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Abstract
Napier grass (Pennisetum purpureum Schumach) has been identified as a potential energy crop in Thailand. However, informa-
tion regarding the biomass production characteristics of napier grass in response to K and N fertilization is required to guide
management decisions for biofuel feedstock. Our objective was to determine the effects of K and N rates on biomass yield,
developmental morphology, nutrient content and removal. This experiment was conducted during 2016 and 2017 at Kamphaeng
Saen (KPS), Thailand. The experimental design was a split plot arranged in a randomized complete block (RCB) with four
replications. Three K fertilization rates (0, 250, and 500 kg ha−1) were used for the main plots and four N fertilization rates (0,
250, 500, and 1000 kg ha−1) were arranged as subplots. With increasing N fertilization rate, most growth parameters increased,
except leaf to stem ratio and dry matter concentration decreased. Total dry matter yield (TDMY) increased from 16.6 to
43.0 t ha−1 and from 15.2 to 41.6 t ha−1 in 2016 and 2017, respectively, as N rate increased from 0 to 1000 kg ha−1. However,
growth and TDMY were not affected by K fertilizer. Increased TDMY resulted from an increase in the proportion of elongating
tillers leading to advancing mean stage by count (MSC) from 2.35 to 2.45. Therefore, although napier grass demonstrated large
biomass production under multiple harvest regimes, its higher removal rates (285.0–1615. kg K ha−1 and 86.7–422.2 kg N ha−1)
were varied with fertilization rates indicating a potential for higher fertilizer requirements and production costs over time.
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Introduction

The perennial C4 grasses have recently been investigat-
ed for their potential production of lignocellulosic bio-
mass. In the USA, switchgrass (Panicum virgatum), a
perennial warm-season grass native to North America,
has been identified as a model biofuel crop [1], while
miscanthus species (Miscanthus x giganteus) have po-
tential for a promising cellulosic feedstock under

European conditions [2]. Both species of C4 perennial
grasses, when grown in temperate climates, provide re-
markably high annual biomass and cellulose content
with low agricultural inputs.

For Thailand, napier grass or elephant grass (Pennisetum
purpureum Schumach.) has been classified by the Ministry of
Energy as a dedicated energy crop [3]. Napier grass is a C4
perennial bunchgrass with tall canopy, vigorous tillering, and
large leaf area, which are taken as fundamental factors for high
productivity. This grass species originated from tropical
Africa, and has been introduced to all tropical and sub-
tropical regions of the world to be widely used as a forage
source for ruminant animals [4].

However, its productivity and nutritive value as forage are
limited under drought stress and cold conditions. To solve
these problems, interspecific hybrids of the perennial
Pennisetum purpureum Schumach (napier grass) x annual
Pennisetum americanum (L.) Leeke (pearl millet) with higher
forage yield and quality were developed [5, 6]. These hybrids
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were widely distributed to farmers in subtropical and tropical
countries, including Thailand [7].

Because of its relatively higher herbage yield and higher
protein content, one of the napier grass hybrids, ‘Pakchong 1’
has recently been developed and promoted by the Department
of Livestock Development in Thailand. ‘Pakchong 1’ has pro-
duced biomass yields exceeding 500 t ha−1 (six cutting times
per year). Due to its high nutritive values and digestibility [8],
there has been particular interest in using napier grass for
conversion into biomethane with anaerobic digestion [9].
There has also been increasing interest in the production of
bioenergy via direct combustion of napier grass [10]. This
grass is highly productive in limited areas and maximum bio-
mass yield has been achieved by increasing fertilization rates,
especially K and N fertilization [11, 12]. To evaluate if napier
grass is an economically viable grass for the production of
biofuel feedstock for a particular area, information regarding
the optimum rates of fertilizer application is required.

Potassium is one of the most required essential macronu-
trients by grasses. It plays a key role in improving grass
growth and development because it is involved in improving
metabolic and physiologic functions, such as cation–anion
balance, enzyme activation, and stomatal mechanism [11].
Plants normally contain 2–5% K of dry weight for optimal
growth and development, varied with species, growth stage,
and plant’s organ [13]. However, napier grass has been shown
to be a luxury consumer of K, ranging from 31 to 67 g K kg−1

[14]. For N, it is always a limiting factor in the production of
tropical grasses, including napier grass. It can be responsive to
high N application rates up to 2000 kg N ha−1 for both total
dry matter yield and N content. Novo et al. [13] reported that
increasing K application rates in combination with low N
application rate increased dry biomass yield of napier grass.
These effects are more pronounced when harvest frequency is
increased [15]. Both K and N are taken up easily and are
accumulated abundantly in the above-ground parts of forage
crops [16]. The high nutrient concentrations accumulated in
harvested biomass suggest that significant fertilizer input will
be needed because large quantities of nutrients are removed
from the soil. For example, in Africa, napier grass yields were
reduced rapidly in the second year after harvesting [17].
Typically, high annual biomass yield with low mineral ele-
ment contents, including K, Cl, N, and S, are desirable traits
for the production of bioenergy and biofuels [18]. These bio-
mass characteristics can be obtained with proper management
practices, in particular, the use of optimal fertilizer applica-
tions and appropriate harvest management [7, 19].

In addition to optimal fertilization management, potential
biomass productivity and chemical composition of perennial
grasses depend on plant morphology and canopy structure
changes occurring during growth and development [20, 21].
Crop phenology allowing long growing season with optimum
leaf to stem ratio (LAI) and few proportion reproductive

structures in canopy is associated with increased biomass pro-
duction [22, 23]. Moreover, there are the relationships be-
tween morpho-agronomic traits and biomass quality within
napier grass genotypes. To obtain high calorific value and
large biomass yield for napier grass, the plant height and stalk
diameter should be increased [24]. Waramit et al. [21] have
demonstrated that the mean maturity of warm-season grasses,
including switchgrass, indiangrass, and big blue stem, was
increased with N fertilization. In contrast, the mean maturity
stage of eastern gamagrass (Tripsacum dactyloides L.) de-
creased when N fertilization at 140 kg N ha−1 was applied.

In temperate zones, one-cut per year harvest after grass
senescence has been recommended to attain the highest dry
matter concentration, the minimum nutrient concentrations,
and removal rates in harvested biomass [21, 25, 26].
However, multiple harvests per year to increase biomass
yield of forage grasses and to provide higher income for
farmers is a common practice in tropical zones, including
Thailand [7]. Consequently, greater nutrient removal with
increased harvest frequency could decrease inherent soil fer-
tility. In Thailand, the maximum biomass yield of napier
grass cv. Muaklek (36.9 t DM ha−1) occurred with high har-
vest frequency (2-month inter-cutting interval). However,
higher harvest frequency increased N concentration in bio-
mass from 1.2% with 12-month cutting to 1.8% with 2-
month cutting. In the southeastern USA, biomass yield of
napier grass cv. Merkeron and a breeding line UF1 were not
different between one and two harvests per year in the first
two years of the experiment [27]. However, two harvests per
year removed twice asmuchNandP in theharvestedbiomass
than one harvest per year. Knoll et al. [19] reported that na-
pier grass produced a high biomass yield (11.2–36.3 t DM
ha−1) without fertilizer application in the first three harvests
that then sharply decreased (5.0 t DM ha−1) in the fourth
harvest. This was likely because very large amounts of both
N (374 kg N ha−1) and K (1,121 kg K ha−1) were removed
from the soil over the first three harvests.

Sustainable biomass production systems depend on how
the removal and concentration of nutrients in harvested bio-
mass are affected by the fertilization rates. A higher rate of
nutrient content in harvested biomass often negatively affects
feedstock quality [26, 28] and increases fertilizer input costs
[29, 30].

Therefore, optimal fertilization management is a key factor
for the success of long-term biomass crop production.
However, research on productivity, optimum nutrient concen-
trations, nutrient removal rates, and developmental morphol-
ogy of napier grass as affected by the interaction of K and N
fertilization remains limited. Therefore, the objective of this
study was to determine the effects of K and N fertilizer rate on
biomass yield, developmental morphology, nutrient content,
and removal rates in hybrid napier grass for bioenergy
production.
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Materials and Methods

Site Description

Field experiments were carried out in 2016 and 2017 at
Kamphaeng Saen (KPS) district, Nakhon Pathom prov-
ince, Thailand (13° 59′ 38“ N, 99° 58’ 32” E). The studied
soil was a silty clay loam, fine-silty, mixed, semiactive,
isohyperthermic Typic Haplustalfs and showed the follow-
ing values: pH 6.73, ECe 1.54 dS m−1, total N 0.15%,
organic matter 2.43%, available P 110.6 mg kg−1 soil
(Mehlich III), exchange K 229.7 mg kg−1 soil (Mehlich
III), exchange Ca 3256.8 mg kg−1, and exchange Mg
541.7 mg kg−1 soil. Weather data were collected from a
weather station located approximately 5 km from the re-
search site (Table 1). Rainfall and temperature between
two studied years (January 2016–December 2017) varied.
In 2016, total rainfall was 789.7 mm less than the average
long-term (25 years) rainfall (1228.0 mm). Rainfall
amounts were especially great between July and October.
The average temperature (28.9 °C) was slightly higher
than the average long-term temperature (27.9 °C) except
in early 2016. In 2017, the total rainfall of 770.4 mm was
lower than the long-term average as well. Similar to 2016,
rainfall was especially high between July and October. In
this year, the average temperature was 28.5 °C, which was
slightly higher than the average long-term temperature. As
compared between both experimental years, total rainfall
for 2017 was slightly lower than that for 2016, while the
average temperature for both years was similar. The total
rainfall of both studied years was, therefore, commonly
dryer than the average long-term rainfall (Table 1).

Experimental Design and Field Agronomic Methods

The experiment was a randomized complete block design in a
split-plot arrangement, with four replications. The main plot
w a s t h r e e K a p p l i c a t i o n r a t e s ( 0 , 2 5 0 , a n d
500 kg K ha−1 year−1 of potassium chloride). The subplot
was four N appl ica t ion ra tes (0 , 250, 500, and
1000 kg N ha−1 year1 of ammonium sulfate). Plant stock of
hybrid napier grass (Pennisetum purpureum Schumach x P.
americanum (L.) Leeke cv. Pakchong 1) was obtained from
Nakhon Ratchasima Animal Nutrition Research and
Development Center, Pakchong district, Nakhon Rachasima
province, Thailand. To produce similar-sized plants for the
experiment, napier grass clumps were cut into individual
stems (two nodes per stem) and propagated in plastic pots
(diameter 10 cm; height 15 cm). The potted plants were grown
in a greenhouse and watered every day for one month. In
August 2015, potted napier grass plants were transplanted
manually into the experimental plots conventionally prepared
using disk plows and cultivation furrow. The distance be-
tween rows was 1.3 m and plant spacing was 0.5 m.
Individual subplots consisted of five rows, 8 m long, and
6.5 m wide. Each row had 18 plants (90 plants per subplot).
To enable the uniform growth of the grass stand, a standard-
ized cut (70 days after transplanting) at ground level was made
on November 2015. The fertilization treatments were applied
as six equal split applications at 2-month intervals after each
cutting (at the standardized cut, and at the 1st, 2nd, 3rd, 4th,
and 5th harvest). After each harvest and at the symptom of
drought stress in both years (except the 4th harvest in 2016,
and the 3rd and 4th harvest in 2017), all plots were immedi-
ately irrigated totalling 70 mm in 2016 and 50 mm in 2017 to

Table 1 Mean monthly rainfall
and temperature from 2016 to
2017 and the long-term (25 years)
average at Kamphaeng Saen,
Nakhon Pathom, Thailand

Month Rainfall (mm) Temperature (°C)

Long-term average 2016 2017 Long-term average 2016 2017

January 35.7 0.1 7.6 24.8 24.9 25.5

February 0.7 0.9 0.5 27.3 24.1 26.7

March 114.1 6.0 16.9 29.0 28.8 29.3

April 13.6 0.0 4.9 30.2 32.5 31.2

May 176.3 22.0 36.0 29.7 32.3 30.5

June 169.1 51.5 76.7 29.0 30.9 30.7

July 90.8 123.9 160.5 28.4 30.5 30.2

August 119.9 82.7 100.4 28.4 30.7 30.4

September 119.4 211.4 161.1 28.2 30.0 28.0

October 256.5 232.4 161.6 27.6 29.3 28.9

November 86.1 58.8 43.0 26.7 27.5 27.4

December 45.8 0.0 1.6 24.9 25.9 24.0

Total (mm)/mean (°C) 1228.0 789.7 770.4 27.9 28.9 28.5
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ensure unrestricted grass growth. Weeds were controlled by
hand hoeing at 25 days after planting.

Data Collection and Analytical Procedure

Plant height, total tiller number, and stalk diameter were mea-
sured on ten plants chosen at random before each harvest date.
The above-ground biomass samples were harvested at 2-
month intervals following the standardized cut. The six har-
vests occurred in January, March, May, July, September, and
November for both years. At each harvest date, the whole
plant was randomly hand-clipped at ground level from an area
of 5.2 × 1.5 m (9 plants) within each subplot. After each har-
vest, the guard rows and remaining plants of the plots were cut
and all cut materials were removed from the plots. After re-
cording fresh weights in the field, a representative sub-sample
of 15 tillers was randomly taken to be hand-separated into leaf
and stem, and then dried at 65 °C in a forced-air oven for 72 h
and then reweighed to determine dry matter concentration (g
dry matter per kg fresh weight) and dry matter yield (t per ha).

Quantifying Morphological Development

At each harvest, the number of live tiller samples was deter-
mined, as a measure of morphological development, using the
mnemonic scale developed by Moore et al. [31]. The individ-
ual grass tillers were classified into four primary growth stages
including: vegetative (leaf development), stem elongation, re-
productive (floral development), and seed development and
ripening. Within each primary growth stage, secondary
growth stages describing specific events were given numerical
indices to quantify grass canopy development. The develop-
mental stage of the grass tiller population was described by a
mean stage by count (MSC), calculated using the following
equation:

Mean Stage by Count MSCð Þ ¼ ∑4:9
i¼0

Si x Ni

C

Where Si = growth stage (0 to 4.9), Ni = number of tillers in
stage Si, C = total number of tillers.

Potassium and Nitrogen Analyses

The dried samples were ground sequentially using a Wiley
mill (Model 4, Thomas Manufacturing, PA) to pass an 8-
mm screen and reground to uniformity using a 1-mm screen.
Potassium concentration in the dried ground material for each
treatment was determined using atomic absorption spectrom-
etry, flame photometry, and spectrophotometry according to
the methods of AOAC [32]. For determining N analysis, dried
ground material was quantified by the Kjeldahl procedure

[33]. Average K and N concentration in harvested biomass
for the six-cut system was calculated as a weighted average.

K and N removal (kg ha−1) were determined as:

%K or%N x dry matter kg=hað Þ
100

Statistical Analyses

The data for each experimental year were separately analyzed
because of the differences in the response of biomass yield
and chemical composition to fertilizer application dates, har-
vest dates, irrigation dates, and variable climatic conditions
from year to year (Table 1). Analysis of variance (ANOVA)
was investigated to determine the main effects and interac-
tions of K and N application rates. Differences between means
were separated using the Duncan’s new multiple range test at
the 0.05 probability level. The responses to K and N fertiliza-
tion rates were tested using orthogonal polynomial contrasts.
The relationships between TDMY and nutrient removal, and
nutrient content and nutrient removal were evaluated using
correlation analysis. All analyses were conducted in R version
3.3.2 using the nlme package [34].

Results

Growth Characteristics

There was no K x N rate interaction for most of the growth
characteristics in both years, except for LAI in 2017 (Table 2).
Therefore, the effects of K and N rate on the growth traits were
evaluated independently. The results showed that N fertiliza-
tion affected all growth parameters, but K fertilization did not
affect these traits for napier grass (Table 2). In 2016, as N
fertilization rate increased from 0 to 1000 kg N ha−1, plant
height increased in quadratic manner from 162.3 to 209.7 cm,
while stalk diameter, total tiller number, and LAI increased in
linear manner from 1.33 to 1.41 cm, 18.2 to 23.4 tiller m−2,
and 1.06 to 3.42, respectively (Table 3). Similarly, the results
in 2017 showed that plant height increased quadratically from
156.3 to 201.9 cm, whereas total tiller number increased lin-
early from 18.9 to 23.0 tiller m−2 with N fertilization rate
increased, but there was a difference in stalk diameter among
N fertilization rates in this year. However, there was a K x N
rate for LAI in 2017 indicating that the linear increase in LAI
as N rates increased from 250 to 1000 kg N ha−1 was less
pronounced for napier grass with no K fertilization (1.6–2.5)
than napier grass receiving K fertilization (1.6–3.4) (Fig. 1).
Thus, this suggested that LAI of napier grass was more re-
sponsive to N fertilization at adequate K supply.
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Total Dry Matter Yield (TDMY)

There was no K x N rate interaction for TDMY in either 2016
or 2017 (Table 2). Averaged over N fertilization rates, K fer-
tilization did not affect TDMY for napier grass in both 2016
and 2017 (Table 2). As expected, increased N rate contributed
greatly to TDMY in both years. When compared with the
control treatment with no N fertilization, TDMY of napier
grass supplied with N fertilizer at the rates of 250, 500, and
1000 kg N ha−1 increased by 70, 122, and 159% in 2016 and
66, 120, and 173% in 2017, respectively (Table 3). Maximum
TDMY was 43.0 t ha−1 in 2016 and 41.6 t ha−1 in 2017 when

applied with the highest N rate of 1000 kg N ha−1. Across K
and N fertilization rates, TDMY in 2016 was 31.2 t ha−1,
which was slightly greater than that in 2017 (28.9 t ha−1)
(Table 3).

Dry Matter Concentration (DMC)

Dry matter concentration varied with N fertilization, but did
not with K fertilization (Table 2). When N rate increased from
0 to 1000 kg N ha−1, DMC declined linearly from 22.2 to
20.7 g kg−1 in 2016 and from 21.5 to 20.7 g kg−1 in 2017
(Table 4).

Table 3 Mean plant height (PH), tiller diameter (TD), total tiller number (TTN), leaf area index (LAI), and total dry matter yield (TDMY) in response
to three K rates and four N fertilization rates averaged across six harvests for 2016 and 2017 at Kamphaeng Saen (KPS), Thailand

Factor PH (cm) TD (cm) TTN (tiller m−2) LAI TDMY (t ha−1)

2016 2017 2016 2017 2016 2017 2016 2017 2016 2017

N rate (kg ha−1)

0 162.3 da 156.3 d 1.33 b 1.34 18.2 b 18.9c 1.06 d 0.77 d 16.6 d 15.23 d

250 188.7 c 184.2 c 1.33 b 1.39 21.7 a 21.5b 1.81 c 1.45 c 28.3 c 25.24 c

500 199.4 b 193.0b 1.39 ab 1.40 22.0 a 21.8b 2.52 b 1.97 b 36.9 b 33.57 b

1000 209.7 a 201.9 a 1.41 a 1.37 23.4 a 23.0a 3.42 a 2.58 a 43.0 a 41.59 a

P value

Linear 0.0012 b <0.0001 0.0066 0.1268 0.0066 0.0021 0.1003 0.0327 <0.001 <0.0001

Quadratic 0.0490 0.0006 0.7881 0.2745 0.0698 0.0587 0.5966 0.8642 0.0002 0.0004

K rate (kg ha−1)

0 184.7 184.7 1.37 1.35 21.2 21.2 2.01 1.40 30.6 27.96

250 187.7 187.7 1.38 1.37 20.6 21.1 2.30 1.75 28.2 27.74

500 197.8 197.8 1.35 1.38 22.0 21.6 2.30 1.93 34.8 31.01

P value b

Linear 0.0815 0.9768 0.7448 0.9404 0.3450 0.7159 0.6074 0.5737 0.4112 0.4867

Quadratic 0.6370 0.8976 0.7924 0.9815 0.2920 0.6521 0.6777 0.6896 0.2598 0.6462

a Values with the different letter within a column are significantly different (P < 0.05)
b P value for orthogonal polynomial contrasts of fertilizer application rate within a column

Table 2 Plant height (PH), tiller diameter (TD), total tiller number
(TTN), leaf area index (LAI), total dry matter yield (TDMY), leaf to
stem ratio (LSR), dry matter concentration (DMC), vegetative tiller
(VT), elongating tiller (ET), mean stage count (MSC), nitrogen content

(NC), potassium content (KC), nitrogen removal (NR), and potassium
removal (KR) F-values and statistical significances in response to three
potassium rates and four nitrogen fertilization rates in 2016 and 2017
growing seasons at Kamphaeng Saen (KPS), Thailand

Year Effect PH TD TTN2 LAI TMDY LSR DMC VT ET MSC NC KC NR KR

2016 K rate 2.26 ns 0.35 ns 2.59 ns 2.71 ns 4.63 ns 2.45 ns 0.32 ns 0.13 ns 1.37 ns 0.35 ns 0.01 ns 9.30** 3.48 ns 74.59**
N rate 44.38** 3.33 * 13.15** 73.71** 103.45** 9.27** 3.54* 8.60** 50.69** 6.63** 21.90** 19.66** 124.39** 23.75**
K x N 1.12 ns 1.25 ns 0.46 ns 1.63 ns 0.66 ns 0.14 ns 0.56 ns 1.61 ns 0.23 ns 0.35 ns 1.41 ns 6.08** 1.17 ns 2.38 ns

2017 K rate 2.76 ns 0.34 ns 0.89 ns 3.45 ns 4.91 ns 2.13 ns 0.38 ns 0.36 ns 0.35 ns 0.01 ns 2.04 ns 32.49** 1.63 ns 39.54**
N rate 91.01** 2.51 ns 28.01 ** 157.59** 123.03** 26.89** 3.83* 2.33 ns 55.98** 5.52** 63.32** 30.67** 156.06** 59.03**
K x N 0.26 ns 0.71 ns 0.80 ns 4.11** 1.19 ns 0.40 ns 1.00 ns 0.20 ns 1.39 ns 0.34 ns 0.74 ns 2.41 ns 0.64 ns 2.62 ns

ns, non-significant

*significant at the 0.05 probability level

**significant at the 0.01 probability level
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Leaf to Stem Ratio (LSR)

There was no response of LSR to K fertilization in either
experimental year (Table 2). However, LSR decreased in lin-
ear and quadratic manners as N application rate increased in
2016 and 2017, respectively. The application of N at 250, 500,
and 1000 kg N ha−1 resulted in decreased LSR by 7.5%,
15.1%, and 20.4%, respectively, in 2016 (Table 4) and by
14.4%, 18.6%, and 22.7%, respectively, in 2017. No interac-
tion effect of K x N rate was detected for LSR showing con-
sistency of N effect among K fertilization rates (Table 1).

Tiller Development

No interaction effect of K x N rate was detected for the mor-
phological indices of mean stage by count (MSC) in either
year, indicating independence between the factors (Table 2).
Additionally, there were no differences in the MSC among K
fertilization rates. However, N fertilization had an effect on
MSC for both years. In 2016, theMSC increased linearly from
2.4 (fourth node palpable) for the control plots to 2.5 (mid-
elongation stage with 5 nodes) for plots receiving
1000 kg N ha−1 (Table 4). Similar to 2016, increasing N fer-
tilization rates from 0 to 1000 kg N ha−1 increased MSC lin-
early from 2.3 (third node palpable) to 2.4 (fourth node

palpable) in 2017. This suggested that napier grass receiving
N fertilization advanced MSC during each two-month period
of growth.

Figure 2 showed that napier grass stands receiving N fer-
tilizer provided a larger proportion of tillers developing to the
elongating stage than did those in the unfertilized plots.
Averaged over six harvests, the elongating tiller number
(ETN) increased linearly from 112,536 to 224,501 tiller ha−1

and from 114,103 to 206,553 tiller ha−1 for 2016 and 2017,
respectively, as N fertilization rates increased (Table 4 and
Fig. 2). When compared with elongating tillers, fewer tillers
in vegetative stage (VTN) changed with N fertilization rates,
as indicated by the proportion of tiller populations in either
year. In 2016, the VTN significantly decreased in a linear
manner from 37,607 to 18,234 tiller ha−1 as N fertilization rate
increased. However, the tiller populations of vegetative and
elongating stage were not affected by K fertilization.

N Content

There was no K x N interaction effect on average annual N
content in harvested above-ground biomass (Table 1).
Nitrogen content increased relatively as N fertilization rate
increased in both years. Averaged over six harvest dates, N
fertilization at 250, 500, and 1000 kg N ha−1 increased N
content by 5.5, 16.4, and 34.3%, respectively, for 2016 and
by 3.1, 17.0, and 39.1%, respectively, for 2017, when com-
pared with biomass receiving no N fertilization (Table 5).
However, N content showed no response to K fertilization rate
(Table 2).

K Content

The interaction of K by N application was significant for K
content in 2016; however, the interaction effect was not sig-
nificant in 2017 (Table 2). In 2016, the interaction effect oc-
curred because there was fluctuation in the shape of the re-
sponse curves among N application rates (Fig. 3). This indi-
cated that the K content in harvested biomass receiving
250 kg K ha−1 increased to the same level (44.0 and
44.9 g K kg−1), across 250 and 500 kg N ha−1, which was
greater than the biomass receiving 1000 kg N ha−1

(37.3 g K kg−1). However, K content in harvested biomass
receiving 250 kg K ha−1 in combination with 0 and
1000 kg N ha−1 was 39.6 and 37.3 g K kg−1, respectively,
which was consistent with that of biomass receiving no K
fertilizer (41.7 and 35.0 3 g K kg−1, respectively). In contrast
to 2016, the increase in K content as increased K application
rate across four N fertilization rates was at the same rate in
2017. In this year, the K content increased in linear manner
from 24.5 to 33.3 g kg−1 as K fertilization rates increased from
0 to 500 kg K ha−1. However, the K content declined linearly

Fig. 1 Mean leaf area index (LAI) as influenced by four N rates. Data are
averaged over four replications, six harvest dates, and three K rates in (a)
2016 and (b) 2017 at Kamphaeng Saen, Nakhon Pathom, Thailand. Error
bar is standard error
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from 34.3 to 25.7 g kg−1, as N fertilization rate increased from
0 to 1000 kg N ha− 1 (Table 5).

Total Annual Nitrogen Removal

There was no K x N interaction effect on total annual N re-
moval in either year (Table 2). Additionally, there was no
difference in total annual N removal among K fertilization
rates. This is likely due to there being no response of the
annual dry matter yield to K fertilization and that of N content
in harvested biomass (Table 2). Unlike K fertilization, N fer-
tilization affected N removal in the harvested biomass for both
years. Biomass N removal increased linearly from 127.2 to
422.2 kg ha−1 in 2016 and from 106.9 to 394.9 kg ha−1 in
2017, as N fertilizer rate increased from 0 to 1000 kg N ha−1

(Table 5).

Total Annual K Removal

There was no K and N fertilization rate interaction for total
annual K removal in harvested biomass (Table 2). Increasing
N application rate from 0 to 250, 500, and 1000 kg N ha−1

increased K removal quadratically from 795.5 to 1159.7
(45.8%), 1513.8 (90.3%), and 1615.1 (103.0%) kg ha−1, re-
spectively, in 2016, and from 546.7 to 769.7 (41.0%), 1002.7
(83%) and 1089.9 (99%) kg ha−1, respectively, in 2017

Table 4 Mean leaf to stem ratio (LSR), mean stage count (MSC),
vegetative tiller number (VTN), elongative tiller number (ETN), and
dry matter concentration (DMC) in response to three K rates and four N

fertilization rates averaged across six harvests in 2016 and 2017 at
Kamphaeng Saen (KPS), Thailand

Factor. LSR MSC VTN (tille ha−1) ETN (tiller ha−1) DMC (g kg−1)

2016 2017 2016 2017 2016 2017 2016 2017 2016 2017

N rate (kg ha−1)

0 0.93 aa 0.97 a 2.35 b 2.34 c 37,607 a 43,163 112,536 d 114,103 d 22.2 a 21.5 ab

250 0.86 ab 0.83 b 2.41 a 2.38 bc 27,066 b 38,746 159,544 c 147,009 c 22.3 a 21.7 a

500 0.79 bc 0.78 bc 2.41 a 2.39 ab 25,356 bc 37,749 190,028 b 179,772 b 21.1 b 20.9 bc

1000 0.74 c 0.75 c 2.45 a 2.43 a 18,234 c 31,624 224,501 a 206,553 a 20.7 b 20.7 c

P value

Linear <0.0001 b <0.0001 0.0252 0.0004 0.0005 0.6072 0.0233 0.0220 0.0031 0.0141

Quadratic 0.1019 0.0008 0.2169 0.5903 0.6223 0.4911 0.4741 0.6320 0.6244 0.6132

K rate (kg ha−1)

0 0.84 0.84 2.43 2.39 25,000 36,004 175,855 163,675 21.8 21.4

250 0.85 0.84 2.40 2.38 27,991 37,928 168,590 158,654 21.3 21.1

500 0.80 0.82 2.40 2.39 28,205 39,530 170,513 163,248 21.6 21.2

P value

Linear 0.5790 0.5154 0.5232 0.9381 0.6887 0.9122 0.7968 0.7412 0.4736 0.3681

Quadratic 0.4159 0.7419 0.5734 0.8930 0.7533 0.8394 0.7968 0.7414 0.4911 0.3983

aValues with different letters within a column are significantly different (P < 0.05)
bP value for orthogonal polynomial contrasts of fertilizer application rate within a column

Fig. 2 Tiller demographics for napier grass as influenced by four N rates.
Data are averaged over four replications, six harvest dates, and three K
rates in (a) 2016 and (b) 2017 at Kapmphaeng Saen, Nakhon Pathom,
Thailand
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(Table 5). Similar to N fertilization, K removal increased lin-
early from 1093.9 to 1167.0 (6.7%) and to 1525.2 (39.4%) kg
ha−1, respectively, in 2016, and from 942.8 to 1044.6 (10.8%)
and to 1282.7 (36.1%) kg ha−1, respectively, in 2017, as K
fertilizer rate increased from 0 to 250 and 500 kg K ha−1.

Discussion

The positive effect of N fertilization on TDMY in the current
study is similar to that determined in previous studies on other
C4 perennial grasses [29, 35, 36]. These studies suggested that
TDMY for warm-season grasses peaked at 500 kg N ha−1 or

less, while maximum dry matter yield of napier grass in this
study occurred at the greatest N fertilization rate of
1000 kg N ha−1 for both years (Table 3). The increased bio-
mass yield of warm-season grasses in response to N fertiliza-
tion was attributed to an increase in stem development [21].
For napier grass, a greater stem development was reflected in a
decreased leaf to stem ratio (Table 3) and in an increased
proportion of elongating tillers (Fig. 2). However, TDMY of
napier grass did not reach a plateau at the highest rate of
1000 kg N ha−1 (Table 3). It is expected that N fertilization
at higher rates than 1000 kg N ha−1 could lead to further
increases in total dry matter yields. A raised biomass yield in
response to N fertilization in this study is consistent with

Table 5 Mean N and K content
and removal of napier grass
(Pennisetum purpureum (L.)
Schummach) pooled across six
harvests for 2016 and 2017 at
Kamphaeng Saen (KPS),
Thailand

Factor. N content (g kg−1) K content (g kg−1) N removal (kg ha−1) K removal (kg ha−1)

2016 2017 2016 2017 2016 2017 2016 2017

N rate (kg ha−1)

0 7.44 c a 6.83 c 43.3 a 34.3 a 127.2 d 106.9 d 759.5 c 546.7 d

250 7.69 c 7.04 c 41.1 a 29.0 b 216.4 c 178.9 c 1159.7 b 769.7 c

500 8.50 b 7.99 b 41.0 a 28.5 b 312.1 b 267.9 b 1513.8 a 1002.7 b

1000 9.78 a 9.50 a 37.5 b 25.7 c 422.2 a 394.9 a 1615.1 a 1089.9 a

P value

Linear <0.0001b <0.0001 0.0117 0.0006 <0.0001 <0.0001 <0.0001 <0.0001

Quadratic 0.5166 0.1180 0.9311 0.1931 0.0790 0.2837 0.0028 0.00205

K rate (kg ha−1)

0 8.36 8.02 36.7 b 24.47 b 261.3 233.1 1093.9 b 942.82 c

250 8.39 7.89 41.5 a 30.32 a 243.6 228.6 1167.0 b 1044.6bc

500 8.32 7.60 44.1 a 33.30 a 303.6 249.9 1525.2 a 1282.7 a

P value

Linear 0.9237 0.9442 <0.0001 <0.0001 0.5309 0.7246 0.0095 0.0013

Quadratic 0.9041 0.8607 0.4408 0.3121 0.3716 0.7537 0.3009 0.6867

a Values with different letters within a column are significantly different (P < 0.05)
b P value for orthogonal polynomial contrasts of fertilizer application rate within a column
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Fig. 3 Mean K content in
harvested biomass of napier grass
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earlier studies reported that biomass yield of napier grass in-
creased with N fertilizer rates up to 1600 kg N ha−1 producing
a maximum yield of 57.95 t ha−1 [37]. In addition, they dem-
onstrated that the dry matter production of napier grass in-
creased in a quadratic manner as N rates increased. An in-
crease in dry matter concentration is important for the com-
plete determination of calorific value [38]. Munalula and
Meincken [39] reported that the highest calorific value was
significantly correlated to the highest dry matter density.

In contrast, Novo et al. and Almeida et al. [13, 40] demon-
strated that the response of biomass yield was inversely pro-
portional to the increment of N application rate. Additionally,
Stida et al. [41] showed that dry matter production decreased
in a linear manner with increasing N application rate from 400
to 1600 kg N ha−1 (within an K application rate of
500 kg K ha−1). In their studies, the maximum dry matter
production of three napier grass genotypes ranged from 50.7
to 55.1 t ha−1 and occurred at the lowest application rate of
400 kgN ha−1 in combination with 500 kgK ha−1. However, a
significant relationship was not observed at the lower applica-
tion rate of 200 kg K ha−1. This indicates that biomass yield
response to N fertilization was associated with the K applica-
tion rate. However, there was no K fertilization effect and no
K x N rate interaction effect on TDMY of napier grass in the
present study. This is likely because soil K at the experimental
site (229.7 mg K kg−1) might have met the K requirement of
napier grass. Consistent with previous studies, Jungers et al.
and Shield et al. [36, 42] suggested that biomass yield for both
temperate and tropical grasses responded to N fertilization but
did not respond to K fertilization. In addition, Dampney [43]
and Rahman et al. [44] found that K fertilizer application did
not affect total annual DM yield of napier grass when K con-
tent in the soil was greater than 120 mg kg−1. Similar to other
different C4 grasses, K did not affect herbage yield and N
content, even when applied in combination with high rates
of N and P [45, 46]. However, although there was no effect
of K on biomass yield, luxury consumption of K gave high K
concentration for napier grass (Table 5 and Fig. 3) comparable
to the amounts reported by Valencia-Gica et al. [47] (37.4–
41.9 g K kg−1) in a study comparing nutrient removal among
tropical grasses. Although napier grass was usually adapted to
a range of soil conditions, the maximum TDMY was pro-
duced in areas with high rainfall, over 1500 mm per year
[48]. Norsuwan et al. [49] reported that yield responses for
napier grass to increasing N fertilization rates were linear at
1.0 ETo (reference evapotranspiration) irrigation treatment,
but curvilinear at 0.5 ETo irrigation treatment and rainfed
condition. Therefore, the results in the present study showing
quadratic response of TDMY to N fertilization rate in drier
conditions than average years (Table 1) might not be applica-
ble to other sites where different rainfall conditions prevail.

An increase in LAI plays a key role in increasing dry matter
yield of napier grass [22]. Even with excessively high LAI

causing high shading within the canopy of various plants, light
penetration in the canopy of napier grass was improved by
stem elongation, stem erection, and self-thinning. The maxi-
mum LAI of 3.42 for napier grass observed in this study
(Fig.1) was less than the value reported by Kubota et al.
[22]. This suggests that LAI of napier grass would be able to
further increase up to 15.4.

An increase in N fertilization rate stimulated stem growth
and the overall development for napier grass (Fig. 2), therefore
decreasing LSR (Table 3). Leaf to stem ratio decreased with
increasing N fertilization was because of enhanced stem elon-
gation [50]. This agrees with previous observations of LSR
response to N fertilization for Urochloa brizantha [51]. The
change in the chemical constituents (e.g., lignocellulose and
mineral contents) of warm-season grasses was highly corre-
lated with the variation in LSR [52]. Grass stems contain
greater fiber and lower element constituents than do leaves
[53]. High lignocllulose and low element composition in bio-
mass are desirable traits by contributing more energy to ther-
mochemical conversion process [54]. Therefore, grass bio-
mass with low LSR decreases the efficiency of biochemical
conversion processes by reducing the availability of cellulose
and hemicellulose contents [55].

Optimizing grass biomass yield and quality for biofuel pro-
duction is affected by changes in morphology [52]. This study
has indicated that MSC of napier grasses increased with in-
creasing N fertilization rates in agreement with a study by
Waramit et al. [21]. This suggested that the advanced MSC
with N fertilization was likely because N application increased
the density of elongating and reproductive tillers per unit area.
Similarly, it is shown in our study that N fertilization increased
stem development and the proportion of elongating tillers
(Table 4 and Fig. 2).

Increasing N fertilization rates increased N concentration
but decreased K concentration in harvested biomass, which
was comparable to those observed earlier [56, 57]. Other pre-
vious studies suggested that N content for tropical grasses
increased as N application rate increased, but the degree of
increase depended on N rate and harvest frequency [15, 25,
58]. A decrease in the K concentration in plant tissues as a
function of the N rates was caused by the dilution effect due to
a greater dry biomass yield at higher N fertilization treatment
[56]. However, high concentrations of elements, including N
and K, in biomass feedstock are undesirable for biofuel pro-
duction and negatively affect conversion and combustion sys-
tems [59]. To maximize dry matter yield of grasses, N appli-
cation is therefore a key management practice but may reduce
biomass quality by increasing the concentration of N.

Additionally, this study has shown that K removal rate
positively responded to both K and N fertilization rates. This
was due more to the response of TDMY than the K concen-
tration in harvested biomass. Our result indicated that total
annual K removal was positively correlated with TDMY
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(r = 0.937, P < 0.05 in 2016; r = 0.876, P < 0.05 in 2017), but
was not correlated with biomass K content (r = 0.049; P =
0.7763 in 2016; r = 0.2565; P = 0.911 in 2017), whereas the
increase in N removal rate as N fertilizer rate increased was a
result of both greater TDMY and higher N content of biomass.
Total annual N removal was positively correlated with N con-
tent (r = 0.809923, P < 0.05 in 2016; r = 0.90, P < 0.05 in
2017) and positively correlated with TDMY (r = 0.9486898,
P < 0.05 in KPS and r = 0.973, P < 0.05 in 2017) (data not
shown). These findings are in agreement with previous studies
[25, 58, 60]. Moreover, the proportion of nutrients (K and N)
in harvested biomass removed at the 60-day harvest was rel-
ative to fertilizer addition. Therefore, this result suggests that
nutrient limitations occurred for both K and N in this experi-
ment. Additionally, biomass K was removed by 305.0–
466.8% and 256.5–417.8% of added K in 2016 and 2017,
respectively. Although TDMY were not affected by K fertil-
ization, the K removal rates were above the added fertilization
rates. Consequently, K demand for napier grass may have
been met even in the control plots receiving no K fertilizer
for both experimental years. Unlike K removal rate, when
napie r grass was fe r t i l i zed wi th 250, 500, and
1000 kg N ha−1, N removal rates in harvested biomass were
less than the amount of N added (86.6, 62.4, and 42.2% of
added N, respectively, in 2016, and 71.6, 53.6, and 39.5% of
added N, respectively, in 2017). Biomass N removal rate be-
low fertilization rates (<100%) coincided with the increased
TDMY as N application rate increased (Tables 3 and 4) indi-
cating that the soil N availability may have been in deficit
even at the highest N rates.

The stand persistence and regrowth potential of peren-
nial grasses are reduced when above-ground biomass is
removed frequently without fertilization [58]. The current
study has demonstrated that the increasing N fertilization
rates in a multiple-harvest system resulted in relatively
greater annual biomass production of napier grass when
compared with the control treatment. Kering et al. [26]
reported that although there was potential to increase C4-
grass biomass through N fertilization and multiple harvests
per year, higher nutrient concentrations and removal rates
in a multiple-harvest system may be less sustainable for
biomass energy production systems than the one-cut sys-
tem in late season when nutrients have been remobilized to
below-ground storage reserves. The greater nutrient con-
centrations in harvested biomass not only result in lower
feedstock quality for bioenergy production but also involve
a greater nutrient removal from soil [61]. This may lead to
the corresponding increase in fertilizer requirements and
costs associated with greater nutrient removal. However,
the ability to increase biomass feedstock supply on a year-
round basis for lignocellulosic biorefineries is likely to be
able to justify using a multiple-harvest system and an op-
timal fertilization management.

Conclusions

This study increases the understanding of how different K and
N fertilization rates affect biomass yield, morphological de-
velopment, and nutrient removal for napier grass in a multiple-
harvest system. Biomass yield of napier grass increased in a
quadratic manner with increasing N fertilizer rates, but there
was no difference among K fertilization rates. Greater N fer-
tilization slightly increased mean stage count index for napier
grass harvested at 60-day intervals resulting from an increase
in the proportion of elongating tillers within the swards, but
resulted in decreased leaf to stemmass ratio. Biomass K and N
concentration and removal were greater as their fertilization
rates increased. Excessive concentration of nutrients, especial-
ly K, in harvested biomass of napier grass must be considered
when fertilizing napier grass for biofuel purposes. Finally,
napier grass could be one of the best suited perennial grasses
in tropical climates due to its desired morphological charac-
teristics and relatively high biomass yield when fertilization is
managed properly. However, future studies of this grass for
biofuel purposes should aim at achieving minimum nutrient
removal and maximum lignocellulose yields.
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