biomass crop that is well adapted to the
Southeast USA where poultry litter is readily available. This
research was conducted to compare biomass production and
nutrient utilization of napiergrass fertilized with either poultry
litter or inorganic fertilizer. Each spring, approximately
100 kg ha−1 of N, 40 kg ha−1 P, and 90 kg ha−1 K were applied
as poultry litter or equivalent inorganic fertilizer. Biomass was
harvested each winter after senescence. For the first 2 years, dry
matter yield did not differ among treatments, but in the third
and fourth years, yields declined in all treatments and were
lowest in the unfertilized treatment. Biomass N concentration
and N removal were greatest in the inorganic treatment. In
general, N removal exceeded the amount applied, suggesting
that higher application rates may be necessary to maintain
yields. Biomass P concentration and total P uptake were
greatest in the litter fertilized treatment, demonstrating that
napiergrass can remove some of the excess P from applied
litter. Soil cores were taken periodically to assess changes in
soil properties. After 2 years of production, soil pH in the
surface layer (0–15 cm) was lower in the inorganic treatment
than in the other treatments. After 4 years, total soil C had
increased by an average of 3,180 kg ha−1 though fertilizer

treatments did not differ. Yield declined in all treatments after
4 years and N supplementation is recommended for production
in upland fields.
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Introduction

Napiergrass (Pennisetum purpureum Schum.), also known
as elephantgrass, is a large perennial grass native to tropical
sub-Saharan Africa. Because it is a C4 species, napiergrass
is capable of producing large quantities of biomass in areas
with long warm growing seasons and is being studied as a
feedstock for the emerging bioenergy industry in the
Southeast USA. Annual DMY over 24 Mg ha−1 has been
reported in Florida [1, 2] and Georgia [3]. Research is
needed to determine the most efficient, economical, and
sustainable means of producing biomass from this crop.
Because the per-unit value of raw lignocellulosic biomass
is expected to be quite low, production systems requiring
minimal inputs of fertilizer and irrigation are preferred.

Like all grasses, napiergrass requires a source of N fertilizer
for optimal growth, but inorganic N fertilizers are relatively
expensive. Castillo et al. [3] found that napiergrass annual
DMY declined 4.1 Mg ha−1 when N (350 kg ha−1 year−1)
was supplied as municipal biosolids as compared to inorganic
fertilizer (NH4NO3). Poultry (Gallus gallus) litter, consisting
of manure, feathers, and wood shavings, is an inexpensive
fertilizer source that is plentiful in the Southeast. Application
of poultry litter may provide additional benefits, such as in-
creasing soil C and improving soil structure and water-holding
capacity [4–6]. Previous studies have also demonstrated the
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soil C sequestering ability of perennial grasses such as
Andropogon gayanus and Brachiaria humidicola [7], tall fes-
cue (Lolium arundinaceum Schreb) [8], and switchgrass
(Panicum virgatum L.) [9]. Practices that sequester C in the
soil should be incorporated into biomass production systems,
as the Energy Independence and Security Act (EISA) of 2007
[10] requires that each category of renewable fuels emits fewer
greenhouse gases than the petroleum fuel it replaces. The
objectives of this research were to compare the effects of
inorganic fertilizer versus poultry litter on biomass yield and
nutrient composition of napiergrass and on soil C and N
balances in a low-input production system.

Materials and Methods

Experimental Design

The research site was located near Ty Ty, GA (31° 30′ 41.62″
N; 83° 38′ 52.12″ W) on a Tifton loamy sand (fine-loamy,
kaolinitic, thermic Plinthic Kandiudult) that had been planted
to cotton in the preceding 9 years. Fertilization during the
preceding period was 91, 10, and 40 kg ha−1 year−1 of N, P,
and K, respectively. On 13 September 2006, stem cuttings
(approximately 30 cm) of napiergrass cultivar Merkeron [11]
were planted 0.9 m apart in rows 0.9 m apart in plots 22.8 m
long by 10.9 m wide, with a slope of approximately 2 %.
Some replanting was necessary on 3 May 2007 to establish an
even stand.

The experimental design was a randomized complete
block with three blocks. Three fertilizer treatments were
applied: poultry litter (3,260 kg ha−1 year−1), inorganic
fertilizer, or unfertilized control. Both the litter and inorgan-
ic fertilizers were surface applied each spring. In 2007, a
commercial 10-10-10 blend was used for the inorganic
treatment. In subsequent years, the inorganic N source was
ammonium nitrate (NH4NO3) and the inorganic sources of P
and K were triple superphosphate [Ca(H2PO4)2] and potas-
sium chloride (KCl), respectively. The composition of nu-
trients in the litter varied from year to year, thus the amounts
of applied nutrients also varied. The target fertilization rates
were 100, 40, and 90 kg ha−1 year−1 of N, P, and K,
respectively. Actual rates varied by poultry litter source
and are presented in Table 1.

Plots were separated by rigid plastic dividers to pre-
vent runoff between plots. Other than at planting, no
supplemental irrigation was applied, and all above-
ground biomass was removed from the plots after harvest.
Weeds were controlled by application of 4.7 L ha−1 each of
2,4-dichlorophenoxyacetic acid (2,4-D) and Surflan (United
Phosphorus, Inc., Trenton, NJ, USA) in mid-March in 2007
and 2008. Afterward, weeds were controlled by spot spraying
with glyphosate as needed.

Evaluation of Biomass Production

Because of inconsistent stand establishment in the first
growing season, the 2007 biomass yield (8 January 2008)
was measured by harvesting and weighing the above-
ground biomass of ten randomly chosen plants from each
plot. From each plant, two individual stalks were then
divided into leaves and stem, weighed fresh, dried to com-
pletion at 60 °C in an oven, and then weighed again to
determine moisture concentration and leaf to stem ratios.
After weighing, dried samples were ground in a Wiley mill
to pass a 2-mm screen and were stored for later analyses.
Plots were replanted in 2007 to fill in gaps, and three
separate sections (9.3 m2 each) were harvested in subse-
quent years (8 January 2009, 8 February 2010, and 24
January 2011) from each plot and the total fresh biomass
was weighed. A bulk chopped sample was taken from each
section for determination of moisture concentration as de-
scribed above. These samples were also ground to pass
2 mm for further analyses, and were not separated into
leaves and stems.

Biomass Nutrient Analyses

Total N and C concentrations in the biomass were measured
by dry combustion in a Vario EL-III Universal CHN
Elemental Analyzer (Elementar Analysensysteme, Hanau,
Germany) using approximately 5 mg dried, ground tissue.
Biomass K and P concentrations were measured at the
University of Georgia Agricultural and Environmental
Services Laboratories (http://aesl.ces.uga.edu/) by induc-
tively coupled plasma spectrometry. Nutrient removal was
calculated by multiplying biomass nutrient concentration by
DMY.

Collection and Analysis of Soil and Roots

Soil cores (58 mm diameter) were collected each spring (5
June 2007, 22 April 2008, 29 April 2009, and 29 March
2011) prior to fertilizer application using a hydraulic tractor-
mounted soil probe (Giddings Machine Co., Ft. Collins, CO,
USA). Each core was sampled adjacent to the crown of an
individual plant to a depth of approximately 75 cm and was
sub-sampled in 15-cm increments for further analyses.
Because of the large number of samples to be processed,
only alternating increments (0–15, 30–45, and 60–75 cm)
were analyzed. Soil samples were sieved (2 mm) and sub-
sampled (∼200 g fresh weight) for determination of
chloroform-extractable C and N (extractable C and N).
Three 50-g subsamples from each 15-cm increment were
treated with 1.0 mL of ethanol-free chloroform and
maintained under vacuum for 7 days at room temperature.
Following fumigation, samples were extracted with 0.5 M
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K2SO4, and filtrates (Whatman GF-F) were analyzed for total
C and N on a Shimadzu TOC-VCPN analyzer with ASI-V
autosampler and a TNM-1 Nitrogen module. The water con-
centration of the remaining soil was measured gravimetrically
by oven-drying (105 °C) and soil bulk density was taken as
the mass of material <2 mm per core volume (402.7 cm3).
Total C and N in the soil samples were measured by dry
combustion on a Vario EL-III Universal CHN Elemental
Analyzer using approximately 50 mg dry soil that had been
ground in a roller mill. All calculations are adjusted for stone
content (>20 % in some samples) and soil bulk density.

Soil cores were collected on 29 April 2009 and 29
September 2010 to collect and isolate roots. Roots were
separated from soil by hand, dried to completion at 65 °C,
and weighed to estimate root biomass. Carbon and N con-
centrations of roots were determined as for shoot biomass.
Soil pH was measured on 2009 samples by electrode after
mixing 10 g dry soil with 10 ml deionized water for 10 min.
All depth increments of the 2010 cores were analyzed.

Data Analysis

Data were analyzed using the GLIMMIX procedure in SAS
v. 9.2 (SAS Institute, Cary, NC, USA). In this analysis, year
was treated as a fixed factor due to the perennial nature of
the crop and presumed soil nutrient depletion over time.
Repeated measures on the same plots were incorporated into
the model using the SUBJECT option within the RANDOM
statement. The year-by-treatment interaction was also in-
cluded in the model. Some data, for example nutrient re-
movals, were analyzed using the DIST = LOGNORMAL
option to correct for overdispersion. Simple effect LS means
comparisons were calculated using the SLICEDIFF option.
Tukey’s HSD test was used for all LS means comparisons.
Unless otherwise stated, statistical significance is declared at
a probability level of α=0.05. Multiple regressions and
95 % confidence intervals for extractable soil C and N were
developed using SigmaPlot 11.0 (Systat Software, Inc.,
Point Richmond, CA, USA). Data was combined for each
of the 0–15 cm and 30–45 cm depth samples for each study
year, and the slope of the regressions between the different
years were compared for overlap of the 95 % confidence

intervals for each regression. No overlap between these
confidence intervals indicated significant difference be-
tween the associated slopes.

Results and Discussion

Biomass Yield and Nutrient Uptake

While the 2007 biomass yields cannot be statistically com-
pared to those in subsequent years due to the establishment
problems identified earlier, DMY among the three treat-
ments did not differ (30.0 Mg ha−1, Table 2) and were
comparable to first-year napiergrass yields reported by
Knoll et al. [3] for a similar environment. In 2008, DMY
did not differ among treatments with a mean yield of
20.6 Mg ha−1. In 2009 and 2010, the unfertilized yield
was less than the inorganic treatment, but the litter treatment
was not significantly different from either of the other treat-
ments. Averaged across all 4 years, DMY between the two
fertilized treatments was not different, but both were signif-
icantly greater than the unfertilized control. Dry matter
yields declined over time in all treatments with the greatest
declines in the unfertilized control (Table 2). Declines were
not a result of water deficit since rainfall during the 2009
and 2010 growing seasons was greater than in 2007 and
2008 (Fig. 1). There were no indications of stem or leaf
disease or insect herbivory during the research period.

Though yield did not differ between treatments in the
first 2 years, N concentration in the harvested biomass was
significantly greater in the inorganically fertilized treatment
than in the control in the second and third years (Table 2).
Biomass N concentration decreased in all treatments
through 2009 and was accompanied by a substantial widen-
ing of C/N ratio. In general, N concentrations were higher
and C/N ratios were more narrow over the 4-year period in
the order inorganic≥ litter≥control, and the difference be-
tween inorganic and control treatments was significant
(Table 2). Some variation in biomass N concentration and
C/N ratio observed between years could be due to air tem-
perature differences preceding harvest. In the period from
first freeze of the year until harvest, the temperature was

Table 1 Fertilizer nutrients ap-
plied (kg ha−1) each year to
napiergrass plots prior to spring
growth

N P K Ca Litter applied

Litter Inorg Litter Inorg Litter Inorg Litter

2007 101 90 41 90 85 90 79 3,255

2008 99 99 16 37 32 39 29 3,255

2009 99 99 39 37 103 39 75 3,255

2010 100 100 45 46 89 90 60 3,255

Total 399 388 141 210 309 258 243 13,020
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significantly lower in 2009 and 2010 during the 14 days
preceding the first freeze, there were two to three times the
number of days when the temperature dropped below freez-
ing, and the average minimum temperature was significantly
lower than during 2007 and 2008 (Table 3). The re-
translocation of nutrients from above- to below-ground bio-
mass of reed canarygrass (Phalaris arundinacea L.) and
Miscanthus has been reported after senescence [12, 13],

and our data suggests a similar response for napiergrass.
Potassium concentration in harvested biomass did not differ
among treatments in any of the 4 years tested, but declined
over time in all treatments (Table 2). In all 4 years, the
concentration of P in napiergrass biomass was greatest in
the litter treatment, though the differences among the three
treatments were not significant in 2007 (Table 2). Biomass P
concentration in the litter treatment was significantly greater
than in the inorganic treatment in the succeeding 3 years, but
did not differ from the control in the last 2 years. Overall,
the 4-year mean P concentration of litter-fertilized biomass
was higher than in the inorganic and control treatments.
Unlike N and K, the biomass P concentration did not decline
over time in any of the treatments. The declines over time in
biomass N (57 %–62 %) and K (45 %–64 %) concentrations
suggest that deficiencies in both nutrients were likely asso-
ciated with yield declines, while the increase in P concen-
tration (21 %–53 %) suggests that yield was not P-limited.

Total nutrient removal in biomass was not different among
treatments in 2007 for N, P, or K (Table 4). Biomass N
removed in the inorganic treatment was greater than in the
unfertilized control for all subsequent years. Biomass N re-
moval for all treatments during the first year (187–234 kg ha−1)

Table 2 Biomass dry matter yield and nutrient concentrations (±SE) for napiergrass fertilized with inorganic fertilizer, poultry litter, or unfertilized
controla

Year

Treatment 2007 2008 2009 2010 4-year mean

DMY, Mg ha−1

Inorganic 29.7 (1.7) a 21.8 (1.4) aAb 19.0 (1.2) aB 12.1 (0.6) aC 20.7 (3.6) a

Litter 30.9 (1.3) a 21.7 (1.1) aA 17.6 (1.4) abB 8.9 (0.5) abC 19.8 (4.6) a

Control 29.3 (1.2) a 18.6 (1.1) aA 11.9 (0.9) bB 5.9 (0.3) bC 16.4 (5.0) b

N concentration, g kg−1

Inorganic 9.0 (0.3) aA 4.9 (0.3) aB 2.1 (0.2) aC 3.4 (0.3) aD 4.9 (1.5) a

Litter 7.7 (0.3) aA 3.8 (0.3) abB 1.6 (0.1) abC 3.2 (0.2) aD 4.1 (1.3) ab

Control 7.2 (0.3) aA 3.0 (0.3) bB 1.4 (0.2) bC 2.9 (0.1) aB 3.6 (1.3) b

C/N ratio

Inorganic 52 (2) aA 93 (8) bB 246 (21) bC 146 (11) aD 134 (42) b

Litter 63 (4) aA 126 (12) abB 328 (32) abC 147 (6) aD 166 (57) ab

Control 69 (4) aA 167 (15) aB 389 (38) aC 166 (7) aB 198 (68) a

K concentration, g kg−1

Inorganic 18.9 (1.1) aA 14.7 (1.0) aB 7.4 (1.0) aC 6.9 (1.0) aC 12.0 (0.8) a

Litter 17.1 (1.1) aA 14.9 (1.0) aB 9.7 (1.0) aC 9.4 (1.0) aD 12.8 (0.8) a

Control 17.8 (1.1) aA 12.9 (1.0) aB 9.0 (1.0) aC 8.3 (1.0) aD 12.0 (0.8) a

P concentration, g kg−1

Inorganic 0.82 (0.11) aA 1.31 (0.09) bB 0.73 (0.09) bC 0.99 (0.09) bD 0.96 (0.06) b

Litter 1.01 (0.11) aA 1.69 (0.09) aB 1.35 (0.09) aABC 1.55 (0.09) aBC 1.40(0.06) a

Control 0.84 (0.11) aAC 1.19 (0.09) bB 1.06 (0.09) abA 1.24 (0.09) abC 1.08 (0.06) b

a Treatment means within columns followed by the same lowercase letter are not significantly different (P≥0.05)
b Year means within a treatment followed by the same uppercase letter are not significantly different (P≥0.10)
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was comparable to the amounts reported by Castillo et al. [2]
(162–208 kg ha−1) in a study comparing inorganic fertilizer to
municipal biosolids. Potassium removal was significantly
greater in the litter treatment than in the unfertilized control
in 2008 and 2009, and in 2010 K removal was significantly
greater in both fertilized treatments than in the control.
Biomass P removal in the litter treatment was higher than from
both other treatments in 2008–2010. The difference was sig-
nificant in all 3 years for the control treatment and in 2009 for
the inorganic treatment.

The proportion of nutrients removed at harvest relative to
fertilizer addition reinforces the suggestion that nutrient
limitations occurred for both N and K (Table 4). Biomass
N removal was 213 %–260 % of added N in 2007 and
dropped to 81 %–103 % in 2008 and to 27 %–39 % in
2009. The third-year drop in removal rate below fertilization

rate coincided with the first year that DMY in the control
treatment was significantly below the fertilized treatments
and with the first year that yields dropped significantly in all
three treatments (Table 2). Biomass K removal increased
from 2007 to 2008 and then began to decline from 2008 to
2010 (Table 4). The 2010 data showing removal at 91 %–
93 % of added K suggests that the soil K availability may
have been approaching deficit levels. P removal in biomass
never exceeded 39 kg ha−1 which was at or below the target
application rate in all years. The proportion of P removed in
biomass exceeded 100 % of added only in 2008 for the litter
treatment. The litter applied during 2008 was very low in P
(16 kg P ha−1) suggesting that P demand for napiergrass
may fall in the range of 20–40 kg ha−1 year−1. Castillo et al.
[2] observed biomass P removal rates at the higher end of
this range (36–43 kg ha−1).

Table 3 Association between
napiergrass harvest timing and
air temperature (°C)a

aYear means followed by the
same letter are not significantly
different (P≥0.05)

Crop year 2007 2008 2009 2010

Harvest date 8-Jan-08 8-Jan-09 8-Feb-10 24-Jan-11

Date of first freeze 8-Nov-07 19-Nov-08 6-Dec-09 2-Dec-10

Average minimum temperature
14 days preceding first freeze

10.3a 8.8a 5.8b 7.9b

First freeze to harvest: days 63 53 65 54

Days below freezing 9 8 18 29

Minimum temperature −5.9 −2.5 −6.9 −6.7

Average minimum temperature 6.2a 6.4a 3.1b 0.1c

Table 4 Annual removals of N, P, and K in napiergrass biomass treated with inorganic fertilizer, poultry litter, or unfertilized controla

Removed
(kg ha−1)

% of
Added

Removed
(kg ha−1)

% of
Added

Removed
(kg ha−1)

% of
Added

Removed
(kg ha−1)

% of
Added

Removed
(kg ha−1)

% of
Added

2007 2008 2009 2010 Total

Nitrogen

Inorganic 230a 260 100a 103 40a 39 40a 40 420a 107

Litter 220a 213 80ab 81 30ab 27 30ab 28 350ab 88

Control 190a – 50b – 20b – 20b – 270b –

SEb 36 – 4 – 4 – 4 – 41 –

Phosphorus

Inorganic 24a 26 28ab 74 13b 35 12a 25 80b 36

Litter 29a 72 36a 223 23a 59 14a 30 100a 72

Control 24a – 21b – 12b – 7b – 60b –

SE 3.0 – 2.3 – 2.3 – 2.3 – 6.8 –

Potassium

Inorganic 540a 601 310ab 790 140ab 349 80a 91 1,070a 414

Litter 530a 618 320a 988 170a 161 80a 93 1,090a 353

Control 520a – 230b – 100b – 50b – 900b –

SE 68 – 17 – 17 – 17 – 93 –

aWithin years, means with the same letter are not significantly different (P≥0.05)
b SE standard error
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Regression of dry matter yield and C/N ratio against N
removal (Fig. 2) demonstrates that napiergrass can maintain
high dry matter yields (>20 Mg ha−1) over a considerable
range of tissue C/N ratios (∼250–400). However, if tissue
C/N ratio dropped below this range, dry matter yield
dropped below 20 Mg ha−1 and continued to decline sharply
as the tissue C/N ratio narrowed. Regression indicated that
the amount of N removed in harvested biomass declined by
55–65 kg ha−1 year−1 (R2, 0.76–0.82) and was accompanied
by a decline in N fertilizer use efficiency (NUE) of 64–
69 kg kg−1 N in the inorganic and litter fertilized treatments
(R2, 0.95–0.98). The 1:1 decline in N removal/NUE indi-
cates that the level of plant-available N in the soil must
remain well above 100 kg ha−1 year−1, but additional re-
search is needed to determine the most efficient N fertiliza-
tion rate for napiergrass. Similar regressions indicate that K
removal declined by 148–155 kg ha−1 year−1 (R2, 0.90–
0.96) and P removal by 5–6 kg ha−1 year−1 (R2, 0.68–0.95).

Estimates of Root Biomass

In September of 2010, most of the roots were found in the
0–30 cm layer (Table 5), which agrees with previous obser-
vations of rooting distribution in napiergrass [3, 14]. Roots
under litter fertilization had a much higher proportion of
biomass in the top 30 cm (89 %) than the other treatments
(68 %). Root biomass in the top 15 cm of soil was signif-
icantly lower in the inorganic treatment than in the litter or
control treatments. However, the proportion of root biomass
at the 15–30 cm depth was significantly higher in the inor-
ganic treatment compared to the control and numerically
higher litter treatment (Table 5). Previous research indicated
that poultry litter provided elevated soil ammonium and
nitrate concentrations in a Tifton loamy sand for 21–28 days
after application compared to unamended soil [15]. The
observed differences in root distribution throughout the

profile suggest that under N deficit conditions, napiergrass
can respond to differences in N distribution by varying root
biomass at depth. Thus, the plants growing in litter treated
plots concentrated root biomass in the top 30 cm to take
advantage of the slow N release, while those in the control
and inorganic treated plots allocated more resources to ex-
plore deeper in the profile.

Root biomass was also collected in April of 2009, and the
proportional distribution of roots by depth in September
2010 was used to estimate total root biomass and root
turnover during the winter period of senescence. Root
DMY estimates totaled 1,300–4,390 kg ha−1, which ranged
from 6 % to 40 % of the total plant biomass, based on the
harvest from the previous season (Table 6). These values
cover a much greater range, and the control treatment values
are lower than previously reported by Knoll et al. [3] for
unfertilized napiergrass in spring (3,680 kg ha−1 DMY;
24.3 % of total biomass). Total root biomass was 14 %–
31 % greater under the litter treatment during active growth
and 67 %–129 % less immediately following senescence
than in the control or inorganic treatments, respectively
(Table 6). While this difference was significant only in
2009 between the litter and inorganic treatments, the differ-
ence on total root biomass between April 2009 and
September 2010 was substantially greater under the litter
treatment than the other two treatments and the difference
between years was significant only under the litter treatment
(Table 6). The difference between seasons provides an esti-
mate of potential root turnover (decomposition) during win-
ter senescence and suggests a possible mechanism by which
napiergrass responds to differences in nutrient availability
and presentation.

Total root biomass was 13 %, 79 %, and 239 % greater
during active growth than during winter senescence for the
inorganic, control, and litter treatments, respectively (Table 6).
While the difference in root biomass between sampling dates
was significant only for the litter treatment, the differences in
the proportion of root biomass to above-ground biomass
between the two sampling dates was significant in all three
treatments and the inorganic treatment demonstrated the
smallest change in root/shoot ratio between sampling dates
(9.4 % versus 27.4 % and 29.2 % for the litter and control
treatments). When considered in context that the spring litter
treatment root biomass was significantly lower than that of the
inorganic treatment and there was no difference in fall root
biomass among treatments, we suggest that napiergrass may
be able to regulate fine root turnover near the soil surface
(litter and control treatments) versus maintaining living root
biomass throughout the senescent period (inorganic treat-
ments) in response to N availability. Based on the C and N
concentrations measured in these roots, 440–690 kg ha−1 C
and 8–14 kg ha−1 N was stored in the roots during senescence
and 1,160–1,900 kg ha−1 C and 14–23 kg ha−1 N during active

(All years) C:N = 1501.9x-0.589

R² = 0.8083

(2007-2009) C:N = 3394.7x-0.752

R² = 0.984

DMY = 7.8946ln(x) - 13.006
R² = 0.8628
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growth (Table 6). Differences between C storage during
spring versus fall suggest that the turnover of root biomass
during the senescent period may contribute 460, 940, and
1,470 kg C ha−1 to the top meter of soil in the inorganic,
control, and litter treatments, respectively. Difference data also
suggests that the turnover of roots under the inorganic and
control treatments contribute little to no N to the soil pool
while those under the litter treatment may help retain as much
as 15 kg N ha−1 year−1.

Effects on Soil Properties

In 2009, after 2 years of napiergrass production, the pH in the
top layer of the soil profile (0–15 cm) was significantly lower
for the inorganically fertilized treatment (5.6) than the litter-
fertilized treatment (6.2). The pH of the control soil at the 0–
15 cm depth was 6.1; not significantly different from either
fertilized treatment. At deeper layers, the average soil pH was
5.5, and there were no differences between treatments (data
not shown). Soil acidification from inorganic N fertilizers has

been observed in other studies. For example, on three different
soils in Kansas, 10 years of chemical N fertilizer application
reduced soil pH 0.5–0.7 units compared to unfertilized con-
trols at both the 6–14 cm depth and the 21–29 cm depth [16].
A similar drop in pH in the 0–15 cm soil layer was observed
after only 2 years in this research, reflecting the lower buffer-
ing capacity of the sandier Tifton soil.

Over the course of the experiment, an increase in soil C
was observed in all treatments (Table 7), but there were no
differences among treatments. Averaged across all treat-
ments, soil C increased 4,260 kg ha−1 in the 0–15 cm layer,
decreased 1,360 kg ha−1 in the 30–45 cm layer, and did not
change significantly in the 60–75 cm layer. The soil C
increase was significant under all treatments in the 0–
15 cm layer, and the decrease in soil C in the 30–45 cm
layer was significant only for the inorganic treatment. There
were no differences in C accumulation in the 60–75 cm soil
layer. The combined soil C accumulation for all three layers
over the 4 years of the experiment was 2,510, 3,660, and
3,350 kg ha–1 for the inorganic, litter, and control

Table 5 Napiergrass root profile in September 2010a

Depth (cm) Inorganic Litter Control

kg ha−1 SEb %c SE kg ha−1 SE % SE kg ha−1 SE % SE

0–15 1,400a 100 54.7a 9.0 3,450b 1,090 78.8b 0.4 1,650b 30 59.0ab 12.0

15–30 340a 380 13.4a 17.9 550ab 520 10.3ab 21.1 260b 440 9.2b 21.6

30–45 130a 410 4.9a 15.5 140a 840 4.0a 23.4 90a 440 3.2a 20.3

45–60 110a 30 4.6a 3.1 110a 310 2.4a 3.9 180a 30 5.9a 1.8

60–75 640a 90 19.4a 5.0 60a 110 1.9a 3.1 80a 60 2.8a 3.2

75–90 1,090ab 70 2.9a 2.5 80b 90 2.6a 2.8 1,600a 40 20.0a 2.1

aWithin individual soil depths, root mass or % root distribution values with the same letter are not significantly different between treatments (P≥0.10)
b SE standard error
c Percent of total root biomass in 0–90 cm profile

Table 6 Summary of napiergrass root data, sampled in soil cores taken on two different datesa

Sample date Treatment Root DMY Root C Root N DMY in rootsb

kg ha−1 (±SE) %

Apr 2009 Inorganic 2,970 (980)a 690 (240)a 14 (4)a 12.1a

Litter 1,300 (160)b 440 (60)b 8 (1)a 5.6b

Control 2,160 (620)ab 660 (170)ab 11 (3)a 10.4ab

Sept 2010 Inorganic 3,350 (370)a 1,160 (200)a 14 (2)a 21.5a

Litter 4,390 (1,410)a 1,900 (650)ab 23 (6)b 33.0ab

Control 3,860 (800)a 1,600 (340)b 15 (2)ab 39.6b

Difference Inorganic 380 460 0 9.4c

Litter 3,090c 1,470c 15c 27.4c

Control 1,700 940 4 29.2c

aWithin sample dates and columns, means with the same letter are not significantly different (P≥0.10)
b Percentage of total DMY in roots in relation to either the 2008 harvest (April 2009 sample) or the 2010 harvest (September 2010 sample)
c Difference between 2009 and 2010 was significant (P≤0.05)
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treatments, respectively, and the increases were significant
for the inorganic and litter treatments.

The total soil C/N ratio showed a slight downward trend
from 2007 to 2011 at all three soil layers sampled (0–15,
30–45, and 60–75 cm; Fig. 3a), but there were no major
differences between the fertilizer treatments. In contrast, the
ratio of extractable C/N showed a general increase in both
the 0–15 cm and 30–45 cm depths (Fig. 3b). The change in
C/N ratio in either the total or extractable fractions was
greatest from 2007 to 2008, concurrent with the large re-
moval of N in the biomass in the 2007 growing season. The
slopes of the regression lines comparing total C and total N
do not significantly change across years (data not shown).
However, a similar analysis on the extractable fractions of C
and N from the 0–15 cm and 30–45 cm soil layers indicates
an accelerating depletion of the N in this pool over the first
3 years of the research (Fig. 4). The slope of the regression
between C and N for both 2007 and 2008 are significantly
greater than for the other 2 years in both soil layers. These
results suggest that the high DMY obtained in the first 2
years was possible due to the mining of available N stored in
labile soil organic matter. Considered together with the
observation that total soil C increased significantly over
the 4 years of the project and the total soil C/N ratio
remained unchanged, it is possible that the C accumulation
observed during the project has peaked for the N fertiliza-
tion level examined.

Table 7 Total soil carbon pools
[kg ha−1, (±SE)] before
napiergrass planting and during
the fall and winter of the final
harvest season

aWithin sample date and depth
increment, treatment means with
the same lowercase letter are not
significantly different (P≥0.05)
bWithin treatment and depth in-
crement, means with the same
uppercase letter are not signifi-
cantly different (P≥0.05) among
sampling dates

05-Jun-07 29-Sept-10 29-Mar-11

0–15 cm

Inorganic 12,200 (400) aaAb 19,300 (1,800) aB 17,000 (1,000) aB

Litter 13,400 (600) aA 29,400 (2,800) bB 16,800 (600) aC

Control 12,200 (900) aA 22,100 (4,600) abB 16,700 (1,200) aB

30–45 cm

Inorganic 9,700 (1,500) aA 8,300 (1,200) aAB 7,000 (500) aB

Litter 7,600 (1,000) aA 8,500 (700) aA 7,100 (500) aA

Control 7,600 (1,400) aA 6,400 (700) aA 6,700 (400) aA

60–75 cm

Inorganic 3,200 (500) aA 3,700 (1,400) aA 3,700 (500) aA

Litter 2,500 (400) aA 4,300 (600) aB 3,200 (300) aAB

Control 3,600 (600) aA 3,500 (300) aA 3,300 (400) aA

Partial profile

Inorganic 25,100(1200) aA 31,300 (2,300) aB 27,600 (1,300) aB

Litter 23,400 (900) aA 42,300 (1,700) bB 27,100 (600) aC

Control 23,400 (1,800) aA 32,000 (5,200) abA 26,800 (1,300) aA

Depth Average, all treatments

0–15 cm 12,600 (400) A 23,600 (2,200) B 16,900 (600) C

30–45 cm 8,300 (700) A 7,800 (600) AB 6,900 (300) B

60–75 cm 3,100 (300) A 3,900 (500) A 3,400 (200) A
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Fig. 3 Soil C/N ratios for the total C and N (a) or for the extractable C
and N fractions (b) at varying soil depths in napiergrass plots, sampled
from 2007 to 2011. Within soil layers, means with the same letter are
not significantly different (P≥0.05)
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Conclusions

Fertilization with poultry litter or inorganic fertilizer with
equal content of N, P, and K resulted in similar DMY that
consistently exceeded that of unfertilized control plots.
Yields in all treatments declined after 2 years, and this was
attributed primarily to N deficiency at the rate applied
(∼100 kg ha−1 year−1). Biomass N concentration and total
N removal in biomass were generally greatest in the inor-
ganically fertilized plots, while biomass P concentration and
P removal were greatest in the plots fertilized with poultry
litter. Napiergrass has a high capacity to remove excess P
from applied poultry litter, so a higher rate of litter could
possibly be applied. However, supplementation with inor-
ganic N is probably needed in order to achieve maximum
yields while minimizing nutrient releases into the environ-
ment, and use of poultry litter could help to buffer the soil
pH from acidification caused by the inorganic N fertilizer.
Excessive concentrations of nutrients such as P and K in
biomass could be undesirable depending on the intended

application, for example direct combustion [13], and this
must be considered when fertilizing biomass crops.
Irrespective of fertilization treatment, production of
napiergrass resulted in increases in soil C pools. Soil C
increased 2,510–3,350 kg ha−1 over the first 4 years of
production suggesting that napiergrass will serve as a C-
positive biofuels feedstock. Although there was some accre-
tion of N in the soil profile, the decrease in the C/N ratio of
chloroform-extractable organic matter from the soil suggests
that much of the accumulated N is unavailable for plant
uptake.
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