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Napier grass (Pennisetum purpureum Schumach) comprises up to 80% of the

cattle diet in many tropical and subtropical regions and is used primarily by

smallholder farmers. Despite the grass’s high yield, resulting animal productivity

from this grass is low. One of the key reasons for the low animal productivity of

Napier grass is its low nutritive value under current management. Taken together,

previous work has shown the current yield, crude protein (CP), andmetabolisable

energy (ME) of Napier grass to be 26 t dry matter (DM)/ha/year, 96 g/kg DM, and

8.7 MJ/kg DM, respectively, ranging from 2 to 86 t DM/ha/year, 9 to 257 g CP/kg

DM, and 5.9 to 10.8 MJ ME/kg DM, respectively, suggesting an opportunity for

significant improvement on both yield and nutritive value of this grass. The DM

yield and nutritive value of this grass are inversely related, indicating a trade-off

between yield and quality; however, this trade-off could be minimised by

increasing sowing density and harvesting frequency. Available literature shows

that this simple management strategy of increasing sowing density (50 cm ×

40 cm) and harvesting frequency (11–12 harvests/year) provides 71 t DM/ha with

135 g/kg DM CP and 10.8 MJ ME/kg DM. This quality of Napier grass has the

potential to increase both milk and meat production substantially in the tropics

and subtropics, and the farmers will likely find this simple management

acceptable due to the high yield obtained through this management. However,

there is a paucity of work in this field. Therefore, management strategies to

improve the nutritive value of Napier grass are required to increasemilk andmeat

production in the tropics and subtropics and in doing so improve the food

security of more than half of the global population living in these regions.

KEYWORDS
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1 Introduction

Napier grass (Pennisetum purpureum Schumach) is the key diet

of many elephants, and as such, is commonly known as elephant

grass (Heuzé et al., 2020) but it may also be named as elephant grass

due to its robust growth as opposed to other grass species. The

taxon Cenchrus purpureus (Schumach) was also proposed in 2010

as a replacement for P. purpureum Schumach (Chemisquy et al.,

2010). Whilst native to Sub-Saharan tropical Africa, the robust

growth of this grass makes it one of the most popular and important

forages for smallholder livestock farmers in the tropics and

subtropics (Muktar et al., 2022). As a result, this grass has been

introduced and naturalised in more than 100 tropical and

subtropical countries throughout the world, particularly in Africa,

Asia, and Latin America (Cook et al., 2005; Clayton et al., 2013),

representing over 50% of the world’s population (Almeida, 2018).

As such, Napier grass in the tropics and subtropics is as popular as

perennial ryegrass (Lolium perenne) in the temperate region for

animal production. The tropics is a vast area encompassing most of

Central and South America, the Caribbean, Africa, India, Southeast

Asia, Northern Australia, and most of the Pacific Islands. The

subtropics encompass the Southern USA, the Mediterranean,

Northern India, and China to the North and South Africa,

Australia, and Southern Brazil to the South, where Napier grass

or similar species are cultivated widely.

Napier grass is a world record holder grass for yield at 86 t dry

matter (DM)/ha (Vicente-Chandler et al., 1959). This high-yielding

characteristic makes it highly popular with smallholder farmers in

tropical and subtropical farmers. Therefore, up to 80% of the forage

ingested by cows in many tropical and subtropical countries is

Napier grass (Kabirizi et al., 2015), and focus of farmers in these

areas are high biomass yield (40%–59%; associated with plant

height) and rapid re-growth (10%–26%). Smallholders typically

harvest Napier grass when it reaches between 2 and 3 m in height

(Zhang et al., 2010; Rengsirikul et al., 2013) in order to maximise

yield from their small and fragmented areas of land. Under such

growth priority-based current management, this grass currently

provides low crude protein (CP; 70–100 g/kg DM) and

metabolisable energy (ME; ~8 MJ/kg DM) for ruminant

production (Cook et al., 2005), as there is a trade-off between

growth and quality. Consequently, despite high yield, the low CP

and ME of this grass obtained under current management cannot

meet the protein and energy requirements of beef and dairy animals

with consequences for both productivity (Muia et al., 2001a; Muia

et al., 2001b). In addition, animals offered with such low-quality

Napier grass usually require high amounts of grain-based

concentrate to support milk and meat production. As such, due

to the requirement of high-cost feeds (suitable for a monogastric

production system), milk and meat production costs in Napier

grass-growing countries are high (Roy et al., 2017) and often similar

to or higher than the costs in international markets. Consequently,

Napier grass-growing tropical and subtropical countries including

Bangladesh are the main importers of beef and dairy products. As a

result, there is insufficient consumption of animal-sourced food,

and 815–821 million people in these regions suffer from hunger and
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remain undernourished (Islam et al., 2021). In contrast, ryegrass (L.

perenne) offered to cattle in temperate countries usually contains

high CP (240 g/kg DM) and ME (11 MJ/kg DM), which alone (i.e.,

without supplementation) can support up to 22 L of milk

(Fulkerson, 2007). With such nutrient content in the grass,

temperate countries are able to produce milk and meat

abundantly at a low cost and are exporters of milk and meat.

Fulkerson et al. (2010) reported that Kikuyu grass (Pennisetum

clandestinum ex chiov), a C4 Pennisetum species similar to Napier

grass, contains ~20 g CP/kg DM and ~10 MJ/kg DM at 16 days of

harvest interval (HI; and 4.5 leaf stage), which could be taken as an

ideal quality of Napier grass. The range of CP (45–243 g/kg DM)

and ME (6.68–9.58 MJ/kg DM) reported by Habte et al. (2022)

suggests that it is also possible to manage Napier grass in the tropics

as high quality as ryegrass in the temperate zone, or similar to the

Kikuyu grass (Fulkerson et al., 2010). Therefore, one option to

reduce production costs and to increase the productivity of both

milk and meat is to markedly improve the nutritive value of Napier

grass to the level of ryegrass or Kikuyu grass through management

such as inputs (e.g., fertiliser and water), variety, and agronomic

management if tropical countries target to produce milk and meat

at an internationally competitive rate and to become self-sufficient

in both products. Islam et al. (2021) in a review reported that there

is an immense opportunity to at least double the levels of ruminant

food production through simple changes in Napier grass

management from the same land area to improve food security

and reduce malnutrition across vast tropical areas. Under this

context, investigation and development of management strategies

are needed to improve both yield and quality simultaneously to

derive a feed that optimises animal production and health whilst

minimising overall feed costs.

The main aim of this review is to identify and investigate

different management factors to optimise Napier grass yield and

nutritive value for animal production in subtropical/tropical

regions. This review will cover yield and nutritive value from

Napier grass under current management, identify gaps, and

investigate ways to develop best management practice (BMP) to

improve both yield and quality of this grass so that millions of

smallholders living in hundreds of countries in the tropics and

subtropics find ways to increase milk and meat from their animals.
2 Morphology and habitat of
Napier grass

Napier is a C4 perennial grass in the Poaceae family. It can grow

up to 7.5 m in height, and its extensive root system can penetrate up

to 4.5 m, which makes it a highly drought-tolerant grass (Cook

et al., 2005) and potentially important in carbon sequestration

(Yang et al., 2019). It has a thick stem near the base (3-cm

diameter) with long (up to 120 cm) and wide leaf blades (up to

5 cm). It has vigorous tillering, large leaf area, high solar radiation

interception and radiation use efficiency, tall canopy (Kubota et al.,

1994), and high photosynthetic rate and can maintain radiation use

efficiency for a long time as compared to other C4 plants (Ito and
frontiersin.org
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Inaga, 1988). The average tiller per plant is 35 (Amin et al., 2016) to

100, depending on season and variety (Macoon et al., 2002).

Napier’s leaf-to-stem ratio (L:S) is 0.57–1.63 (Halim et al., 2013),

and dwarf varieties contain more leaves compared to stems. It grows

well in full sunlight (Anderson et al., 2008) but can also grow under

partial shade (Francis, 2004). Napier grass has all the fundamental

factors for high productivity such as vigorous tillering, large leaf

area, high photosynthetic rate, and tall canopy and has greater

growth potential than maize (Ito and Inaga, 1988; Matsuda

et al., 1991).

The common name “Napier grass” comprises approximately

140 species; over 300 accessions are available in various gene banks

around the world (Negawo et al., 2017). It grows in a wide range of

soil and climatic conditions ranging from low fertility acid soils to

slightly alkaline soils (Hanna et al., 2004). However, it grows well on

rich, deep, and well-drained loamy soils under a pH range of 4.5 to

8.2 (Duke, 1983; Cook et al., 2005). It spreads by rhizomes, and

farmers propagate it vegetatively mainly by stem cuttings, as this

grass cannot produce many effective seeds for propagation (Singh

et al., 2013). Napier grass grows from sea level to 2,000 m of altitude

and in rainfall ranging from 200 to 4,000 mm but grows best

between 750 and 2,500 mm of rainfall per annum (Negawo et al.,

2017). However, it does not tolerate prolonged waterlogging
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conditions lasting for more than 3 days (Nelson, 2005). It thrives

in highlands and arid environments of Africa (Kabirizi et al., 2015;

Kebede et al., 2017) mainly because of its extensive root system, and

the grass grows well in saline conditions (Rahman and Talukder,

2015). The optimum temperature for its growth is 33°C during the

day and 28°C during the night (Ferraris et al., 1986) and grows well

in temperatures between 25°C and 40°C (Duke, 1983). Napier grass

is highly popular with smallholder farmers because of its high yield,

fast regrowth, drought tolerance, and suitability for cut-and-carry

systems and is easy to establish. Napier grass can supply forage

year-round for more than 8 years once established (Sollenburger

et al., 1989); thus, it is a low-maintenance grass for smallholder

tropical and subtropical farmers.
3 Current Napier grass
production systems

Napier grass yield varies widely from 2 (Bogdan, 1977) to 86 t

DM/ha/year (Vicente-Chandler et al., 1959) with a mean of 28 t

DM/ha/year (Table 1). More than 50 t DM/ha/year from this grass

is reported in many countries around the world (Table 1). High

yield under experimental plot-level studies was recorded in the USA
TABLE 1 Available research (1980 to date) on Napier grass management and its yield and nutritive value1.

Average Minimum Maximum n

Yield, t dry matter (DM)/ha/year 30.0 2.47 78.1 418

No. of harvest 5.8 1.0 13.0 50

Plant height (cm) 201 50 429 78

Harvest interval (days) 63 14 180 132

Harvest intensity (severity) (cm) 14 5 62 25

Row–row distance (cm) 87 50 100 23

Plant–plant distance (cm) 54 35 100 23

Nitrogen (N, kg/ha) 320 0 2223 79

Phosphorous (P, kg/ha) 102 20 550 32

Potassium (K, kg/ha 212 13 600 27

Irrigation (mm) 722 70 2022 9

Leaf area index (LAI) 7.1 2.5 8.5 6

Leaf:stem ratio 0.8 0.3 2.4 47

Leaf% 47 44 50 2

Dead leaf% 7 7 8 2

Chemical composition (g/kg DM or as stated)

DM (g/kg) 193 86 380 89

Ash 130 37 250 116

Crude protein (CP) 95 9 257 229

Non-protein N (NPN, g/kg N) 242 242 242 1

(Continued)
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(78 t DM/ha; Goorahoo et al., 2005), China (74 t DM/ha; Zhang

et al., 2010), Thailand (71 t DM/ha; Wijitphan et al., 2009), and

Australia (50 t DM/ha; Ferraris, 1980). The maximum yield (86 t

DM/ha; Vicente-Chandler et al., 1959) of this grass recorded is ~3

times greater than the maximum recorded yield of Kikuyu grass

(30 t DM; 600 kg N/ha; Henzell, 1968) and perennial ryegrass (28 t

DM/ha; Neal et al., 2010), which is widely used in the temperate

region for successful commercial animal production system. Record

high yield for Napier grass usually with non-limiting inputs is not

surprising, as Garcia et al. (2014) estimated that the maximum

theoretical and potential yields of C4 plants based on their highest

photosynthesis are 259 and 191 t DM/ha/year, respectively. Yield of

Napier grass at smallholder farmer (n = 33 farms) level was 57 t

DM/ha/year (fresh yield, 314.5 t/ha/year, considering 180 g DM/kg;

Roy et al., 2016), which is 66% of the recorded highest yield (86 t

DM/ha/year; Vicente-Chandler et al., 1959).

Despite high yield, the nutritional quality of Napier grass is low,

which cannot often maintain the productivity of livestock. It

contains low CP (95 g/kg DM) and ME (8.6 MJ/kg DM) but high
Frontiers in Plant Science 04
acid detergent fibre (ADF; 388 g/kg DM) and neutral detergent fibre

(NDF; 641 g/kg DM) (Table 1; Cook et al., 2005). However, there is

a wide range of variation in nutritive value; for instance, CP (9–257

g/kg DM), ADF (256–645 g/kg DM), NDF (479–791 g/kg DM), and

ME (5.9–10.8 MJ/kg DM) (Table 1). These wide ranges of nutritive

value suggest that there is an opportunity to increase its quality to a

considerable extent when managed properly. Therefore, it is

necessary to understand different management factors that

contribute to high or low yield and their impact on the nutritive

value of this grass. Many factors such as inputs (nitrogen and

water), variety, harvest management, and maturity affect the yield

and nutritive value of grasses.
3.1 Nitrogen fertiliser

Napier, being a C4 grass, requires a high amount of fertiliser to

achieve high yields. It requires 600 kg N/ha (Lotero et al., 1969) to

2,223 kg N/ha (Vicente-Chandler et al., 1959) to produce from 50 to
TABLE 1 Continued

Average Minimum Maximum n

Nitrate N (NO3–N) 0.5 0.1 0.8 7

Ether extract (EE) 27 12 59 22

Water-soluble carbohydrate (WSC) 97 12 174 25

Non fibre carbohydrate (NFC) 111 76 149 5

Starch 55 39 71 2

Neutral detergent fibre (NDF) 641 479 791 173

Acid detergent fibre (ADF) 388 256 645 137

Lignin 57 20 129 96

Acid detergent insoluble N (ADIN) 7 1 13 2

Cellulose 331 198 473 36

Hemicellulose 262 190 357 39

Silica 57 53 60 4

Total oxalate 25 1 39 15

Insoluble oxalate 7 4 11 9

Soluble oxalate 29 15 34 10

Calcium (Ca) 52.3 0.4 119.4 25

Phosphorous (P) 1.9 0.2 4.4 25

Glucose 62 53 71 8

Gross energy (GE, MJ/kg) 16 15 17 16

Metabolisable energy (ME, MJ/kg DM) 8.6 5.9 10.8 35
1Sources: Ferraris, 1980; Brown et al., 1988; Anindo and Potter, 1994; Aroeira et al., 1999; Filho et al., 2000; Huque et al., 2001; Gwayumba et al., 2002; Islam et al., 2003; Aganga et al., 2005;
Goorahoo et al., 2005; Chen et al., 2006; Castillo et al., 2010; Das et al., 2010; Bureenok et al., 2012; Danes et al., 2013; Ferreira et al., 2013; Halim et al., 2013; Gomide et al., 2015; Amin et al., 2016;
Aswanimiyuni et al., 2018; Garcez et al., 2018; Gusmao et al., 2018; Habte et al., 2022; Ito et al., 1988; Kaitho and Kariuki, 1998; Kariuki et al., 1998; Kariuki et al., 1999; Kozloski et al., 2003;
Kozloski et al., 2005; Khairani et al., 2013; Knoll et al., 2013; Kabirizi et al., 2015; Khota et al., 2018; Lounglowan et al., 2014; Manyawu et al., 2003a; Manyawu et al., 2003b; Manyawu et al., 2003c;
Magalhães et al., 2010; Muinga et al., 1992; Muinga et al., 1993; Nsahlai et al., 2000; Muia et al., 2001a; Muia et al., 2001b; Muyekho et al., 2015; Parsons et al., 2012; Pieterse and Rethman, 2002;
Rahman et al., 2010; Rahman et al., 2013; Rahman et al., 2013; Rahman et al., 2015; Ruiz et al., 1992; Rao et al., 1993; Schank et al., 1993; Sarwar et al., 1999; Rengsirikul et al., 2013; Rahman et al.,
2014a; Ramadhan et al., 2015; Roy et al., 2016; Schneider et al., 2018; Sileshi et al., 1996; Shem et al., 2003; Sidhu et al., 2011; Skerman and Riveros, 1990; Tamada et al., 1999; Tessema and Baars,
2004; Tessema, 2008; Vicente-Chandler et al., 1959; Woodard and Prine, 1993; Vieira et al., 1997; Wijitphan et al., 2009; Tessema et al., 2010; Yammeun-art et al., 2017; Yokota et al., 1998; Zhang
and Kumal, 2000; Zewdu et al., 2002; Zhang et al., 2010.
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TABLE 2 Management practices of some highest- and lowest-yielding Napier grass in the literature.

References Cultivar Space Irrigation HI¥, days NPK¥ Yield, t
DM/
ha/
year

Plant
height
(cm)

Vicente-
Chandler et al.,
1959

NM 90 2,223 kg N/ha 85.9

Habte et al.,
2022

18,662 SWS§ 56 Urea and diammonium phosphate (50:50) were
applied at a rate of 6.2 g/plant

2.5

MWS¶ 2.7

16,791 SWS 67.4

MWS 68.1

Goorahoo et al.,
2005£

Promor A 40% of
evapotranspiration
(ET)

52.6

80% of ET 74.8

160% of ET 78.1

Wijitphan et al.,
2009

NM 50 cm ×
40 cm

Sprinkler to
saturate 0–15 cm
soil profile

35 Basal NPK (15-15-15) 625 kg/ha, manure basal
6.25 t/ha and then 1.56 t/ha after every 3
months; 125 kg urea/ha after each cutting

70.8

Ferraris, 1980 Q5083 0–2,000, 150 and 800 kg NPK/ha 56

Roy et al., 2016 NM 30–35 days in
summer, 45 days
in winter

314.5 t
fresh (~57
t DM/ha)

Woodard and
Prine, 1993

L 79–1,002 200, 22, 83 kg NPK/ha 49

Kabirizi et al.,
2015

22
cultivars

7 harvests 17–42

Khairani et al.,
2013a

DEH Basal manure and dolomite 440 g and 20 g/m2,
NPK in 55 g/m2 in 7 splits/year

28.2 339

DLH 13.4 160

H 26.9 305

PF 14.1 247

ME 30.9 351

WW 33.5 429

Tessema et al.,
2010

ILRI
16,791

100 cm
× 50 cm

60 Urea 50 kg/ha; P, 100 kg/ha 16.4

90 25.8

120 31.7

Muyekho et al.,
2015

Ouma 4 harvests P2O5 60 kg/ha, N 100 kg/ha as calcium
ammonium nitrate

23–29

Bana 19–34

South
Africa

24–33

Wamalwa et al.,
2015

25
cultivars

6.8–23.8
F
rontiers in Plant S
cience
 05
 fro
¥HI, harvest interval; NPK, nitrogen, phosphorous, potassium; NM, notmentioned; SWS§, severe water stress with 10% volumetric water content applied during dry season fromNovember toMay but rainfed
in other seasons;MWS¶, mediumwater stress with 20% volumetric water content applied during dry season fromNovember toMay but rainfed in other seasons; aDEH,Dwarf early heading; DLH, Dwarf late
heading; H, hybrid (pearl millet × Napier); PF, purple foliage; ME, Merkeron; WW, Wruk Wona; £N 341–542 kg/ha, P 185 kg/ha; N and P absorbed, 1,210 and 258 kg/ha.
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86 t DM/ha/year (Table 2). Goorahoo et al. (2005) recorded 78 t

DM/ha/year by applying 542 kg N/ha but found that N uptake by

this grass was 1,210 kg/ha. The estimated nitrogen use efficiency

(NUE) of these top yielders ranged from 28 kg DM/kg N (Ferraris,

1980) to 144 kg DM/kg N (Goorahoo et al., 2005) (Table 3). These

reports on N application and NUE suggest that the application of

such a high amount of N fertiliser to Napier grass is worthy, as the

highest NUE of Napier grass (Goorahoo et al., 2005; Table 3) was ~5

times greater than the highest NUE of Kikuyu grass (30 kg DM/kg

N; Garcia et al., 2008). The mechanisms of how N fertiliser impacts

N fixation and soil properties (Hu et al., 2021) including yield and

forage quality (Delevatti et al., 2019) of C4 tropical grasses other

than Napier grass have been discussed elsewhere. Overall, high

yields and high NUE of Napier grass were generally achieved by

using N fertiliser of 600 to 2,223 kg N/ha (depending on regions).

This amount of N application is high, but Roy et al. (2016) reported

that smallholder farmers in southern Bangladesh apply 1,128 kg N/

ha/year to achieve 57 t DM/ha of Napier grass.

Nitrogen fertiliser also impacts the nutritive value of Napier

grass. Several authors (Sarwar et al., 1999; Zewdu et al., 2002)

reported that N fertiliser increased CP content, but Zewdu et al.

(2002) did not observe any effect of N fertiliser on ash, ADF, NDF,

cellulose, hemicellulose, calcium (Ca), phosphorous (P), in vitro

DM digestibility (IVDMD), or ME content.

Nitrate nitrogen (NO3–N) and oxalate content of Napier grass

have significant impacts on animal nutrition. Napier grass, on

average, contains 0.5 g/kg DM NO3–N (0.1–0.8 g/kg DM;

Table 1). It appears that the NO3–N content of this grass is at the

safe level for animals, as Burrows and Tyrl (1989) reported that the

safe limit of NO3–N is 2.5 g/kg DM and that forages exceeding 4.5

g/kg DM are highly toxic to animals. Adams et al. (2019) also

suggested that the NO3–N content of forages causing acute toxicity

generally ranges from 2.3 to 6.8 g/kg DM. Although there is no

information on the impact of N fertiliser on the NO3–N content of

this grass, Marais et al. (1987) reported Kikuyu grass applied with

high N fertiliser (ammonium nitrate, 500 kg N/ha/year) at four leaf

stages contained NO3–N 5.9 g/kg DM in the leaves and 8.8 g/kg DM

in the whole plant. However, Kikuyu grass ad libitum in association

with grain or concentrates had no issues when offered to lactating

dairy cows over a long period of time (Fariña et al., 2011; Clark

et al., 2015).
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Napier grass usually contains 1–39 g/kg DM total oxalate and

53–60 g/kg DM silica (Table 1). Oxalate is known to have a negative

impact on the body condition score (BCS), Ca, and P balance of

cattle (Das et al., 2010; Rahman et al., 2014b). McKenzie et al.

(1988) reported that plants containing 20 g/kg DM or more soluble

oxalate may cause acute toxicity in ruminants. Rahman et al. (2010)

reported a high total oxalate content (32–39 g/kg DM) and soluble

oxalate (25–34 g/kg DM) in this grass, although oxalates were not

affected by N (150 to 600 kg/ha) or potassium (K; 150 to 600 kg/ha)

fertilisers. However, they (Rahman et al., 2010) grew Napier grass

(cv. dwarf-late) in pots filled with sandy soils, which is likely to be

attributed to the high oxalate content in this grass. Although rumen

bacteria can adapt to a high level of soluble oxalate in the diet

(Allison et al., 1977), sometimes, acute toxicity occurs even in

adapted ruminants in diets containing relatively low oxalate (4–24

g/kg DM) concentrations (Marais, 2001). Huque et al. (2006)

reported farmers complain that feeding fresh Napier grass results

in weakness and poor BCS despite increased daily milk production.

Das et al. (2010) reported that this weakness and poor BCS may be

caused by the drainage of Ca in the form of calcium oxalate through

the urine and faeces at a high rate (25 g/day). They reported that

oxalate content reduces Ca and P balance in bulls, increases urinary

excretion, and reduces water content in faeces. Rahman et al.

(2014b) suggested supplementation of Ca source to optimise Ca

balance and to improve the BCS of dairy cows. Nonetheless, they

(Das et al., 2010; Rahman et al., 2014b) including Rao et al. (1993)

reported positive Ca and P balance when Napier grass/silage was

offered with concentrates or offered alone.

There is a paucity of data on the effect of N application (>300 kg

N/ha) nutritive value, NO3–N, and oxalate content and their

interactions with Napier grass. Further research is required on the

impact of graded N fertiliser on the yield and nutritive value of this

grass to optimise its yield and nutritive value.
3.2 Water

Napier grass requires a high amount of water for its growth.

Habte et al. (2022) in a large study conducted in Ethiopia with 84

varieties reported varying yields of this grass between varieties,

ranging from 2.7 (cv. 18662) to 68.1 (cv. 16791) t/ha/year (mean,
TABLE 3 Nutrient use efficiency of some top-yielding Napier grass.

Yield t DM/ha N fertiliser kg/ha NUEa kg DM/kg N Total water (mm/ha) WUEb (t DM/ML

Goorahoo et al., 2005 78.1 542 144 1,160 6.7

Roy et al., 2016 57.0 1,128 51 1,506 3.8

Vicente-Chandler et al.,
1959

85.9 2,223 39

Ferraris, 1980 56.0 2,000 28

Lotero et al., 1969 70.0 600 117

Average 69.4 1,298.6 75.8 1,3330 5.2

SDµ 13.1 780.4 51.5 244.7 1.1
aNUE, nitrogen use efficiency; bWUE, water use efficiency; µSD, standard deviation. ML, megalitre (1 ML = 100 mm).
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34.1 t/ha/year), but there was little yield difference within varieties

due to water stress. For example, the yield of cv. 18662 was 2.7 and

2.9 t/ha and that of cv. 16791 was 67.4 and 68.1 t/ha under severe

and moderate stress conditions. Severe and moderate water stress

conditions were defined as 10 and 20% volumetric water content

imposed in the dry season from November to May, but rainfed

conditions prevailed in other seasons in both groups. Goorahoo

et al. (2005) in a field experiment at Fresno, California, reported that

drip irrigation at either 80% or 120% of daily measured reference

evapotranspiration (ET) applied on 8-day intervals had no effect on

yield. The average annual ET at Fresno is 1,264 mm (Almond Board

of California, 2016), which indicates that 1,011 mm of water (80%

of ET) is sufficient to optimise yield under drip irrigation. Thus, the

water use efficiency (WUE) of this grass under drip irrigation is

high, which is 6.7 t DM/megalitre (ML) water, even greater than the

WUE of maize (4.3 t DM/ML water; Neal et al., 2011a, b). The

estimated WUE of this grass was also high under farm conditions

(3.8 t DM/ML water, calculated from Roy et al., 2016; mean annual

rainfall, 1,422 mm, and estimated irrigation 84 mm per year; based

on Meherpur Climate Bangladesh, 2023 climate data). This WUE of

Napier grass on the farm is ~2–3 times greater than the WUE of

Kikuyu grass (Garcia et al., 2008; 1.26–2.73 t DM/ML water).

Therefore, Napier grass is a highly efficient grass in terms of its

WUE both under experimental and on farm conditions.

Thus, Napier grass yields >50 t DM/ha/year with non-limiting

N fertiliser (usually with >500 kg N/ha) and water (>1,100 mm) in

many areas/regions of the tropics and subtropics (Table 3).

Smallholder farmers who have access to such inputs or live in

>1,100 mm rainfall zone should be able to optimise their land use by

growing 50 t DM/ha/year or more compared to growing 2–10 t

DM/ha/year (Bogdan, 1977) with low input in the same size of land.

Thus, land-constraint smallholder farmers may increase land use

efficiency, as they may grow more on the same land given that they

have access to inputs.

Water also affects the quality of Napier grass varieties (Habte

et al., 2022). These authors reported that Napier grass NDF, ADF,

and lignin decreased but CP and ME increased under water stress

conditions. The CP content was 139 and 121 g/kg DM and ME

content was 8.15 and 7.65 MJ/kg DM for severe water stress and wet

(rainfed plus 10%–20% water applied during the dry season from

November to May) conditions, respectively. Water stress generally

improves quality at the expense of yield, as water cannot serve as a

carrier of nutrients required for plant growth (Islam et al., 2012).
3.3 Variety

Selecting the right variety can make a huge difference in

increasing yield. Yield (t DM/ha) of different varieties under the

same management condition ranged from 2.7 to 68.1 t (n = 84;

Habte et al., 2022) in Ethiopia, 13 to 42 t (n = 80, Schneider et al.,

2018) in Brazil, 17 to 42 t (n = 22, Kabirizi et al., 2015) in Uganda,

19 to 34 t (n = 3, Kabirizi et al., 2015) in Kenya, 13 to 34 t (n = 6,

Khairani et al., 2013) in Japan, and 8 to 74 t (n = 18, Zhang et al.,

2010) in China. This literature demonstrates that yield can simply

be multiplied up to 25 times (Habte et al., 2022) by selecting the
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right variety. Napier grass varieties differ in plant height, leaf

number, tiller number, L:S, and leaf area index (LAI; Ito et al.,

1989; Zhang et al., 2010; Wangchuk et al., 2015), which impact both

yield and nutritive value. Khairani et al. (2013) reported that the

yield of varieties differed from 13 (cv. dwarf late heading) to 34 (cv.

Wruk Wona) t DM/ha/year and also differed in plant height and

LAI ranging from 160 to 429 cm and 2.5 to 8.5, respectively, and

usually greater yield was associated with greater plant height.

However, Gomide et al. (2015) reported that shorter varieties had

a greater proportion of leaves compared to taller varieties. Zhang

et al. (2010) in an experiment with 18 varieties reported that taller

varieties contained a greater proportion of stem (including greater

stem diameter) but fewer tillers as compared to the shorter varieties.

As a result, the taller varieties (351-cm plant height) had seven times

greater yield (60.6 t DM/ha/year; lines 033, 112, 121, and CK) as

compared to the shorter varieties (107 cm; 8.3 t DM/ha/year; line

048), although shorter varieties contained a greater proportion of L:

S (1.43:1) as compared to the taller varieties (0.35:1). Altogether,

this indicates that the yield of shorter varieties is substantially lower

compared to that of taller varieties, but shorter varieties are likely to

be high in nutritive value as compared to the taller varieties because

of their greater proportion of leaf. Land-constrained livestock

farmers in the tropics likely to grow as much as possible for their

livestock by compromising nutritive value unless a suitable variety

that has a greater yield with a higher proportion of leaf is available.

Rengsirikul et al. (2013) conducted an experiment with eight

varieties and reported wide differences in nutritive value between

varieties. They reported differences in CP (62–125 g/kg DM), ash

(77–116 g/kg DM), cellulose (354–473 g/kg DM), lignin (56–123 g/

kg DM), and gross energy (GE, 15.0–16.4 MJ/kg DM) amongst

eight varieties. Sileshi et al. (1996) also reported differences in CP

(122–145 g/kg DM), ash (184–212 g/kg DM), NDF (563–642 g/kg

DM), ADF (354–366 g/kg DM), lignin (48–52 g/kg DM), and

IVDMD (714–748 g/kg) between three varieties (ILCA 14983,

14984, and X). Similarly, Amin et al. (2016) using four varieties

(BLRI 4, Wruk Wona, hybrid Japan, and Mark Eron) reported

differences in CP (104–137 g/kg DM), ash (91–116 g/kg DM), ADF

(357–386 g/kg DM), total oxalate (1–8 g/kg DM), and ME (9.1–9.8

MJ/kg DM) between varieties. These data suggest that there are

wide differences in yield and nutritive value between varieties and

that farmers are likely to benefit by selecting the right varieties.
3.4 Harvest interval and maturity

The current harvest management of Napier grass is based on

harvesting at different time intervals (weekly or monthly). Four to

six harvests (cut and carry) per year are common (Kabirizi et al.,

2015) to a maximum of 11 harvests at the experimental level

(Wijitphan et al., 2009) available in the literature. All research on

Napier grass in the literature showed increased yield with increased

HI. Tessema et al. (2010) reported a 100% increase in yield (from 16

to 32 t DM/ha/year) when HI increased from 60 to 120 days and

when plant height increased from 1 to 3 m, indicating that both

yield and plant height increase with the increase in HI, and the

increase in yield with increased HI is directly associated with the
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increased plant height. Wangchuk et al. (2015) also reported an

increase in yield from 0.24 to 0.83 kg DM/plant with an increase in

HI from 40 to 80 days when plant height increased from 1.5 to

2.6 m. However, this increased yield due to increased HI was

associated with an 81% decrease in the proportion of leaf, which

decreased from 5:1 to 0.9:1 (Wangchuk et al., 2015), indicating a

substantial likely loss in quality with increased HI.

Although increased HI increases yield, researchers (Sileshi et al.,

1996; Goorahoo et al., 2005) reported that increased HI (maturity)

decreases both CP and energy (by increasing fibre) content of

Napier grass (Table 4). MaChado et al. (2008) reported that

organic matter digestibility (OMD) decreases from 75% to 55%

with increasing maturity from 33 to 93 days. Similarly, Sarwar et al.

(1999) also reported that younger Napier grass contained greater

CP, dry matter digestibility (DMD) in vivo, and NDF digestibility

(NDFD) in situ compared to older grasses. This reduction in

nutritive value with increased maturity has an impact on animal

production. Peyraud and Delagarde (2013) reported that any

reductions in OMD of grass on offer will likely result in a

reduction of milk yield and that a 1% reduction of OMD on grass

offered involves a reduction of 1 kg milk/day. It appears that the

greatest decrease (>50%) in CP (Figure 1) and ME and the increase

in fibre occur within 56 days (from 14 to 56 days) of HI (Table 4).

After that (from 56 to 70 days of HI), CP (Figure 1) and NDF

decreased or increased at a slower rate (2%–7%), although ADF and

lignin contents may increase 14%–27% with little or no change in

the ME content of this grass. This is possible because the growth

threshold diminishes at this stage (~56 days), and probably farmers,
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through their experiences, understand this growth threshold of

Napier grass and thus harvest 6–7 times/year (i.e., 60 days of HI).

Data from Tessema et al. (2010) indicate an increase in ADF (14%)

and lignin (18%) and a decrease in 34% CP, which led to a decrease

in digestibility in vitro by 11% with an increased HI from 60 to 120

days. These researchers did not find any substantial increase in NDF

content or any differences in NDF and ADF digestibility in vitro

with increased HI from 60 to 90 days, although CP decreased with

increased HI. These data corroborate with others in the literature

(Sileshi et al., 1996; Goorahoo et al., 2005) who found that NDF and

ME do not change substantially, although ADF (0%–14%) and

lignin (27%) increase and CP decreases (3%–7%) with increased HI

from 56 to 70 days. This suggests that increasing HI from 60 to 120

days may change chemical composition at a slower rate compared

to HI from 14 to 56 days in Napier grass. The sharp decline in CP

from 14 (or 28) to 56 days of HI is likely due to the mobilisation of

N [and water-soluble carbohydrate (WSC)] from the leaf for plant

development (Islam et al., 2012) or regrowth (Islam et al., 2020),

which ultimately increases the fibre and reduces ME content. These

results suggest that a better harvest management strategy is required

to optimise the nutritive value of this grass for milk or

meat production.

Soluble oxalate content in Napier grass is usually reduced with

increased HI, affected by location, and generally, the leaf contains a

greater amount of oxalate than the stem (Table 5; Pathmasiri et al.,

2014). Nitrate–N content in young (0.7 g/kg DM) Napier grass (age

not defined) was greater compared to that in mature (0.5 g/kg DM)

Napier grass and was greater in the stem compared to the leaf
TABLE 4 Impact of harvest interval on nutritive value of Napier grass.

HI
(days)

CP (g/kg
DM)

NDF (g/kg
DM)

ADF (g/kg
DM)

Lignin (g/kg
DM)

IVDMD (g/
kg)

ME (MJ/kg
DM)

Goorahoo et al.
(2005)

14 257 490 300

28 192 490 338

56 154 538 367

70 150 546 366

Sileshi et al. (1996) 28 223 527 290 43 803 11.7

56 119 630 343 50 727 10.4

70 110 597 390 63 747 10.7

Manyawu et al.
(2003c)

14 204 704 360 728 10.4

56 92 785 398 636 8.8

%increase or decrease

Goorahoo et al.
(2005)

14–56 −40 10 22

28–56 −20 10 9

56–70 −3 2 0

Sileshi et al. (1996) 28–56 −47 20 18 15 −11 −11

56–70 −7 −5 14 27 3 3

Manyawu et al.
(2003c)

14–56 −55 12 11 −13 −13
HI, harvest interval; CP, crude protein; NDF, neutral detergent fibre; ADF, acid detergent fibre; IVDMD, in vitro dry matter digestibility; ME, metabolisable energy.
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(Sidhu et al., 2011), but these values were within the safe range for

animals (Adams et al., 2019). However, Pathmasiri et al. (2014)

reported high NO3–N content in Napier grass particularly in the

stem (15–24 g/kg DM) at 14 days of HI, although its leaf contains

~3 times lower NO3–N (6–7 g/kg DM) than the stem (Table 5).

These levels of NO3–N in Napier grass at 14 days of HI (Pathmasiri

et al., 2014) are above its recommended level in forages (2.3–6.8 g/

kg DM), causing acute toxicity in animals. However, Pathmasiri

et al. (2014) found that NO3–N content reduces dramatically at 28

days of HI and falls far below the safe level, particularly in the leaf

fraction (0.3 g/kg DM). This suggests that Napier grass to be offered

before 28 days of HI should be subjected to careful monitoring of

NO3–N.

However, harvesting based on fixed weekly (or daily) intervals

(i.e., HI) may not be a good option due to differences in the seasonal
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influence of growth on Napier grass, as growth is slow in winter and

high in summer. Similarly, harvesting based on plant height may

also be misleading, as height is subject to change due to differences

in input, management, and environmental factors. Therefore, a

management strategy regarding the timing of harvest for Napier

grass is required, similar to that for Kikuyu (Fulkerson and

Donaghy, 2001; Garcia et al., 2014) and perennial ryegrass

(Fulkerson et al., 1998) in order to maintain both yield and

quality of this grass. Fulkerson and Donaghy (2001) developed

the timing of harvest/grazing of grasses based on the number of

leaves and reported that an ideal timing of harvesting Kikuyu and

perennial ryegrass is 4.5 and 3 leaf stages, respectively, to maintain

their yield and quality for animal production purposes. Fariña et al.

(2011) reported that HI (or grazing interval) at these leaf stages were

26, 42, 21, and 18 days for autumn, winter, spring, and summer,
TABLE 5 Impact of harvest interval and site of growth on nitrate–N and soluble oxalate in Napier grass plant fractions.

Plant fractions Site Harvest interval

14 28 42

Nitrate–N (%DM) Stem 1 23.8 4.0 0.7

Leaf 1 7.2 0.3 0.1

Stem 2 14.9 0.6 0.2

Leaf 2 5.6 0.3 0.1

Soluble oxalate (%DM) Stem 1 13.4 25.8 12.0

Leaf 1 20.2 19.8 16.8

Stem 2 15.0 13.2 13.1

Leaf 2 20.8 18.1 17.1
frontier
Pathmasiri et al. (2014).
FIGURE 1

Relationship between harvest interval and crude protein content of Napier grass.
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respectively, for Kikuyu grass. Based on this leaf stage principle,

Fariña et al. (2011) recorded 21–24 t DM/ha/year from Kikuyu

grass containing 220–240 g CP/kg DM and 9.0–10.7 MJ ME/kg

DM. Therefore, investigation on the impact of leaf stage-based

frequent cut and carry on regrowth on Napier grass is essential to

maintain both yield and quality of this grass. In addition,

information on the impact of defoliation height (plant height at

harvest) and severity (height from ground level at which plants are

cut) of this grass is essential, as they affect subsequent regrowth

(Islam et al., 2020). Moreover, research to quantify how much

trade-off between leaf and stem (or yield and quality) is also

required, as there is no information on this issue for Napier grass.

Once this information is available, there will be opportunities to

increase the yield of this grass under better management for the

smallholder farmers of the tropics and subtropics provided that

inputs and conditions are adequate. Therefore, it is necessary to

develop a BMP for Napier grass so that the land-constrained

smallholder farmers in the vast tropics and subtropics can grow

more in their small patch of land for animal production and to

increase milk and meat.
3.5 Plant density

Wijitphan et al. (2009) demonstrated an increased planting

density from 50 cm × 100 cm to 40 cm × 50 cm increased yield

substantially from 56 to 71 t DM/ha/year when harvested at 35 days

of HI. They reported that greater plant density ensured greater tiller

number per unit area and possibly greater radiation use, which

helped to increase yield. Such increased frequency of harvesting

(i.e., 10–11 times/year when harvested at 35 days of HI) has the

potential not only to supply year-round grass for farmers but also to

increase quality compared to the current four to six harvests. In

addition, because of harvesting at 35 days of HI, they (Wijitphan

et al., 2009) also achieved a relatively high CP (135 g/kg DM) and

ME (calculated, 10.8 MJ/kg DM; IVDMD 75.5%) in both density

treatments. It is likely that increasing plant density compensates for

yield (which is currently obtained by plant height or HI) and that

frequent harvesting compensates for quality (particularly CP and

energy). This suggests that a management strategy of increased

plant density and HI can increase both yield and quality.
4 Potential in saline and
temperate zone

4.1 Salinity

Salinity is one of the leading threats in the agricultural system.

Irrigated lands, which produce one-third of the world’s food, are

particularly prone to salinity, and 20%–50% of the world’s irrigation

schemes are salt affected (Munns, 2011). As such, over 6% of the

land in the world is salt affected, and this is increasing through

agricultural practices (Bromham and Bennet, 2014). However,

grasses particularly, C4 grasses, are more salt tolerant compared

to cereal crops or C3 grasses. Bromham and Bennet (2014) in an
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extensive experiment reported that C4 grasses are more salt tolerant

compared to C3 grasses. They reported that greater water use

efficiency of C4 photosynthesis lowers the flux of water and salts

through the plant per growth unit and reduces the ionic stress

through decreasing transpiration rates, which can reduce the

amount of salt in C4 grasses. Napier grass as a high water use-

efficient C4 grass grows well in saline areas (Rahman and Talukder,

2015). Rahman and Talukder (2015) reported a maximum of 45.5 t

DM/ha/year (204 t fresh/ha, 22.3% DM) when grown between 5

and 10 deci-Siemens/m saline areas of coastal Bangladesh and

harvested at 40–45 days of HI. As the WUE of Napier grass is

greater than many C4 grasses (Section 3.2), there is great potential

for this grass in the coastal areas for livestock production.
4.2 Temperate region

High yield from this grass can be achieved in temperate regions

through strategic management. Ito and Inaga (1988) compared the

yield of Napier grass between temperate Tokyo and tropical

Miyazaki in Japan and reported that 39 t DM/ha/year can be

achieved in Tokyo during summer months compared to 52 t

DM/ha/year in Miyazaki. They reported lower temperature and

radiation and shorter day lengths in Tokyo in winter compared to

Miyazaki, but temperatures were similar between the sites in

summer. Despite similar temperatures between sites in summer,

plant growth rate owing to their increased LAI was greater in

summer in Tokyo than in Miyazaki (Ito et al., 1989).

However, Napier grass is winter dormant and sensitive to frost,

so little growth occurs at <15°C, and its growth ceases at 10°C

(Duke, 1983). Therefore, there is a shortage of grass for the

smallholder farmers in dry winter seasons particularly during

September–October months, but excessive growth occurs in wet

and rainy seasons (Njarui et al., 2010) in the tropics. We observed

farmers in Bangladesh and found that taller varieties grow better in

winter than shorter varieties, as shorter varieties start flowering at

shorter heights in winter. Thus, farmers do not obtain sufficient

grass from shorter varieties for their livestock in dry winter months

when there is a shortage of grass. Research is required to select

breeds or varieties that perform well at low temperatures, contain a

greater proportion of leaf for quality but do not compromise yield

(or less compromising), and make hay or silage from this grass at

the time of excess growth.
5 Best management practice

This review identified two simple best management practices

that have the potential to minimise the trade-off between yield and

nutritive value for Napier grass. These are increasing plant density

and harvesting frequency. With these two simple management

practices, it was possible to achieve 71 t DM/ha with the potential

to supply year-round forage (10–11 harvests/year; Wijitphan et al.,

2009). In addition to yield, Napier grass under these management

conditions contained CP 135 g/kg DM and 10.8 ME MJ/kg DM

compared to 70–80 g/kg DM CP and <8 MJ/kg DM ME obtained
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under traditional management practices. Fariña et al. (2011), using

a C4 grass, Kikuyu (Pennisetum spp.), reported that when grass and

forages contained 205 g CP/kg DM and 10.2 MJ ME/kg DM and

yielded 26 t DM/ha, Holstein cows were able to produce 27,835 L

milk/ha. Napier grass through increased plant density and

harvesting frequency maintains greater yield and quality similar

to that of Kikuyu grass required for high milk yield. Therefore, more

research is required to investigate Napier grass yield and quality

using various inputs, varieties, and management in association with

plant density and harvesting frequency.
6 Knowledge gaps

The following knowledge gaps were identified:
6.1 Inputs

There is no information on the impact of N fertiliser (>300 kg/

ha) and water on major nutrients such as CP, energy, fibre, and

critical nutrients such as nitrate–N, oxalate, and minerals, e.g.,

sodium, calcium, and phosphorous of this grass.
6.2 Variety

Varieties differ widely in yield, nutritive value, plant height, leaf-

to-stem ratio, and nutritive value. There is no information on what

characteristics should be considered to obtain both yield and quality

and which varieties can overcome seasonal growth limitations,

particularly in winter to ensure a year-round supply of

quality forages.
6.3 Harvest interval and yield and nutritive
value trade-off

Smallholder farmers obtain high yields from Napier grass

through increased harvest interval and at the expense of high

maturity under current management, which usually limits quality.

A compromise between yield and nutritive value is required to

obtain high nutritive value grass to support the production of

different classes of animals. However, there is little or no

information on management strategies on how to increase both

yield and nutritive value together of this grass by identifying the

ideal time of harvesting such as leaf stage, frequency of harvest,

defoliation height and severity, nitrogen, or soluble carbohydrate in

the stubble for regrowth.
6.4 Plant density management

A recent experimental plot work reported that high yield and

relatively high quality of Napier grass can be obtained by increasing
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plant density and harvest frequency. More research is required both

on the station and on the farm to optimise both yield and quality for

different classes of animals.
6.5 Potential in saline and temperate zones

Limited evidence shows that Napier grass can be grown with

relatively high yield in moderate saline areas and temperate areas

during summer. More research is required in these areas.

Little or no attention has been paid to improving Napier grass’s

nutritive value or to simultaneously improve yield and nutritive

value. With this focus, the yield of Napier grass has increased

through time at the expense of quality. Consequently, Napier grass

has been portrayed as poor-quality grass, and alongside this is the

inability of this grass to maintain milk or meat production.

However, research on C4 grass conducted in Australia and

elsewhere showed that both yield and quality of C4 grass can be

improved through strategic management. Through simple changes

in management such as increasing plant density and harvesting

frequency (Wijitphan et al., 2009), we propose a new best

management practice for Napier grass that has the potential to

increase both yield and quality. This new management focused on

both quality and yield has the potential to increase both milk and

meat production substantially across the vast tropical and

subtropical countries around the world.
7 Conclusions

Our review identified that Napier grass is abundant and widely

popular amongst smallholder farmers in the tropics and subtropics

mainly for its high biomass yield, but its quality is poor under

current management, which cannot support milk or meat

production of different classes of animals. Its nutritive value for

animal production has been overlooked because of the complex

trade-off between yield and quality. There is a lack of information

on management strategies on how to increase both the yield and

nutritive value of this grass. Thus, a better management strategy is

required to obtain both high yield and nutritive value. All the

evidence gathered in this review indicates that Napier grass’s yield

and nutritive value may be improved by two simple management:

increasing plant density and harvesting frequency. However, there

is only one study that reported full season data on this management

strategy of increased plant density and that harvesting at 35 days of

harvest interval that provides 71 t DM/ha with 135 g/kg DMCP and

10.8 MJ ME/kg DM may be tested for milk and meat production.

Therefore, more research on this strategy of increased plant density

and harvest interval is required as to whether CP content can be

increased to 170-180 g/kg DM required for lactating animals. Thus,

research on the development of the “Best Management System” of

Napier grass is required to optimise its yield and quality in order to

optimise smallholder animal production in the tropics and

subtropics, which may play a significant role in the food security

of these vast areas in the world. Emphasis on developing
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management guidelines should be given on maximising/optimising

yield and nutritive value without compromising each other. This is

important, as it is hard for the land-constrained smallholder

farmers to sacrifice yield. If a compromise is required, it needs to

be quantified to obtain quality grass to increase milk and meat yield.
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Heuzé, V., Tran, G., Giger-Reverdin, S., and Lebas, F. (2020). Available at: https://
www.feedipedia.org/node/395.

Hu, J., Richwine, J. D., Keyser, P. D., Li, L., Yao, F., Jagadamma, S., et al. (2021).
Nitrogen fertilization and native C4 grass species alter abundance, activity, and diversity
of soil diazotrophic communities. Front. Microbiol. 12. doi: 10.3389/fmicb.2021.675693
Frontiers in Plant Science 13
Huque, K. S., Amanullah, S. M., and Islam, M. M. (2006). Impacts of fodder crop
introduction into farming systems of selected areas on smallholder dairy development
in Bangladesh. Annu. Rep. Bangladesh Livestock Res. Institute Savar Dhaka 1341, 107–
109.

Huque, K. S., Rahman, M. M., and Talukder, A. I. (2001). Study on forage crop
production on sloping land in Bangladesh. Asian-Aust. J. Anim. Sci. 14 (7), 956–959.
doi: 10.5713/ajas.2001.956

Islam, M. R., Garcia, S. C., and Horadagoda, A. (2012). Effects of irrigation and rates
and timing of nitrogen fertilizer on dry matter yield, proportions of plant fractions of
maize and nutritive value and in vitro gas production characteristics of whole crop
maize si lage. Anim. Feed Sci . Technol . 172, 125–135. doi : 10.1016/
j.anifeedsci.2011.11.013

Islam, M. R., Garcia, S. C., Horadagoda, A., Kerrisk, K., and Clark, C. E. F. (2020).
Management strategies for forage rape (Brassica napus L. cv Goliath): Impact on dry
matter yield, plant reserves, morphology and nutritive value. Grass Forage Sci. 75 (1),
96–110. doi: 10.1111/gfs.12462

Islam, M. R., Garcia, S. C., Sarker, N. R., Roy, B. K., Sultana, N., and Clark, C. (2021).
“The role of napier grass (Pennisetum purpureum schumach) for improving ruminant
production efficiency and human nutrition in the tropics,” in Climate Change and
Livestock Production: Recent Advances and Future Perspectives. Eds. V. Sejian, S.
Chauhan, C. Devaraj, K. Malik and R. Bhatta (Singapore: Springer). doi: 10.1007/
978-981-16-9836-1_13

Islam, M. R., Saha, C. K., Sarker, N. R., Jalil, M. A., and Hasanuzzaman, M. (2003).
Effect of Variety on proportion of botanical fractions and nutritive value of different
Napiergrass (Pennisetum purpureum) and relationship between botanical fractions
and nutritive value. Asian-Aust. J. Anim. Sci. 16 (6), 837–842. doi: 10.5713/
ajas.2003.837

Ito, K., and Inaga, S. (1988). Studies on dry matter production of napiergrass. IlI.
Areas and light-photosynthesis relations in single leaves from different positions on a
stem at Tokyo and Miyazaki. Jpn. J. Crop Sci. 57, 431–437. doi: 10.1626/jcs.57.431

Ito, K., Murata, Y., Inanaga, S., and Ohkubo, T. (1988). Studies on the dry matter
production of Napiergrass II. Dry matter productivities at six sites in southern area of
Japan. Japan J. Crop Sci. 57 (3), 424–430. doi: 10.1626/JCS.57.424

Ito, K., Takaki, K., and Misumi, M. (1989). Relations between leaf area index and
crop growth rate of napiergrasses (Pennisetum purpureum Schumach) under different
planting densities. J. Jpn. Grassl. Sci. 34, 257–263. doi: 10.14941/grass.34.257

Kabirizi, J., Muyekho, F., Mulaa, M., Msangi, R., Pallangyo, B., Kawube, G., et al.
(2015). Napier grass feed resource: production, constraints and implications for
smallholder farmers in Eastern and Central Africa., 1–173. Available at: https://www.
researchgate.net/publication/281556114_NAPIER_GRASS_FEED_RESOURCE_
PRODUCTION_CONSTRAINTS_AND_IMPLICATIONS_FOR_SMALLHOLDER_
FARMERS_IN_EAST_AND_CENTRAL_AFRICA

Kaitho, R. J., and Kariuki, J. N. (1998). Effects of Desmodium, Sesbania and
Calliandra supplementation on growth of dairy heifers fed Napier grass basal diet.
Asian-Aust. J. Anim. Sci. 11 (6), 680–684. doi: 10.5713/ajas.1998.680

Kariuki, J. N., Gachuiri, C. K., G.K. Gitau, G. K., Tamminga, S., Van Bruchem, J.,
Muia, J. M. K., et al. (1998). Effect of feeding napier grass, lucerne and sweet potato
vines as sole diets to dairy heifers on nutrient intake, weight gain and rumen
degradation. Livest. Prod. Sci. 55, 13–20. doi: 10.1016/S0301-6226(98)00127-4

Kariuki, J. N., Gitau, G. K., Gachuiri, C. K., Tamminga, S., and Muia, J. M. K. (1999).
Effect of supplementing napier grass with desmodium and lucerne on DM, CP and
NDF intake and weight gains in dairy heifers. Livest. Prod. Sci. 60, 81–88. doi: 10.1016/
S0301-6226(99)00035-4

Kebede, G., Feyissa, F., Assefa, G., Alemayehu, M., Mengistu, A., Kehaliew, A., et al.
(2017). Agronomic performance, dry matter yield stability and herbage quality of
Napier grass (Pennisetum purpureum (L.) Schumach) accessions in different agro-
ecological zones of Ethiopia. J. Agric. Crop Res. 5 (4), 49–65. Available at: http://
sciencewebpublishing.net/jacr/archive/2017/October/Abstract/Kebede%20et%20al.
htm

Khairani, L., Ishii, Y., Idota, S., Utamy, R. F., and Nishiwaki, A. (2013). Variation in
growth attributes, dry matter yield and quality among 6 genotypes of Napier grass for
biomass in year of establishment in southern Kyushu, Japan. Asian J. Agric. Res. 7 (1),
15–25. doi: 10.3923/AJAR.2013.15.25

Khota, W., Pholsen, S., Higgs, D., and Cai, Y. (2018). Comparative analysis of silage
fermentation and in vitro digestibility of tropical grass prepared with Acremonium and
Tricoderma species producing cellulases. Asian-Australas. J. Anim. Sci. 31 (12), 1913–
1922. doi: 10.5713/ajas.18.0083

Knoll, J. E., Anderson, W. F., Malik, R., Hubbard, R. K., and Strickland, T. C. (2013).
Production of Napiergrass as a bioenergy feedstock under organic versus inorganic
fertilization in the Southeast USA. Bioenerg. Res. 6, 974–983. doi: 10.1007/s12155-013-
9328-1

Kozloski, G. V., Perottoni, J., Ciocca, M. L. S., Rocha, J. B. T., Raiser, A. G., and
Sanchez, L. M. B. (2003). Potential nutritional assessment of dwarf elephant grass
(Pennisetum purpureum Schum. cv. Mott) by chemical composition, digestion and net
portal flux of oxygen in cattle. Anim. Feed Sci. Technol. 104, 29–40. doi: 10.1016/S0377-
8401(02)00328-0

Kozloski, G. V., Perottoni, J., and Sanchez, L. M. B. (2005). Influence of regrowth age
on the nutritive value of dwarf elephant grass hay (Pennisetum purpureum Schum. cv.
Mott) consumed by lambs. Anim. Feed Sci. Technol. 119, 1–11. doi: 10.1016/
j.anifeedsci.2004.12.012
frontiersin.org

https://doi.org/10.1071/AN10242
https://doi.org/10.1016/0378-4290(80)90016-7
https://doi.org/10.1071/AR9860621
https://doi.org/10.1071/AR9860621
https://doi.org/10.1016/j.anifeedsci.2013.04.020
https://doi.org/10.1016/S0377-8401(99)00123-6
https://www.feedipedia.org/node/20066
https://www.dpi.nsw.gov.au/primefacts
https://www.dpi.nsw.gov.au/primefacts
https://doi.org/10.1071/EA00062
https://doi.org/10.1071/EA00062
https://doi.org/10.1071/EA97161
https://doi.org/10.4025/actascianimsci.v40i1.39946
https://doi.org/10.1111/j.1365-2494.2008.00636.x
https://doi.org/10.1111/j.1365-2494.2008.00636.x
https://doi.org/10.1071/CP13414
https://doi.org/10.2989/10220119.2014.930929
https://www.researchgate.net/publication/237416127_UPDATE_ON_ELEPHANT_GRASS_RESEARCH_AND_ITS_POTENTIAL_AS_A_FORAGE_CROP
https://www.researchgate.net/publication/237416127_UPDATE_ON_ELEPHANT_GRASS_RESEARCH_AND_ITS_POTENTIAL_AS_A_FORAGE_CROP
https://www.researchgate.net/publication/237416127_UPDATE_ON_ELEPHANT_GRASS_RESEARCH_AND_ITS_POTENTIAL_AS_A_FORAGE_CROP
https://doi.org/10.1111/gfs.12357
https://doi.org/10.5713/ajas.2002.516
https://doi.org/10.3390/plants11192549
https://www.cabdirect.org/cabdirect/abstract/20143084258
https://www.cabdirect.org/cabdirect/abstract/20143084258
https://www.feedipedia.org/node/395
https://www.feedipedia.org/node/395
https://doi.org/10.3389/fmicb.2021.675693
https://doi.org/10.5713/ajas.2001.956
https://doi.org/10.1016/j.anifeedsci.2011.11.013
https://doi.org/10.1016/j.anifeedsci.2011.11.013
https://doi.org/10.1111/gfs.12462
https://doi.org/10.1007/978-981-16-9836-1_13
https://doi.org/10.1007/978-981-16-9836-1_13
https://doi.org/10.5713/ajas.2003.837
https://doi.org/10.5713/ajas.2003.837
https://doi.org/10.1626/jcs.57.431
https://doi.org/10.1626/JCS.57.424
https://doi.org/10.14941/grass.34.257
https://www.researchgate.net/publication/281556114_NAPIER_GRASS_FEED_RESOURCE_PRODUCTION_CONSTRAINTS_AND_IMPLICATIONS_FOR_SMALLHOLDER_FARMERS_IN_EAST_AND_CENTRAL_AFRICA
https://www.researchgate.net/publication/281556114_NAPIER_GRASS_FEED_RESOURCE_PRODUCTION_CONSTRAINTS_AND_IMPLICATIONS_FOR_SMALLHOLDER_FARMERS_IN_EAST_AND_CENTRAL_AFRICA
https://www.researchgate.net/publication/281556114_NAPIER_GRASS_FEED_RESOURCE_PRODUCTION_CONSTRAINTS_AND_IMPLICATIONS_FOR_SMALLHOLDER_FARMERS_IN_EAST_AND_CENTRAL_AFRICA
https://www.researchgate.net/publication/281556114_NAPIER_GRASS_FEED_RESOURCE_PRODUCTION_CONSTRAINTS_AND_IMPLICATIONS_FOR_SMALLHOLDER_FARMERS_IN_EAST_AND_CENTRAL_AFRICA
https://doi.org/10.5713/ajas.1998.680
https://doi.org/10.1016/S0301-6226(98)00127-4
https://doi.org/10.1016/S0301-6226(99)00035-4
https://doi.org/10.1016/S0301-6226(99)00035-4
http://sciencewebpublishing.net/jacr/archive/2017/October/Abstract/Kebede%20et%20al.htm
http://sciencewebpublishing.net/jacr/archive/2017/October/Abstract/Kebede%20et%20al.htm
http://sciencewebpublishing.net/jacr/archive/2017/October/Abstract/Kebede%20et%20al.htm
https://doi.org/10.3923/AJAR.2013.15.25
https://doi.org/10.5713/ajas.18.0083
https://doi.org/10.1007/s12155-013-9328-1
https://doi.org/10.1007/s12155-013-9328-1
https://doi.org/10.1016/S0377-8401(02)00328-0
https://doi.org/10.1016/S0377-8401(02)00328-0
https://doi.org/10.1016/j.anifeedsci.2004.12.012
https://doi.org/10.1016/j.anifeedsci.2004.12.012
https://doi.org/10.3389/fpls.2023.1269976
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Islam et al. 10.3389/fpls.2023.1269976
Kubota, F., Matsuda, Y., Agata, W., and Nada, K. (1994). The relationship between
canopy structure and high productivity in Napier grass, Pennisetum purpureum
Schumach. Field Crops Res. 38, 105–1l0. doi: 10.1016/0378-4290(94)90004-3

Lotero, J. C., Ramirez, A. P., and Herrera, G. P. (1969). Fuentes, dosis y motodos de
aplicacion de nitrogeno en pasto elefante. Revta Inst. Colomb. Agropec. 4(3), 147–157.
https://eurekamag.com/research/014/678/014678410.php

Lounglawan, P., Lounglawan, W., and Suksombat, W. (2014). Effect of cutting
interval and cutting height on yield and chemical composition of king Napier grass
(Pennisetum purpureum x Pennisetum americanum). APCBEE Proc. 8, 27–31.
doi: 10.1016/j.apcbee.2014.01.075

MaChado, P. A. S., Valadares Filho, S., de, C., Valadares, R. F. D., Detmann, E.,
Paixao, M. L., et al. (2008). Nutritional evaluation of elephantgrass at different regrowth
ages. Rev. Bras. Zootec. 37 (6), 1121–1128. doi: 10.1590/S1516-35982008000600024

Macoon, B., Sollenberger, L. E., and Moore, J. E. (2002). Defoliation effects on
persistence and productivity of four Pennisetum spp. genotypes. Agron. J. 94, 541–548.
doi: 10.2134/agronj2002.5410

Magalhães, K. A., Valadares Filho, S. C., Detmann, E., Diniz, L. L., Pina, D. S.,
Azevedo, J. A. G., et al. (2010). Evaluation of indirect methods to estimate the
nutritional value of tropical feeds for ruminants. Anim. Feed Sci. Technol. 155, 44–
54. doi: 10.1016/j.anifeedsci.2009.10.004

Manyawu, G. J., Chakoma, C., Sibanda, S., Mutisi, C., and Chakoma., I. C. (2003c).
The effect of harvesting interval on herbage yield and nutritive value of Napier grass
and hybrid Pennisetums. Asian-Aust. J. Anim. Sci. 16 (7), 996–1002. doi: 10.5713/
ajas.2003.996

Manyawu, G. J., Sibanda, S., Chakoma., I. C., Mutisi, C., and Ndiweni, P. N. B.
(2003a). The Intake and palatability of four different types of Napier grass (Pennisetum
purpureum) silage fed to sheep. Asian-Aust. J. Anim. Sci. 16 (6), 823–829. doi: 10.5713/
ajas.2003.823

Manyawu, G. J., Sibanda, S., Mutisi, C., Chakoma, C., Chakoma., I. C., and Ndiweni,
P. N. B. (2003b). The Effect of pre-wilting and incorporation of maize meal on the
fermentation of Bana grass silage. Asian-Aust. J. Anim. Sci. 16 (6), 843–851. doi:
10.5713/ajas.2003.843

Marais, J. P. (2001). Factors affecting the nutritive values of kikuyu grass (Pennisetum
purpureum) - a review. Trop. Grassl. 35, 65–84. https://www.cabdirect.org/cabdirect/
abstract/20013080632

Marais, J. P., Figenschou, D. L., and Dennison, C. (1987). The accumulation of nitrate
in Kikuyu grass (Pennisetum clandestinum Hochst). South Afric. J. Plant Soil. 4 (2), 82–
88. doi: 10.1080/02571862.1987.10634946

Matsuda, Y., Kubota, F., Agata, W., and Ito, K. (1991). Analytical study on high
productivity in napier grass (Pennisetum purpureum SCHUMACH.) 1. Comparison of
the characteristics of dry matter production between napier grass and corn plants. J.
Japan. Grassl. Sci. 37 (1), 150–156. Available at: https://www.semanticscholar.org/
paper/Analytical-Study-on-High-Productivity-in-Napier-%3A-Yoshinobu-%E7%BE%
A9%E4%BF%A1/de428b223e3feeb4d987f03c8ab3d8d2b5ffa1ee

McKenzie, R. A., Bell, A. M., Storie, G. J., Keenan, F. J., Cornack, K. M., and Grant, S.
G. (1988). Acute oxalate poisoning of sheep by buffelgrass (Cenchrus ciliaris). Aust. Vet.
J. 65, 26. doi: 10.1111/j.1751-0813.1988.tb14926.x

Meherpur Climate Bangladesh (2023) Data and graphs for weather and climate in
Meherpur. Available at: https://en.climate-data.org/asia/Bangladesh/khulna-division/
meherpur-59282 (Accessed 28 August, 2023).

Muia, J. M. K., Tamminga, S., Mbunga, P. N., and Kariuki, J. N. (2001a). Effect of
supplementing Napier Grass (Pennisetum purpureum) with poultry litter and sunflower
meal based concentrates on feed intake and rumen fermentation in Friesian steers.Anim.
Feed Sci. Technol. 92, 113–126. doi: 10.1016/S0377-8401(01)00221-8

Muia, J. M. K., Tamminga, S., Mbunga, P. N., and Kariuki, J. N. (2001b). Rumen
degradation and estimation of microbial protein yield and intestinal digestion of Napier
Grass (Pennisetum purpureum) and various concentrates. Anim. Feed Sci. Technol. 93,
177–192. doi: 10.1016/S0377-8401(01)00282-6

Muinga, R.W., Thorpe, W., and Topps, J. H. (1992). Voluntary food intake, live-weight
change and lactation performance of crossbred dairy cows given ad libitum Pennisetum
purpureum (Napier grass var. Bana) supplemented with leucaena forage in the lowland
semi-humid tropics. Anim. Prod. 55 (3), 331–337. doi: 10.1017/S0003356100021024

Muinga, R. W., Thorpe, W., and Topps, J. H. (1993). Lactational performance of
Jersey cows given napier fodder (Pennisetum purpureum) with and without protein
concentrates in the semihumid tropics. Trop. Anim. Hlth Prod. 25, 118–128. doi:
10.1007/BF02236519

Muktar, M. S., Habte, E., Teshome, A., Assefa, Y., Negawo, A. T., Lee, K.-W., et al.
(2022). Insights into the genetic architecture of complex traits in Napier Grass
(Cenchrus purpureus) and QTL regions governing forage biomass yield, water use
efficiency and feed quality traits. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.678862

Munns, R. (2011). Plant adaptations to salt and water stress: differences and
commonalities. Plant responses to drought and salinity stress: developments in a
post-genomic era. Adv. Bot. Res. 57, 1–32. doi: 10.1016/B978-0-12-387692-8.00001-1

Muyekho, F. N., Munyasi, J. W., Mwendia, S., Auma, E. O., Ngode, L., Ajanga, S.,
et al. (2015). “Evaluation of Napier stunt and smut tolerant napier grass clones and
alternative fodder grasses for forage yield in Kenya,” in Napier grass feed resource:
production, constraints and implications for smallholder farmers in Eastern and Central
Africa. Ed. J. Kabirizi, et al, 2015 75–77. Available at: https://www.researchgate.net/
publication/281556114_NAPIER_GRASS_FEED_RESOURCE_PRODUCTION_
Frontiers in Plant Science 14
CONSTRAINTS_AND_IMPLICATIONS_FOR_SMALLHOLDER_FARMERS_IN_
EAST_AND_CENTRAL_AFRICA

Neal, J. S., Fulkerson, W. J., and Campbell, L. C. (2010). Differences in yield among
annual forages used by the dairy industry under optimal and deficit irrigation. Crop
Past. Sci. 61, 625–638. doi: 10.1071/CP092161836-0947/10/080625

Neal, J. S., Fulkerson, W. J., and Hacker, R. B. (2011a). Differences in water use
efficiency among annual forages used by the dairy industry under optimum and deficit
irrigation. Agric. Water Managem. 98, 759–774. doi: 10.1016/j.agwat.2010.11.011

Neal, J. S., Fulkerson, W. J., and Sutton, B. G. (2011b). Differences in water-use
efficiency among perennial forages used by the dairy industry under optimum and
deficit irrigation. Irrig. Sci. 29, 213–232. doi: 10.1007/s00271-010-0229-1

Negawo, A. T., Teshome, A., Kumar, A., Hanson, J., and Jones, C. S. (2017).
Opportunities for Napier grass (Pennisetum purpureum) improvement using
molecular genetics. Agronomy 7, 28. doi: 10.3390/agronomy7020028

Nelson, J. (2005). Response to organic and inorganic fertilization, model development
and evaluation for Napier grass (Pennisetum purpureum, Schum.) (The University of
Edinburgh: PhD Thesis).

Njarui, D. M. G., Gatheru, M., Wambua, J. M., Nguluu, S. N., Mwangi, D. M., and
Keya, G. A. (2010). Challenges in milk processing and marketing among dairies in the
semi-arid tropical Kenya. Livest. Res. Rural Dev. 22 (2), 2010. Available at: https://www.
researchgate.net/publication/297812008_Challenges_in_milk_processing_and_
marketing_among_dairies_in_the_semi-arid_tropical_Kenya

Nsahlai, I. V., Osuji, P. O., and Umunna, N. N. (2000). Effect of form and of quality of
feed on the concentrations of purine derivatives in urinary spot samples, daily
microbial N supply and predictability of intake. Anim. Feed Sci. Technol. 85, 223–
238. doi: 10.1016/S0377-8401(00)00138-3

Parsons, D., Van, N. H., Malau-Aduli, A. E. O., Ba, N. X., Phung, L. D., Lane, P. A.,
et al. (2012). Evaluation of a nutrition model in predicting performance of Vietnamese
cattle. Asian-Aust. J. Anim. Sci. 25 (9), 1237–1247. doi: 10.5713/ajas.2012.12036

Pathmasiri, P. G. R. P., Premalal, G. C. C., and Nayananjalie, W. A. D. (2014).
Accumulation of oxalate and nitrate in hybrid Napier var. CO -3 (Pennisetum
perpureum X P. americarnum) and Wild Guinea grass (Panicum maximum).
Rajarata Univ. J. 2, 27–32. Available at: http://repository.rjt.ac.lk/handle/123456789/30

Pieterse, P. A., and Rethman, N. F. G. (2002). The influence of nitrogen fertilisation
and soil pH on the dry matter yield and forage quality of Pennisetum purpureum and P.
purpureum×P. glaucum hybrids. Trop. Grassl. 36, 83–89. https://www.
tropicalgrasslands.info/public/journals/4/Historic/Tropical%20Grasslands%20Journal
%20archive/PDFs/Vol_36_2002/Vol_36_02_02_pp83_89.pdf

Peyraud, J. L., and Delagarde, R. (2013). Managing variations in dairy cow nutrient
supply under grazing. Animal 7 (s1), 57–67. doi: 10.1017/S1751731111002394

Rahman, M. M., Abdullah, R. B., Khadijah, W. E. W., Nakagawa, T., and Akashi, R.
(2013). Effect of palm kernel cake as protein source in a concentrate diet on intake,
digestibility and live weight gain of goats fed Napier grass. Trop. Anim. Health Prod. 45,
873–878. doi: 10.1007/s11250-012-0300-4

Rahman, M. M., Abdullah, R. B., Wan Khadijah, W. E., Nakagawa, T., and Akashi, R.
(2014a). Feed intake and growth performance of goats offered Napier grass
(Pennisetum purpureum) supplemented with concentrate pellet and soya waste. Sains
Malays. 43, 967–971. doi: 10.1080/09712119.2014.963095

Rahman, M. Z., Ali, M. Y., Huque, K. S., and Talukder, M. A. I. (2014b). Effect of di-
calcium phosphate on calcium balance and body condition score of dairy cows fed
Napier grass. Bang. J. Anim. Sci. 43 (3), 197–201. doi: 10.3329/bjas.v43i3.21648

Rahman, M. M., Ishii, Y., Niimi, M., and Kawamura, O. (2010). Interactive effects of
nitrogen and potassium fertilization on oxalate content in Napiergrass (Pennisetum
purpureum). Asian-Aust. J. Anim. Sci. 23 (6), 719–723. doi: 10.5713/ajas.2010.90541

Rahman, M. M., Rahman, M. R., Nakagawa, T., Abdullah, R. B., Wan Khadijaha, W.
E., and Akashi, R. (2015). Effects of wet soya waste supplementation on the intake,
growth and reproduction of goats fed Napier grass. Anim. Feed Sci. Technol. 199, 104–
112. doi: 10.1016/j.anifeedsci.2014.11.0070377-8401

Rahman, M. Z., and Talukder, M. A. I. (2015). Production and nutritional quality of
high yielding fodders in the coastal areas for ruminant. Agriculturists. 13 (1), 1–8.
doi: 10.3329/agric.v13i1.26541

Ramadhan, A., Njunie, M. N., and Lewa, K. K. (2015). Effect of planting material and
variety on productivity and survival of Napier Grass (Pennisetum purpureum
schumach) in the coastal lowlands of Kenya. East Afric. Agric. Forest. J. 8 (1), 40–45.
doi: 10.1080/00128325.2015.1040647

Rao, B. V., Parthasarathy, M., and Krishna, N. (1993). Effect of supplementation with
tree leaves on intake and digestibility of hybrid napier (NB-21) grass in Nellore Brown
sheep. Anim. Feed Sci. Technol. 44, 265–274. doi: 10.1016/0377-8401(93)90052-L

Rengsirikul, K., Ishii, Y., Kangvansaichol, K., Sripichitt, P., Punsuvon, V., Vaithanomsat,
P., et al. (2013). Biomass yield, chemical composition and potential ethanol yields of 8
cultivars of Napiergrass (Pennisetum purpureum Schumach.) harvested 3-monthly in
central Thailand. J. Sust. Bioenergy Syst. 3, 107–112. doi: 10.4236/jsbs.2013.32015

Roy, B. K., Haque, K. S., and Huda, N. (2017). Comparative meat production
performance evaluation of buffalo with cattle at different ages. J. Buffalo Sci. 6(3), 66–73.
doi: 10.6000/1927-520X.2017.06.03.1

Roy, B. K., Sarker, N. R., Alam, M. K., and Huque, K. S. (2016). Existing production
and marketing system of fodder under Meherpur district as livelihood activity. Bang. J.
Livest. Res. 19 (1-2), 24–32. doi: 10.3329/bjlr.v19i1-2.26424
frontiersin.org

https://doi.org/10.1016/0378-4290(94)90004-3
https://eurekamag.com/research/014/678/014678410.php
https://doi.org/10.1016/j.apcbee.2014.01.075
https://doi.org/10.1590/S1516-35982008000600024
https://doi.org/10.2134/agronj2002.5410
https://doi.org/10.1016/j.anifeedsci.2009.10.004
https://doi.org/10.5713/ajas.2003.996
https://doi.org/10.5713/ajas.2003.996
https://doi.org/10.5713/ajas.2003.823
https://doi.org/10.5713/ajas.2003.823
https://doi.org/10.5713/ajas.2003.843
https://www.cabdirect.org/cabdirect/abstract/20013080632
https://www.cabdirect.org/cabdirect/abstract/20013080632
https://doi.org/10.1080/02571862.1987.10634946
https://www.semanticscholar.org/paper/Analytical-Study-on-High-Productivity-in-Napier-%3A-Yoshinobu-%E7%BE%A9%E4%BF%A1/de428b223e3feeb4d987f03c8ab3d8d2b5ffa1ee
https://www.semanticscholar.org/paper/Analytical-Study-on-High-Productivity-in-Napier-%3A-Yoshinobu-%E7%BE%A9%E4%BF%A1/de428b223e3feeb4d987f03c8ab3d8d2b5ffa1ee
https://www.semanticscholar.org/paper/Analytical-Study-on-High-Productivity-in-Napier-%3A-Yoshinobu-%E7%BE%A9%E4%BF%A1/de428b223e3feeb4d987f03c8ab3d8d2b5ffa1ee
https://doi.org/10.1111/j.1751-0813.1988.tb14926.x
https://en.climate-data.org/asia/Bangladesh/khulna-division/meherpur-59282
https://en.climate-data.org/asia/Bangladesh/khulna-division/meherpur-59282
https://doi.org/10.1016/S0377-8401(01)00221-8
https://doi.org/10.1016/S0377-8401(01)00282-6
https://doi.org/10.1017/S0003356100021024
https://doi.org/10.1007/BF02236519
https://doi.org/10.3389/fpls.2021.678862
https://doi.org/10.1016/B978-0-12-387692-8.00001-1
https://www.researchgate.net/publication/281556114_NAPIER_GRASS_FEED_RESOURCE_PRODUCTION_CONSTRAINTS_AND_IMPLICATIONS_FOR_SMALLHOLDER_FARMERS_IN_EAST_AND_CENTRAL_AFRICA
https://www.researchgate.net/publication/281556114_NAPIER_GRASS_FEED_RESOURCE_PRODUCTION_CONSTRAINTS_AND_IMPLICATIONS_FOR_SMALLHOLDER_FARMERS_IN_EAST_AND_CENTRAL_AFRICA
https://www.researchgate.net/publication/281556114_NAPIER_GRASS_FEED_RESOURCE_PRODUCTION_CONSTRAINTS_AND_IMPLICATIONS_FOR_SMALLHOLDER_FARMERS_IN_EAST_AND_CENTRAL_AFRICA
https://www.researchgate.net/publication/281556114_NAPIER_GRASS_FEED_RESOURCE_PRODUCTION_CONSTRAINTS_AND_IMPLICATIONS_FOR_SMALLHOLDER_FARMERS_IN_EAST_AND_CENTRAL_AFRICA
https://doi.org/10.1071/CP092161836-0947/10/080625
https://doi.org/10.1016/j.agwat.2010.11.011
https://doi.org/10.1007/s00271-010-0229-1
https://doi.org/10.3390/agronomy7020028
https://www.researchgate.net/publication/297812008_Challenges_in_milk_processing_and_marketing_among_dairies_in_the_semi-arid_tropical_Kenya
https://www.researchgate.net/publication/297812008_Challenges_in_milk_processing_and_marketing_among_dairies_in_the_semi-arid_tropical_Kenya
https://www.researchgate.net/publication/297812008_Challenges_in_milk_processing_and_marketing_among_dairies_in_the_semi-arid_tropical_Kenya
https://doi.org/10.1016/S0377-8401(00)00138-3
https://doi.org/10.5713/ajas.2012.12036
http://repository.rjt.ac.lk/handle/123456789/30
https://www.tropicalgrasslands.info/public/journals/4/Historic/Tropical%20Grasslands%20Journal%20archive/PDFs/Vol_36_2002/Vol_36_02_02_pp83_89.pdf
https://www.tropicalgrasslands.info/public/journals/4/Historic/Tropical%20Grasslands%20Journal%20archive/PDFs/Vol_36_2002/Vol_36_02_02_pp83_89.pdf
https://www.tropicalgrasslands.info/public/journals/4/Historic/Tropical%20Grasslands%20Journal%20archive/PDFs/Vol_36_2002/Vol_36_02_02_pp83_89.pdf
https://doi.org/10.1017/S1751731111002394
https://doi.org/10.1007/s11250-012-0300-4
https://doi.org/10.1080/09712119.2014.963095
https://doi.org/10.3329/bjas.v43i3.21648
https://doi.org/10.5713/ajas.2010.90541
https://doi.org/10.1016/j.anifeedsci.2014.11.0070377-8401
https://doi.org/10.3329/agric.v13i1.26541
https://doi.org/10.1080/00128325.2015.1040647
https://doi.org/10.1016/0377-8401(93)90052-L
https://doi.org/10.4236/jsbs.2013.32015
https://doi.org/10.6000/1927-520X.2017.06.03.1
https://doi.org/10.3329/bjlr.v19i1-2.26424
https://doi.org/10.3389/fpls.2023.1269976
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Islam et al. 10.3389/fpls.2023.1269976
Ruiz, T. M., Sanchez, W. K., and Staples, C. R. (1992). Comparison of 'Matt' dwarf
Elephantgrass silage and corn silage for lactating dairy cows. J. Dairy Sci. 75, 533–543.
doi: 10.3168/jds.S0022-0302(92)77790-X

Sarwar, M., Khan, M. N., and Saeed, M. N. (1999). Influence of nitrogen fertilization
and stage of maturity of mottgrass (Pennisetum purpureum) on its composition, dry
matter intake, ruminal characteristics and digestion kinetics in cannulated buffalo bulls.
Anim. Feed Sci. Technol. 82, 121–130. doi: 10.1016/S0377-8401(99)00087-5

Schank, S. C., Chynoweth, D. P., Turick, C. E., and Mendoza, P. E. (1993).
Napiergrass genotypes and plant parts for biomass energy. Biom. Bioenergy 4 (1), 1–
7. doi: 10.1016/0961-9534(93)90021-U

Schneider, L. S. A., Daher, R. F., Menezes, B. R. S., Freitas, R. S., Sousa, L. B., Silva, V.
B., et al. (2018). Selection of Elephant-Grass genotypes for forage production. J. Agric.
Sci. 10 (12), 148–156. doi: 10.5539/jas.v10n12p148

Shem, M. N., Mtengeti, E. J., Luaga, M., Ichinohe, T., and Fujihara, T. (2003). Feeding
value of wild Napier grass (Pennisetum macrourum) for cattle supplemented with
protein and/or energy rich supplements. Anim. Feed Sci. Technol. 108, 15–24. doi:
10.1016/S0377-8401(03)00167-6

Sidhu, P. K., Bedi, G. K., Mahajan, V., Sharma, S., Sandhu, K. S., and Gupta, M. P.
(2011). Evaluation of factors contributing to excessive nitrate accumulation in fodder
crops leading to ill-health in dairy animals. Toxicol. Int. 18 (1), 22–26. doi: 10.4103/
0971-6580.75848

Sileshi, Z., Owen, E., Dhanoa, M. S., and Theodorou, M. K. (1996). Prediction of in
situ rumen dry matter disappearance of Ethiopian forages from an in vitro gas
production technique using a pressure transducer, chemical analyses or in vitro
digestibility. Anim. Feed Sci. Technol. 61, 73–87. doi: 10.1016/0377-8401(96)00948-0

Singh, B. P., Singh, H. P., and Obeng, E. (2013). “Elephant grass,” in Biofuel Crops:
Production, Physiology and Genetics, vol. 2013 . Ed. B. P. Singh (Fort Valley, GA, USA:
CAB International: Fort Valley State University), 271–291.

Skerman, P. J., and Riveros, F. (1990). Tropical grasses. Food and Agriculture
Organisation, 1990. Forage Plants, pp. 163. https://books.google.com.au/books/about/
Tropical_Grasses.html?id=tCydcW6MK60C&redir_esc=y

Sollenburger, L. E., Prine, G. M., Ocumpaugh, W. R., Hanna, W. W., Jones, C. S. Jr.,
Schank, S. C., et al. (1989). Registration of 'mott' dwarf elephant grass. Crop Sci. 29,
827–828. doi: 10.2135/cropsci1989.0011183X002900030062x

Tamada, J., Yokot, a H., Ohshima, M., and Tamaki, M. (1999). Effects of additives,
storage temperature and regional difference of ensiling on the fermentation quality of
Napier grass (Pennisetum purpureum Schum.) silage. Asian-Aust. J. Anim. Sci. 12 (1),
28–35. doi: 10.5713/ajas.1999.28

Tessema, Z. (2008). Effect of plant density on morphological characteristics, yield
and chemical composition of Napier grass (Pennisetum purpureum (L.) Schumach).
East Afr. J. Sci. 2, 55–61. doi: 10.4314/eajsci.v2i1.40365

Tessema, Z., and Baars, R. M. T. (2004). Chemical composition, in vitro dry matter
digestibility and ruminal degradation of Napier grass (Pennisetum purpureum (L.)
Schumach.) mixed with different levels of Sesbania sesban (L.) Merr. Anim. Feed Sci.
Technol. 117, 29–41. doi: 10.1016/j.anifeedsci.2004.08.001

Tessema, Z. K., Mihret, J., and Solomon, M. (2010). Effect of defoliation frequency
and cutting height on growth, dry-matter yield and nutritive value of Napier grass
Frontiers in Plant Science 15
(Pennisetum purpureum (L.) Schumach). Grass Forage Sci. 65, 421–430. doi: 10.1111/
j.1365-2494.2010.00761.x

Vicente-Chandler, J., Silva, S., and Figarella, J. (1959). The effect of nitrogen
fertilization and frequency of cutting on the yield and composition of three tropical
grasses. Agron. J. 51, 202–206. doi: 10.2134/agronj1959.00021962005100040006x

Vieira, R. A.M., Pereira, J. C., Malafaia, P. A. M., and de Queiroz, A. C. (1997). The
influence of elephant-grass (Pennisetum purpureum Schum., Mineiro variety) growth
on the nutrient kinetics in the rumen. Anim. Feed Sci. Technol. 67, 151–161. doi:
10.1016/S0377-8401(96)01130-3

Wamalwa, N. I. E., Midega, C. A. O., Ajanga, S., Omukunda, N. E., Ochieno, M. W.
D., Muyekho, F. N., et al. (2015). “Screening Napier accessions for resistance/tolerance
to NSD using the loop mediated isothermal amplification of DNA (LAMP),” in Napier
grass feed resource: production, constraints and implications for smallholder farmers in
Eastern and Central Africa. Ed. J. Kabirizi, et al, 2015 78–93. https://www.researchgate.
net/publication/281556114_NAPIER_GRASS_FEED_RESOURCE_PRODUCTION_
CONSTRAINTS_AND_IMPLICATIONS_FOR_SMALLHOLDER_FARMERS_IN_
EAST_AND_CENTRAL_AFRICA

Wangchuk, K., Rai, K., Nirola, H., Thukten,, Dendup, C., and Mongar, D. (2015).
Forage growth, yield and quality responses of Napier hybrid grass cultivars to three
cutting intervals in the Himalayan foothills. Trop. Grassl. – Forrajes Tropicales. 3, 142–
150. doi: 10.17138/TGFT(3)142-150

Wijitphan, S., Lorwilai, P., and Arkaseang, C. (2009). Effects of plant spacing on
yields and nutritive values of Napier grass (Pennisetum purpureum Schum.) under
intensive management of nitrogen fertilizer and irrigation. Pak. J. Nutr. 8 (8), 1240–
1243. doi: 10.3923/PJN.2009.1240.1243

Woodard, K. R., and Prine, G. M. (1993). Dry matter accumulation of elephantgrass,
energycane, and elephant millet in a subtropical climate. Crop Sci. 33, 818–824. doi:
10.2135/cropsci1993.0011183X003300040038x

Yammeun-art, S., Somrak, P., and Phatsara, C. (2017). Effect of the ratio of maize cob and
husk to Napier Pakchong 1 silage on nutritive value and in vitro gas production of rumen
fluid of Thai native cattle. Anim. Prod. Sci. 57, 1603–1606. doi: 10.1071/AN15692_CO

Yang, Y., Tilman, D., Furey, G., and Lehman, C. (2019). Soil carbon sequestration
accelerated by restoration of grassland biodiversity. Nat. Commun. 10, 718. doi:
10.1038/s41467-019-08636-w

Yokota, H., Fujii, Y., and Ohshima, M. (1998). Nutritional quality of Napier grass
(Pennisetum purpureum Schum.) silage supplemented with molasses and rice bran by
goats. Asian-Aust. J. Anim. Sci. 11 (6), 697–701. doi: 10.5713/AJAS.1998.697

Zewdu, T., Baars, R. M. T., and Yami, A. (2002). Effect of plant height at cutting,
source and level of fertiliser on yield and nutritional quality of Napier grass
(Pennisetum purpureum (L.) Schumach.). Afric. J. Range Forage Sci. 19, 123–128.
doi: 10.2989/10220110209485783

Zhang, X., Gu, H., Ding, C., Zhong, X., Zhang, J., and Xu, N. (2010). Path coefficient
and cluster analyses of yield and morphological traits in Pennisetum purpureum. Trop.
Grassl. 44, 95–102.

Zhang, J., and Kumal, S. (2000). Effluent and aerobic stability of cellulase and LAB
treated silage of Napier grass (Pennisetum purpureum Schum.). Asian-Aust. J. Anim.
Sci. 13 (8), 1063–1067. doi: 10.5713/ajas.2000.1063
frontiersin.org

https://doi.org/10.3168/jds.S0022-0302(92)77790-X
https://doi.org/10.1016/S0377-8401(99)00087-5
https://doi.org/10.1016/0961-9534(93)90021-U
https://doi.org/10.5539/jas.v10n12p148
https://doi.org/10.1016/S0377-8401(03)00167-6
https://doi.org/10.4103/0971-6580.75848
https://doi.org/10.4103/0971-6580.75848
https://doi.org/10.1016/0377-8401(96)00948-0
https://books.google.com.au/books/about/Tropical_Grasses.html?id=tCydcW6MK60C&redir_esc=y
https://books.google.com.au/books/about/Tropical_Grasses.html?id=tCydcW6MK60C&redir_esc=y
https://doi.org/10.2135/cropsci1989.0011183X002900030062x
https://doi.org/10.5713/ajas.1999.28
https://doi.org/10.4314/eajsci.v2i1.40365
https://doi.org/10.1016/j.anifeedsci.2004.08.001
https://doi.org/10.1111/j.1365-2494.2010.00761.x
https://doi.org/10.1111/j.1365-2494.2010.00761.x
https://doi.org/10.2134/agronj1959.00021962005100040006x
https://doi.org/10.1016/S0377-8401(96)01130-3
https://www.researchgate.net/publication/281556114_NAPIER_GRASS_FEED_RESOURCE_PRODUCTION_CONSTRAINTS_AND_IMPLICATIONS_FOR_SMALLHOLDER_FARMERS_IN_EAST_AND_CENTRAL_AFRICA
https://www.researchgate.net/publication/281556114_NAPIER_GRASS_FEED_RESOURCE_PRODUCTION_CONSTRAINTS_AND_IMPLICATIONS_FOR_SMALLHOLDER_FARMERS_IN_EAST_AND_CENTRAL_AFRICA
https://www.researchgate.net/publication/281556114_NAPIER_GRASS_FEED_RESOURCE_PRODUCTION_CONSTRAINTS_AND_IMPLICATIONS_FOR_SMALLHOLDER_FARMERS_IN_EAST_AND_CENTRAL_AFRICA
https://www.researchgate.net/publication/281556114_NAPIER_GRASS_FEED_RESOURCE_PRODUCTION_CONSTRAINTS_AND_IMPLICATIONS_FOR_SMALLHOLDER_FARMERS_IN_EAST_AND_CENTRAL_AFRICA
https://doi.org/10.17138/TGFT(3)142-150
https://doi.org/10.3923/PJN.2009.1240.1243
https://doi.org/10.2135/cropsci1993.0011183X003300040038x
https://doi.org/10.1071/AN15692_CO
https://doi.org/10.1038/s41467-019-08636-w
https://doi.org/10.5713/AJAS.1998.697
https://doi.org/10.2989/10220110209485783
https://doi.org/10.5713/ajas.2000.1063
https://doi.org/10.3389/fpls.2023.1269976
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Napier grass (Pennisetum purpureum Schum) management strategies for dairy and meat production in the tropics and subtropics: yield and nutritive value
	1 Introduction
	2 Morphology and habitat of Napier grass
	3 Current Napier grass production systems
	3.1 Nitrogen fertiliser
	3.2 Water
	3.3 Variety
	3.4 Harvest interval and maturity
	3.5 Plant density

	4 Potential in saline and temperate zone
	4.1 Salinity
	4.2 Temperate region

	5 Best management practice
	6 Knowledge gaps
	6.1 Inputs
	6.2 Variety
	6.3 Harvest interval and yield and nutritive value trade-off
	6.4 Plant density management
	6.5 Potential in saline and temperate zones

	7 Conclusions
	Author contributions
	Funding
	References


