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Abstract

Nitrogen trials were carried out on hemp crops grown in Ireland over a 3 year period to identify nitrogen fertil-

ization strategies which optimize the greenhouse gas (GHG) and energy balances of hemp crops grown for bio-

mass. Nitrogen rates up to 150 kg N ha�1 were used in the study. Yield increased with nitrogen rate up to 120

kg N ha�1 for early (Ferimon), mid (Felina 32) and late maturing (Futura 75) varieties. Variety had a significant

effect on yield with yields increasing with maturation date. In 2 years of the study, certain application rates of

nitrogen were applied either at sowing, at emergence, after emergence or split between these dates to determine
if nitrogen rates could be reduced by delaying or splitting the applications. The application of nitrogen at times

later than sowing or in splits during the early part of the growing season had no significant effect on biomass

yield compared with the practice of applying nitrogen at the time of sowing. Late applications of nitrogen

reduced leaf chlorophyll content and height early in the growing season. Later in the growing season, there was

no difference in height between treatments although the highest concentrations of chlorophyll were found in the

leaves of the late application treatment. Nitrogen rate and the timing of nitrogen application had no effect on

plant density. Biomass yield, net energy and net GHG mitigation increased up to an application rate of

120 kg N ha�1, this result was independent of soil type or soil nitrogen level. Net GHG and energy balance of
hemp crops grown for biomass are optimized if late maturing varieties are used for biomass production and a

nitrogen rate of 120 kg ha�1 is applied at sowing.
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Introduction

Increasing oil prices, growing dependence on imported

fossil energy together with growing evidence of the

effect of GHG emissions on climate change (Solomon,

2007) are forcing countries to consider renewable forms

of energy including bioenergy. Bioenergy, uniquely

among renewable energy sources, can be used to pro-

vide energy either as heat, electricity or as a transport

fuel. However, given the shortage of biomass from for-

estry production, energy crops are likely to play a major

part in future production of bioenergy (Clifton-Brown

et al., 2007). Perennial energy crops such as willow and

Miscanthus are expected to remain viable for up to

20 years (Bullard & Metcalf, 2001; Dawson, 2007) and

are examples of good energy crops offering high bio-

mass yields for low inputs while their perennial nature

avoids soil disturbance. An alternative which is generat-

ing interest is the use of hemp as an energy crop. It has

already been demonstrated that hemp is a suitable feed-

stock for anaerobic digestion (Kreuger et al., 2011) as

well as for combustion (Rice, 2008; Prade et al., 2011).

Hemp can produce high biomass yields for low inputs

(Meijer et al., 1995; Crowley, 2001; Prade et al., 2011),

but is environmentally benign compared with other

annual crops (Van der Werf, 2004). Hemp is an excellent

break crop as its extensive root system improves soil

structure. Subsequent crops have less weed pressure,

and yield increases of 10%–20% have been demon-

strated in winter wheat crops grown after hemp (Bosca

& Karus, 1997). In addition, the fact that hemp is an

annual crop offers farmers the opportunity to investi-

gate the energy market without committing their land

for up to 20 years if suitable markets exist.

Apart from diesel and seed, the only input required

for the cultivation of hemp is fertilizer, as the crop is typ-

ically grown without inputs of herbicide, insecticide and

fungicide (Crowley, 2001). Previous experience has led

to the conclusion that fungicides are not beneficial and

are not recommended (Van der Werf et al., 1995a; ITC,

2007). The most important nutrients required for all

crops are nitrogen, phosphorus and potassium. How-

ever, the most costly of these nutrients, in both economic

and environmental terms, is nitrogen and crops are gen-

erally more responsive to nitrogen than to phosphorus

or potassium (Hay & Walker, 1989). The effect of applied

nitrogen on hemp yield has already been researched in a
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number of studies. The most extensive investigation to

date was conducted by Struik et al. (2000) who found a

gradual increase in stem dry matter over a range of

100 kg N ha�1–220 kg N ha�1 (soil N plus applied N)

in Northern Europe. In contrast, there was a limited

response to nitrogen in the nitrogen rich soils of North-

ern Italy (Struik et al., 2000). Van der Werf et al. (1995b)

found that yield was greater at a soil nitrogen level of

200 kg N ha�1 compared with a soil nitrogen level of

80 kg N ha�1 and concluded that the 80 kg N ha�1

treatment was deficient in nitrogen. Amaducci et al.

(2002) found that nitrogen fertilization increased stem

production although Prade et al. (2011) reported no

response to applied nitrogen. Most of the previous stud-

ies used a limited range of nitrogen levels applied at one

time (sowing) and often at the higher densities used for

fibre hemp production rather than at the lower densities

used for biomass production (Crowley, 2001; Amaducci

et al., 2002). The objective of this study was to optimize

the benefits of hemp as an energy crop by identifying

the nitrogen fertilization strategies which maximize the

GHG and energy balances of the crop.

Materials and methods

Nitrogen response trials were carried out on hemp crops

grown in Ireland in 2008, 2009 and 2010. All experiments were

designed as a randomized complete block with four replica-

tions. Certified seed was obtained from Cooperative Centrale

des Producteurs de Semences de Chanvre, Le Mans, France

and all crops were sown at a seeding rate of 30 kg ha�1; this

rate was previously found to give the highest biomass yields

(Crowley, 2001). Trial areas were fertilized with phosphorus,

sulphur and potassium prior to sowing (35 kg P ha�1,

30 kg S ha�1 and 150 kg K ha�1) to ensure that supplies of all

other major nutrients other than nitrogen were nonlimiting.

Plots (2.2 m 9 10 m) were sown with a Wintersteiger seed drill

(Wintersteiger AG, 4910 Ried, Johann-Michael-Dimmelstrasse

9, Austria) at a row width of 15 cm and at a sowing depth of

approximately 1 cm and rolled with a cambridge roller after-

wards. Nitrogen treatments (calcium ammonium nitrate) were

applied with a calibrated seed drill with coulters removed. No

fungicides, insecticides or herbicides were applied during the

study. The number of stems per plot was counted in each year

of the study towards the end of each growing season. In addi-

tion, plant height was measured each year towards the end of

the growing season and at the start of the growing season in

2009 and 2010 by measuring height on five plants selected at

random from each plot and averaging five measurements from

each plot. Similarly, leaf area index (LAI) was measured by

making measurements at five locations selected at random in

each plot and averaging those five measurements. LAI was

measured using a Sunscan Canopy Analysis System (Delta-T

Devices, 128 Low Road, Cambridge, CB25 0EJ, United King-

dom). Leaf chlorophyll concentration was measured on two

occasions during 2009 using a chlorophyll meter (Minolta,

SPAD-502, Konica-Minolta, Tokyo, Japan), five measurements

were taken at random in each plot on the middle leaf of the

newest fully unfolded trifoliate leaf. Biomass was harvested at

a cutting height of 5 cm. Harvesting in 2008 was accomplished

by cutting a 1 m2 quadrat from each plot. In 2009 and 2010, an

area of 1.25 m 9 2.2 m was harvested from the centre of each

plot using an Agria recriprocating bar mower (Agria-Werke

GmbH, Dittelbronner Str 42, D-74219, Mockmuhl, Germany).

At harvest, the harvested material was weighed after which a

sample of five stems was taken and separated into stem, leaf

and flower. The fresh and dry weights of each of the plant

components was determined before and after the material had

been dried to constant weight at 90 °C. Meteorological informa-

tion (precipitation, temperature and solar radiation) for the

Oak Park and Knockbeg sites were taken from an automatic

synoptic weather station at Oak Park as these two sites are

located within a short distance of each other. Meteorological

information (precipitation and temperature) for the site at

Edenderry was obtained from a climatological weather station

located on the farm at which measurements of rainfall and

temperature were taken daily at 0900 GMT.

Hemp experiments 2008

Hemp trials were conducted at three sites during 2008: Oak

Park, Knockbeg and Tong’s Farm near Edenderry, Co Offaly.

The sites at Oak Park and Knockbeg are situated within 5 km

of each other, but are representative of two contrasting soil

types, (Oak Park-eutric cambisol) and (Knockbeg-haplic luv-

isol). Both sites are located on farms which are used for crop

production and hemp was sown following spring barley in

Oak Park and following winter wheat in Knockbeg. In contrast,

the site near Edenderry was a former grassland site on a soil

with a high peat content (calcic gleysol). Each trial had variety

and nitrogen levels as factors. An early maturing variety (Feri-

mon 12), a medium maturing variety (Felina 32) and a late

maturing variety (Futura 75) were used in the trial. Five nitro-

gen levels were used 0, 70, 98, 119 and 150 kg N ha�1. The

sites at Oak Park and Knockbeg were sown on 11th April,

nitrogen was applied to both sites on 15th April and both sites

were harvested over 3rd – 4th September 2008. The site at

Edenderry was sown on 16th April, nitrogen was applied on

28th April and the site was harvested on 11th September.

Hemp experiments 2009

One variety was used in 2009 (Futura 75). Trials were sown on

two sites, Oak Park and Knockbeg, on 22nd April 2009 at a

seeding rate of 30 kg ha�1. The site at Oak Park had been left

fallow the previous year following a spring barley crop while

the site in Knockbeg had a spring barley crop the previous

year. Levels of total soil nitrogen, soil organic matter and soil

carbon were measured at both sites prior to sowing. Nitrogen

treatments consisted of 0 kg N ha�1, 60 kg N ha�1 and

150 kg N ha�1 applied at sowing, 90 kg N ha�1, 120 kg N

ha�1 applied either at sowing (growth stage 0000), sowing plus

3 weeks (20 days, growth stage 1006), sowing plus 6 weeks

(44 days, growth stage 1010) or split equally between sowing,
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sowing plus 3 weeks and sowing plus 6 weeks. Growth stages

were taken from Mediavilla et al. (1998). All trials were har-

vested on 3rd September.

Hemp experiments 2010

Hemp (Futura 75) was sown at two sites, Oakpark and Knock-

beg on 14th April 2010 at a seeding rate of 30 kg ha�1. The site

in Oak Park had a winter oats crops the previous year while

the site in Knockbeg was fallow the previous year following a

spring barley crop. Levels of total soil nitrogen, soil organic

matter and soil carbon were measured at both sites prior to

sowing. Nitrogen treatments consisted of 0 kg N ha�1 and

60 kg N ha�1 applied at sowing, 90 kg N ha�1, 120 kg N ha�1

and 150 kg N ha�1 applied either at sowing (growth stage

0000), sowing plus 2 weeks (14 days, growth stage 1004), sow-

ing plus 4 weeks (29 days, growth stage 1008) or split equally

between sowing, sowing plus 2 weeks and sowing plus

4 weeks. All trials were harvested on 9th September.

Energy Analysis and Life Cycle Assessment (LCA)

Net energy analysis and LCAs were conducted for each of the

treatments where nitrogen fertilizer was applied at sowing in

2009 and 2010. The analysis included both the Oak Park and

the Knockbeg sites. The functional unit used for both the LCA

and the energy analysis was 1 hectare over a time period of

1 year. The systems boundary extended from sowing to har-

vesting and included energy and GHG emissions from fertil-

izer manufacture.

Agronomic operations consisted of ploughing, tilling, sowing,

fertilization, rolling and harvesting. Crowley (2001) established

that hemp could be grown in Ireland without the aid of agro-

chemicals and that low seeding rate (30 kg ha�1) could be used

for biomass production where fibre quality is not important. It

was assumed that fertilizer would be applied at sowing using

either a combine drill or a single pass system and that the crop

would be mown before being swathed and baled during harvest.

In the first instance, it was necessary to construct average

farm models representing each system, following the example

of Casey & Holden (2004) and based on Styles & Jones (2007).

All relevant inputs to the system and induced processes (e.g.

soil N2O emissions) were then considered in a life cycle inven-

tory up to the point of harvest. All major inputs and sinks of

the major greenhouse gases (GHGs), CO2, CH4 and N2O were

considered. Soil N2O emissions were calculated in two ways

The first way was according to IPCC methodology by multipli-

cation of the amounts of N added to the soil by a constant

emission factor of 1% of applied nitrogen (de Klein et al., 2006).

It has also been found that soil N2O emissions may increase

exponentially with N additions from chemical fertilizer (McSwi-

ney & Robertson, 2005; Cardenas et al., 2010) and also total N

application from slurry, fertilizer and excretion (Rafique et al.,

2011). This pattern may be caused by a reduction in the capacity

of the crop to take up N at high application rates (McSwiney &

Robertson, 2005). Therefore, we estimated an alternative set of

N2O emissions by an exponential function relating N inputs to

N2O emissions in Ireland (Rafique et al., 2011). Inventory mass

balances were summed and converted into a final Global

Warming Potential expressed as kg CO2 eq considered over a

100 year timescale, according to IPCC (2006) guidelines (CO2 =

1, LCH4 = 23, N2O = 296). LCA outputs were calculated and

expressed as kg CO2 eq per hectare of land and per year.

Energy use was divided into two categories of uses, activi-

ties which used primarily diesel and those activities which

used primarily electricity. A lower heating value of

35.9 MJ kg�1 for oil was used (Dalgaard et al., 2001) and GHG

emissions were calculated according to Flessa et al. (2002) and

included indirect emissions. Lubrication oil emissions were cal-

culated as 5% of farm machinery diesel emissions (Dalgaard

et al., 2001). Greenhouse gas production from electricity usage

was calculated using the 2004 GHG intensity of delivered elec-

tricity (0.173 kg CO2 eq MJe
�1) after conversion of primary

energy requirement values to delivered electricity based on an

efficiency factor of 0.406 (Howley et al., 2006). Indirect emis-

sions associated with agricultural machinery production and

maintenance were assumed to be proportional to fuel con-

sumption following the method of Dalgaard et al. (2001). Fertil-

izer manufacturing, packaging and transport energy intensities

of 79.6, 34.5 and 10.5 MJ kg�1 for N, P, K and S were used to

which were added manufacturing N2O emissions of

9.63 g kg�1 N (Elsayed et al., 2003). Combined manufacturing

and calcification emissions quoted by Elsayed et al. (2003) were

divided into manufacturing and soil emissions based on an

energy requirement of 6.43 MJ kg�1.

Gross energy produced by the crop was calculated using a

gross calorific value of 18.5 MJ/kg (Rice, 2008). The calculation

of gross GHG mitigation assumed that biomass from hemp

would replace oil and used a figure of 0.44 tonnes of carbon

mitigated per tonne of dry matter (Cannell, 2003). Energy use

during the life cycle was subtracted from gross energy to calcu-

late net energy produced while GHG emitted during the life

cycle were subtracted from gross GHG mitigation from each

treatment to calculate net GHG mitigation.

Statistics

The results from each year were analysed separately by analy-

sis of variance using PROC GLM procedure in SAS (SAS/

STAT® v.9.2. 2009. SAS Institute Inc. Cary. NC). In 2008, site,

variety and nitrogen level were the main factors.

In 2009 and 2010, only one variety was used, but nitrogen

application timing was introduced as an additional factor. In

each of these years, the treatments for which nitrogen timing

was varied were analysed separately in an analysis in which

site, timing and nitrogen level were the main factors. Treat-

ments common to both years (0, 60, 90, 120, 150 kg N ha�1

applied at sowing) were analysed together in an analysis in

which year, site and nitrogen level were the main factors.

Results

Meteorological Conditions

Meteorological parameters recorded during the course

of the trial are shown in Table 1 and in Fig. 1. The site
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at Edenderry had higher rainfall compared with the

Oak Park and Knockbeg sites in 2008 although ambient

temperatures were similar. Rainfall was relatively low

until the end of June after which rainfall increased at all

sites although rainfall was heaviest at the Edenderry

site (Fig. 1a). Ambient temperatures and levels of solar

radiation in 2009 and 2010 were similar at the Oak Park

and Knockbeg sites. Rainfall levels, however, differed

between 2009 and 2010. Rainfall levels in 2010 were sub-

stantially lower than those in 2009 (Fig. 1b). 111.7 mm

of rainfall fell in the first 30 days after sowing in 2009

whereas 30.4 mm of rainfall fell in the first 30 days after

sowing in 2010.

2008 experiments

There were significant differences in total yield, stem

yield and leaf yield between the three sites used in 2008

(Table 2), the highest yields were obtained from the

Oak Park site where the yields were significantly higher

than both the Knockbeg and the Edenderry sites. Nitro-

gen rate had a significant effect (P < 0.0001) on total

yield and on the yield of all plant components (stem,

leaf and flower). Yields increased with added nitrogen,

but had levelled off at an application rate of

120 kg ha�1, there was no significant difference between

the 120 kg ha�1 and the 150 kg ha�1 treatments. Yield

increased with increasing varietal maturation date, vari-

ety had a significant effect on total yield (P < 0.01), stem

yield (P < 0.0001) and flower yield (P < 0.0001), but not

leaf yield. Total yield, stem yield and flower yield of

Futura 75 were significantly higher than those of both

Ferimon and Felina 32. There was a significant site by

variety interaction for total yield (P < 0.05) and leaf

yield (P < 0.0001), but not for the other yield compo-

nents. There were significant interactions between site

and nitrogen for total yield (P < 0.01) and stem yield

(P < 0.01). This was because yield reached a plateau at

an application rate of 120 kg N ha�1 before levelling

out at both the Oak Park and Knockbeg sites whereas

yield reached a maximum at 120 kg N ha�1 before

declining at the Edenderry site. Hence, the shape of the

nitrogen response curves differed. There were no signif-

icant variety by nitrogen interactions with the exception

of flower yield (P < 0.05) and there was no significant

site by variety by nitrogen interaction.

Plant density did not differ significantly between site

or nitrogen treatments although there were significant

differences in plant density between the varieties used

in these trials (P < 0.001). LAI differed significantly

between sites (P < 0.0001), differences in LAI between

sites corresponded to yield differences between sites.

LAI increased with nitrogen rate (P < 0.0001) although

there were no significant differences between the LAI of

the 120 kg N ha�1 and the 150 kg N ha�1 treatments.

The interaction between site and nitrogen rate was sta-

tistically significant for LAI (P < 0.0001). Plant height

differed significantly between sites (P < 0.001); plant

height at the Oak Park site was significantly greater

than plant height at both the Knockbeg and Edenderry

sites. Similar to the LAI parameter, differences in height

between sites corresponded to differences in site yield.

Table 1 Meteorological Parameters recorded at the sites used

for the experiments over the period of the hemp growing sea-

son (date of sowing to date of harvest)

Precipitation

(mm)

Average

Temp(°C)

Solar

Radiation

(J/cm�2)

2008

Oak Park/Knockbeg 453.4 12.6 1388.7

Edenderry 643.2 12.6

2009

Oak Park/Knockbeg 467.7 13.7 1487.7

2010

Oak Park/Knockbeg 280.3 13.4 1518.4
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Fig. 1 (a) Rainfall at all three sites during 2008, Edenderry

and Oak Park/Knockbeg. (b) rainfall at the Oak Park and

Knockbeg sites during 2009 and 2010.
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Plant height increased with increasing varietal matura-

tion date (P < 0.0001) and with increasing nitrogen sup-

ply (P < 0.0001), but there was a significant interaction

between site and nitrogen level (P < 0.0001). There were

no significant interactions between site and variety,

between variety and nitrogen and between site, variety

and nitrogen for the LAI and height parameters.

2009 Timing of Nitrogen Application Treatments

The timing of nitrogen application was varied for two

treatments in 2009, 90 kg N ha�1 and 120 kg N ha�1.

There were four timing treatments for each of these two

levels of nitrogen application and these treatments were

analysed separately from the other treatments in the tri-

als, results are shown in Table 3. Total yield as well as

stem yield and leaf yield differed significantly between

the two sites, yields at the Knockbeg site were signifi-

cantly higher than the Oak Park site primarily due to a

significant reduction in plant density at the Oak Park

site thought to be primarily attributable to bird damage.

However, although establishment was reduced this

effect was uniform across the experimental area. There

were no significant differences in total yield, stem yield

and flower yield between the different timing treat-

ments. Flower yield was not significantly affected by

site, timing or nitrogen level. There were no significant

interactions between site and timing, site and nitrogen,

timing and nitrogen or between site, nitrogen and tim-

ing for any of the yield components. Timing of nitrogen

application or nitrogen rate had no significant effect on

plant density.

The timing of the nitrogen treatment had a significant

effect on leaf chlorophyll content measured on 11th June

(P < 0.0001). Leaf chlorophyll concentration on this date

was highest in the treatment which received nitrogen at

sowing and decreased as the date of nitrogen applica-

tion was delayed. The timing of the nitrogen treatments

also had a significant effect on leaf chlorophyll concen-

tration measured on 23rd July although on this date the

ordering of the timing treatments was reversed as the

chlorophyll concentration in the leaves of the sowing +
44 treatment was significantly greater than the chloro-

phyll concentration in all the other timing treatments.

Nitrogen timing had a significant (P < 0.0001) effect on

plant height measured on 12th June. Plant height

Table 2 Results obtained from nitrogen trials carried out with three varieties of hemp grown at three sites in 2008. All yield data are

in tonnes of dry matter per hectare. Means followed by the same letter are not significantly different

Total Yield Stem Yield Leaf Yield Flower Yield

Plants/m2

23/7

Leaf Area

Index (LAI)

15/7

Height (cm)

15/7

Site

Oak Park 12.4 � 3.5 A 10.4 � 3.1 A 1.0 � 0.5 A 1.0 � 0.6 A 146.8 � 23.7 A 8.2 � 1.8 A 176.7 � 22.7 A

Knockbeg 11.2 � 3.8 B 8.8 � 3.1 B 1.4 � 0.5 B 1.0 � 0.4 A 139.9 � 21.6 A 7.1 � 1.7 B 169.7 � 26.2 B

Edenderry 11.0 � 2.8 B 9.0 � 2.3 B 1.1 � 0.4 A 1.0 � 0.4 A 141.8 � 25.8 A 6.6 � 1.0 C 166.6 � 14.8 B

Variety

Ferimon 11.1 � 3.5 A 8.8 � 2.8 A 1.1 � 0.4 A 1.2 � 0.4 A 142.3 � 24.9 AB 7.1 � 1.7 A 166.0 � 21.7 A

Felina 32 11.2 � 3.3 A 8.9 � 2.7 A 1.2 � 0.4 A 1.1 � 0.4 A 151.6 � 23.4 A 7.3 � 1.7 A 170.0 � 21.3 A

Futura 75 12.2 � 3.4 B 10.5 � 3.0 B 1.1 � 0.6 A 0.7 � 0.4 B 134.7 � 20.2 B 7.4 � 1.5 A 177.0 � 22.1 B

Nitrogen

0 kg N ha�1 6.4 � 1.8 A 5.1 � 1.6 A 0.6 � 0.2 A 0.6 � 0.3 A 149.1 � 21.6 A 5.0 � 0.8 A 140.6 � 20.0 A

70 kg N ha�1 11.1 � 2.0 B 9.0 � 1.7 B 1.1 � 0.5 B 1.0 � 0.4 B 144.2 � 25.9 A 7.0 � 1.0 B 172.5 � 14.0 B

98 kg N ha�1 12.4 � 1.9 C 10.2 � 1.7 B 1.2 � 0.4B C 1.1 � 0.4 BC 144.2 � 23.6 A 7.7 � 1.1 C 177.0 � 13.9 BC

120 kg N ha�1 13.8 � 2.5 D 11.2 � 2.3 C 1.4 � 0.5 C 1.2 � 0.5 C 139.8 � 24.7 A 8.2 � 1.2 D 182.1 � 15.4 C

150 kg N ha�1 14.0 � 1.7 D 11.3 � 1.7 C 1.4 � 0.5 C 1.3 � 0.5 C 137.0 � 22.5 A 8.5 � 1.3 D 182.9 � 14.4 C

Statistics (P values)

Site 0.0001 <0.0001 <0.0001 0.5353 0.2397 <0.0001 0.0003

Variety 0.0013 <0.0001 0.1101 <0.0001 0.0004 0.0624 <0.0001

Nitrogen <0.0001 <0.0001 <0.0001 <0.0001 0.2135 <0.0001 <0.0001

Site 9 Variety 0.0429 0.2246 <0.0001 0.9661 0.1347 0.0841 0.3163

Site 9 Nitrogen 0.0079 0.0028 0.1071 0.1947 0.3451 <0.0001 <0.0001

Variety

9 Nitrogen

0.8458 0.3535 0.7608 0.0454 0.8500 0.8036 0.8887

Site

9 Variety

9 Nitrogen

0.9490 0.9675 0.1465 0.3602 0.5860 0.7219 1.000
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decreased as nitrogen timing was delayed; plant height

in the sowing + 44 treatment was significantly lower

compared with the plant height in all other treatments.

In contrast, timing had no significant effect on plant

height measured towards the end of the growing sea-

son. Similarly, site had no significant effect on plant

height on this date although height increased with

nitrogen rate (P < 0.01). LAI measured towards the end

of the growing season differed significantly between

sites (p < 0.0001), differences in LAI between sites corre-

sponded to yield differences between sites and

increased with nitrogen level (P < 0.01). Timing of nitro-

gen application had a significant effect on LAI

(P < 0.01), the effect of nitrogen timing on LAI mirrored

the effect of timing on leaf yield. The highest leaf yield

and LAI were obtained from the sowing + 44 timing

treatment. There were no significant interactions

between site and timing, between site and nitrogen,

between timing and nitrogen and between site, variety

and nitrogen for the LAI and height parameters.

2010 Timing of Nitrogen Application Treatments

The timing of nitrogen application was varied for three

treatments in 2009, 90 kg N ha�1, 120 kg N ha�1 and

150 kg N ha�1. There were four timing treatments for

each of these three levels of nitrogen application and

these were analysed separately from the other treat-

ments in the trials, results are shown in Table 4. Total

yield and stem yield were significantly higher at the Oak

Park site compared with the Knockbeg site whereas leaf

and flower yields were significantly higher (P < 0.001) at

the Knockbeg site. The timing of nitrogen application

did not have a significant effect on any of the yield

parameters. There was no significant timing by nitrogen

or site by timing by nitrogen interactions on any of the

yield components with the exception of flower yield

(P < 0.05). There was a significant difference in plant

density between sites (P < 0.0001), but nitrogen rate and

timing had no significant effect on plant density. Nitro-

gen timing had a significant effect (P < 0.0001) on plant

height measured on 12th June, plant height decreased

with delay in nitrogen application. In contrast, timing

had no significant effect on height measured towards the

end of the growing season. On both dates, nitrogen rate

had a significant effect on plant height (P < 0.01). LAI

differed significantly between sites (P < 0.0001) and

reflected differences in yield between the two sites.

However, nitrogen rate had no significant effect on LAI.

There were no significant interactions between site,

nitrogen rate and nitrogen timing for the LAI and height

parameters with the exception of a statistically signifi-

cant interaction (P < 0.05) between site and nitrogen rate

for LAI.

2009/2010 Analysis of Common Treatments

Levels of total soil nitrogen, soil carbon and soil organic

matter at both sites in both years of the study are shown

in Table 5. The Oak Park site had higher levels of nitro-

gen, organic matter and carbon in both years of the

study. In 2010, levels of total soil nitrogen were twice as

high in the Oak Park site compared with the Knockbeg

site. The results of the analysis of treatments common to

both 2009 and 2010 is shown in Table 6. Stem yields

were significantly (P < 0.05) higher in 2010 compared to

2009 and this was most probably attributable to higher

plant numbers (P < 0.0001) in 2010. Yields did not differ

significantly between sites, but applied nitrogen had a

significant effect on total yield, stem yield, leaf yield

and flower yield (P < 0.0001). Yields increased with

added nitrogen, but had levelled off at an application

rate of 120 kg ha�1, there were no significant differences

between the 120 kg N ha�1 and the 150 kg N ha�1

treatments across any of the yield components. There

were no significant site by nitrogen interactions; the

response to nitrogen fertilizer did not differ between

sites in spite of the fact that there were large differences

in soil nitrogen between the two sites. There was a sig-

nificant year by site interaction for total yield and stem

yield (P < 0.0001) and for flower yield (P < 0.05). Year

had a significant impact on the response to nitrogen of

leaf yield and flower yield (p < 0.01), but not stem yield

and total yield. Net energy yield and net GHG mitiga-

tion were significantly higher in 2010 compared to 2009

(P < 0.05). Net energy increased with nitrogen rate

(P < 0.0001) up to a nitrogen rate of 120 kg N ha�1, but

there were no significant differences in net energy or

net GHG mitigation between the 120 kg N ha�1 and the

150 kg N ha�1 treatments. Net GHG mitigation showed

the same trend with no significant difference between

the 120 kg N ha�1 and the 150 kg N ha�1 treatments

irrespective of whether soil N2O emissions were calcu-

lated on the basis of a linear trend or an exponential

trend. However, net GHG mitigation was lower when

soil N2O emissions were calculated on the basis of an

exponential trend. There were significant differences

(P < 0.0001) in plant numbers between sites and

years, but nitrogen rate had no significant effect on

plant numbers.

Discussion

In intensive agriculture, soil and tissue levels of phos-

phorus, potassium, calcium, magnesium, sulphur and

trace elements can usually be adjusted to fall in the opti-

mum range leaving nitrogen as the major nutrient factor

determining crop yield (Hay & Walker, 1989). Thus,

nitrogen plays a crucial role in the economics of crops,

© 2013 John Wiley & Sons Ltd, GCB Bioenergy, 5, 701–712

NITROGEN FERTILIZATION FOR HEMP 707



T
ab

le
4

R
es
u
lt
s
o
b
ta
in
ed

in
20
10

fr
o
m

th
e
v
ar
ie
ty

F
u
tu
ra

75
g
ro
w
n
at

tw
o
si
te
s
an

d
fe
rt
il
iz
ed

w
it
h
th
re
e
n
it
ro
g
en

ap
p
li
ca
ti
o
n
ra
te
s
ap

p
li
ed

ei
th
er

at
so
w
in
g
,
14

d
ay

s
af
te
r
so
w
in
g
,

29
d
ay

s
af
te
r
so
w
in
g
o
r
sp

li
t
b
et
w
ee
n
th
es
e
th
re
e
d
at
es
.
A
ll
y
ie
ld

d
at
a
ar
e
in

to
n
n
es

o
f
d
ry

m
at
te
r
p
er

h
ec
ta
re
.
M
ea
n
s
fo
ll
o
w
ed

b
y
th
e
sa
m
e
le
tt
er

ar
e
n
o
t
si
g
n
ifi
ca
n
tl
y
d
if
fe
re
n
t

T
o
ta
l
Y
ie
ld

S
te
m

Y
ie
ld

L
ea
f
Y
ie
ld

F
lo
w
er

Y
ie
ld

P
la
n
ts
/
m

2
9/

9
H
ei
g
h
t
(c
m
)
12
/
6

H
ei
g
h
t
(c
m
)

16
/
8

L
ea
f
A
re
a
In
d
ex

(L
A
I)
16
/
8

S
it
e O
ak

P
ar
k

13
.5

�
1.
9
A

11
.7

�
1.
8
A

0.
9
�

0.
2
A

0.
9
�

0.
3
A

17
8.
2
�

48
.7

A
12
5.
1
�

7.
8
A

23
6
�

21
.9

A
5.
3
�

0.
8
A

K
n
o
ck
b
eg

12
.6

�
2.
4
B

10
.5

�
2.
1
B

1.
1
�

0.
2
B

1.
0
�

0.
3
B

25
6.
1
�

59
.4

B
89
.3

�
8.
5
B

23
3.
9
�

25
.0

A
4.
3
�

1.
0
B

T
im

in
g

S
o
w
in
g

13
.0

�
1.
9
A

11
.0

�
1.
9
A

1.
0
�

0.
2
A

1.
0
�

0.
2
A

22
9.
0
�

72
.4

A
11
1.
5
�

18
.8

A
23
6.
6
�

19
.4

A
4.
9
�

0.
8
A

S
o
w
in
g
+
14

13
.1

�
2.
6
A

11
.2

�
2.
4
A

1.
0
�

0.
2
A

0.
9
�

0.
4
A

20
7.
1
�

56
.9

A
10
8.
2
�

24
.4

A
23
8.
4
�

30
.0

A
4.
9
�

1.
1
A

S
o
w
in
g
+
29

13
.2

�
1.
8
A

11
.2

�
1.
7
A

1.
0
�

0.
2
A

0.
9
�

0.
3
A

21
6.
5
�

50
.9

A
10
0.
5
�

17
.4

B
23
3.
8
�

23
.8

A
4.
7
�

1.
3
A

S
p
li
t

13
.1

�
2.
4
A

11
.1

�
2.
2
A

1.
1
�

0.
3
A

0.
9
�

0.
3
A

21
5.
8
�

84
.6

A
10
8.
5
�

16
.8

A
23
2.
2
�

19
.9

A
4.
7
�

0.
8
A

N
it
ro
g
en

90
k
g
N

h
a�

1
11
.9

�
2.
5
A

10
.1

�
2.
4
A

0.
9
�

0.
2
A

0.
9
�

0.
2
A

20
2.
3
�

64
.8

A
10
4.
7
�

19
.6

A
22
5.
1
�

23
.8

A
4.
6
�

1.
2
A

12
0
k
g
N

h
a�

1
13
.2

�
1.
6
B

11
.2

�
1.
6
B

1.
0
�

0.
2
A
B

0.
9
�

0.
3
A

22
7.
2
�

62
.5

A
10
6.
3
�

21
.1

A
23
4.
2
�

23
.6

A
B

4.
9
�

1.
0
A

15
0
k
g
N

h
a�

1
14
.1

�
1.
9
B

12
.0

�
1.
6
B

1.
1
�

0.
2
B

1.
0
�

0.
3
A

22
0.
3
�

72
.3

A
11
0.
4
�

18
.4

B
24
5.
9
�

18
.4

B
5.
0
�

0.
8
A

S
ta
ti
st
ic
s
(P

v
al
u
es
)

S
it
e

0.
01
88

0.
00
07

0.
00
07

0.
00
09

<
0.
00
01

<
0.
00
01

0.
62
08

<
0.
00
01

T
im

in
g

0.
96
99

0.
93
01

0.
88
89

0.
40
09

0.
57
09

<
0.
00
01

0.
73
68

0.
85
89

N
it
ro
g
en

<
0.
00
01

<
0.
00
01

0.
01
67

0.
19
64

0.
17
64

0.
00
35

0.
00
18

0.
18
92

S
it
e
9

T
im

in
g

0.
10
70

0.
08
01

0.
54
14

0.
01
36

0.
02
57

0.
00
79

0.
05
9

0.
80
76

S
it
e
9

N
it
ro
g
en

0.
00
31

0.
00
43

0.
84
41

0.
00
17

0.
71
78

0.
31
64

0.
16
53

0.
01
75

T
im

in
g

9
N
it
ro
g
en

0.
08
32

0.
10
32

0.
80
51

0.
04
97

0.
86
79

0.
74
38

0.
52
85

0.
81
15

S
it
e
9

T
im

in
g

9
N
it
ro
g
en

0.
96
48

0.
97
78

0.
66
10

0.
04
03

0.
99
78

0.
72
61

0.
60
39

0.
68
48

© 2013 John Wiley & Sons Ltd, GCB Bioenergy, 5, 701–712

708 J . F INNAN AND B. BURKE



but also in the environmental balance of crops as GHG

emissions during the manufacture and application of

nitrogenous fertilizers are significant (Wood & Cowie,

2004; IPCC, 2006) while nitrogen leached from applica-

tions of nitrogenous fertilizer may contribute to pollu-

tion in groundwater and surface water. As nitrogen is

typically the most important factor in determining crop

yield, it is important not only to determine the optimum

level of fertilization of a given crop but also to deter-

mine how the fertilizer should be distributed over time

to provide maximum effect.

Nitrogen fertilization influences crops primarily

through its effect on leaf size and longevity, increases in

canopy size ultimately lead to increases in crop dry mat-

ter production as nitrogen fertilization does not nor-

mally influence photosynthetic rates (Hay & Walker,

1989). In this study, the application of nitrogen increased

LAI as found previously by Van der Werf et al. (1995b)

and biomass yield was directly related to both LAI and

to plant height. Thus, higher assimilation rates in larger

canopies produced taller stems. It is also possible that

nitrogen fertilization resulted in wider stems in addition

to taller stems as Van der Werf et al. (1995b) reported

that nitrogen fertilization increased biomass yield by

increasing stem diameter although they found no effect

on plant height. Flowering date had a significant effect

on yield as canopy duration was restricted in the early

flowering varieties with the result that these varieties

did not grow as tall as the late maturing variety, Futura

75. Thus, higher yields can be expected from late matur-

ing varieties as a result of longer canopy duration. Plant

density was unaffected by nitrogen rate in this study in

contrast to previous studies which found an increase in

plant mortality with applied nitrogen (Van der Werf

et al., 1995b; Struik et al., 2000; Amaducci et al., 2002).

Decreases in plant density at higher nitrogen fertilization

levels have been attributed to enhanced shading (Van

der Werf et al., 1995b) although Struik et al. (2000) did

not find a significant effect of nitrogen fertilization on

plant density at all sites and reported that overall, the

effect of nitrogen application on plant density was small.

A wide range of responses to nitrogen have been

reported for hemp. Prade et al. (2011) conducted experi-

ments in Sweden on a humus rich soil and found no

yield response to applied nitrogen up to 200 kg N ha�1.

Similarly, Struik et al. (2000) reported on hemp fertiliza-

tion experiments in Italy conducted on a soil which was

reported to be very rich in nitrogen and found no

response in 1 year and only a small response in a 2nd

year. In contrast, Amaducci et al. (2002) reported that

each kg of nitrogen increased stem yield by 20 Kg. Stru-

ik et al. (2000) found a stronger response to nitrogen in

Northern Europe where there was a gradual increase in

stem yield with applied nitrogen. Van der Werf et al.

(1995b) also found a positive response to applied nitro-

gen while Iv�anyi et al. (1997) found a positive response

to applied nitrogen up to an application rate of

160 kg N ha�1. The results of this study suggest that an

application rate of 120 kg N ha�1 is adequate for the

range of soil types used in the study as yield response

to nitrogen reached a maximum at 120 kg N ha�1 on all

of the soil types used in this study in spite of the fact

that there were large differences in total soil nitrogen

and soil organic matter between sites. This finding cor-

responds to advice provided in France (ITC, 2007) and

to more general advice provided by Bosca & Karus

(1997). Soils rich in nitrogen, however, such as organic

soils may require lower applications of nitrogen as

found by Struik et al. (2000) and Prade et al. (2011). In

contrast, exhausted soils may require higher applica-

tions of nitrogen to obtain economic yields of hemp.

Higher yields are typically obtained when the applica-

tion of nitrogen to a crop is split between different stages

of crop growth. Gehl et al. (2005) examined the response

of maize to nitrogen application at a number of sites and

found that maximum grain yield at all sites was obtained

when a split application of nitrogen was used. In this

way, nitrogen is supplied according to the needs of the

crop (Hay & Walker, 1989). For example, crops cannot

absorb nitrogen until they have developed a sufficient

root system and in any case there are often sufficient

supplies of nitrogen in the seed/soil to support initial

growth. Fertilizer applied at sowing is often not needed

immediately and, in any case, cannot be taken up ini-

tially. Consequently, nitrogen applied at sowing can

often be washed from the soil by rainfall and its eco-

nomic value is lost to the farmer. Hemp maintains a large

canopy into early August and, consequently, might be

expected to benefit from later applications of nitrogen.

However, our results suggest that there is no benefit

either to nitrogen applications after sowing or to split

applications of nitrogen during the growing season. This

result was obtained in a dry year (2010) when only

33.5 mm of rainfall fell in the first 40 days after sowing

as well as in a wet year when 118.4 mm of rainfall fell in

the same period with a consequently greater risk of

leaching. The converse would usually be expected as a

result of some of the nitrogen applied at sowing being

Table 5 Soil results from experiments conducted in 2009 and

2010

Organic

Matter (%) Soil C (%)

Total

soil N (%)

2009 Oak Park 5.6 2.7 0.3

2009 Knockbeg 4.4 2.4 0.2

2010 Oak Park 6.8 3.5 0.4

2010 Knockbeg 4.2 2.2 0.2
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washed from the seedbed. During the early part of the

growing season, plant height and leaf chlorophyll

decreased with delay in the application of nitrogen. Early

applied nitrogen stimulated leaf chlorophyll content and

early growth although this imbalance was redressed

later in the growing season when there was no difference

in height between treatments and the highest chlorophyll

concentrations were found in the late application treat-

ment. Late nitrogen did stimulate late season LAI and

final harvest leaf yield in 1 year of the study (2009), but

these differences were not translated into differences in

yield possibly because they occurred after flowering

when the energy of the plant is focussed on reproduction

rather than on growth. However, applying nitrogen at

sowing avoids the expense of later or split applications

of fertilizer. It would appear that what is important for

hemp is that the crop has sufficient supplies of available

nitrogen early in the growing season. The principal of

early nitrogen application should also apply when

organic fertilizers are used to fertilize hemp crops;

organic fertilizers such as liquid manure have been used

successfully to fertilize hemp (Bosca & Karus, 1997).

Energy and greenhouse balance are critically impor-

tant when a crop is grown for energy. Nitrogen is typi-

cally the most important component in such

calculations as the manufacture and application of

nitrogenous fertilizers is both energy and GHG inten-

sive (Wood & Cowie, 2004; IPCC, 2006). A significant

part of the GHG budget associated with crop produc-

tion comes from the release of nitrous oxide from soil.

Nitrous oxide emissions from soil can exhibit consider-

able variability depending on nitrogen rate, soil type,

form of nitrogen applied and weather (Granli & BØck-

man, 1994; de Klein et al., 2001; Rafique et al., 2011).

However, the most significant factor is nitrogen rate

and both methods of soil N2O calculation produced

similar responses of net GHG emissions to nitrogen

application primarily because of the relatively low nitro-

gen application rates needed to fertilize hemp crops.

The application of nitrogenous inorganic fertilizer can

be expected to have a positive effect on the energy and

GHG balances of a hemp crop grown for biomass up to

an application rate of 120 kg N ha�1 above which no

further increases can be expected. In comparison to

other arable crops, hemp appears to have a low require-

ment for nitrogen (Hay & Walker, 1989; Coulter & La-

lor, 2008). Hemp is a good candidate energy crop as

high biomass yields can be produced using relatively

low inputs. Energy crops can successfully be used to

mitigate GHG emissions (Clifton-Brown et al., 2007).

The potential of hemp to mitigate GHG emissions can

be maximized by choosing late maturing varieties to

produce high yields of biomass and by using a nitrogen

application rate of 120 kg N ha�1 applied at sowing.
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