
Introduction
Annually sown and irrigated short-term ryegrass (Lolium

multiflorum) is the main cool-season forage in the subtropical
and tropical dairy regions of Australia (Lowe and Hamilton
1985) and South Africa (Eckard 1989). These pastures are
highly productive, both in terms of herbage produced and

milk production per cow and per hectare (Lowe and Hamilton
1985). However, adequate nitrogen (N) fertiliser applications
are required to achieve these high levels of production.
Recommendations were to apply 50 kg N/ha to these pastures
after each grazing in a 3-weekly cycle, or 60 kg N/ha in a
4-weekly grazing cycle. These recommendations were based
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Abstract. Dairy farms in subtropical Australia use irrigated, annually sown short-term ryegrass (Lolium
multiflorum) or mixtures of short-term ryegrass and white (Trifolium repens) and Persian (shaftal) (T. resupinatum)
clover during the winter–spring period in all-year-round milk production systems. A series of small plot cutting
experiments was conducted in 3 dairying regions (tropical upland, north Queensland, and subtropical southeast
Queensland and northern New South Wales) to determine the most effective rate and frequency of application of
nitrogen (N) fertiliser. The experiments were not grazed, nor was harvested material returned to the plots, after
sampling.

Rates up to 100 kg N/ha.month (as urea or calcium ammonium nitrate) and up to 200 kg N/ha every 2 months
(as urea) were applied to pure stands of ryegrass in 1991. In 1993 and 1994, urea, at rates up to 150 kg N/ha.month
and to 200 kg N/ha every 2 months, was applied to pure stands of ryegrass; urea, at rates up to 50 kg N/ha.month,
was also applied to ryegrass–clover mixtures.

The results indicate that applications of 50–85 kg N/ha.month can be recommended for short-term ryegrass
pastures throughout the subtropics and tropical uplands of eastern Australia, irrespective of soil type. At this rate,
dry matter yields will reach about 90% of their potential, forage nitrogen concentration will be increased, there is
minimal risk to stock from nitrate poisoning and there will be no substantial increase in soil N. The rate of N for
ryegrass–clover pastures is slightly higher than for pure ryegrass but, at these rates, the clover component will be
suppressed. However, increased ryegrass yields and higher forage nitrogen concentrations will compensate for the
reduced clover component. At application rates up to 100 kg N/ha.month, build-up of NO3

–-N and NH4
+-N in soil

was generally restricted to the surface layers (0–20 cm) of the soil, but there was a substantial increase throughout
the soil profile at 150 kg N/ha.month. The build-up of NO3

–-N and NH4
+-N was greater and was found at lower

rates on the lighter soil compared with heavy clays. Generally, most of the soil N was in the NO3
–-N form and most

was in the top 20 cm.

Comparative productivity of irrigated short-term ryegrass
(Lolium multiflorum) pasture receiving nitrogen, grown alone

or in a mixture with white (Trifolium repens)
and Persian (T. resupinatum) clovers
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on experiments conducted on irrigated oats (Lowe et al. 1980)
and confirmed on unreplicated on-farm demonstrations for
ryegrass (O’Grady 1978). In other environments, yield of
these pastures has been related to total N applied, rather than
to an application rate per defoliation. The recommended rate
is generally about 300–500 kg N/ha.year (Bartholomew and
Chestnutt 1977; Morrison 1980; Eckard 1989); this is
equivalent to the local recommendations of 5–8 applications
at 60 kg N/ha.application.

Reports of nitrate poisoning of stock grazing N-fertilised
ryegrass pastures, on commercial dairy farms in Queensland
and northern New South Wales (Hawley et al. 1991),
indicated a need to undertake a more detailed study on N use
and its potential effect in raising forage nitrate levels.

The form of N taken up by plants may affect growth
responses (Andrews and Johansen 1978). Nitrate is the most
abundant form of plant-available N, particularly in neutral or
alkaline soils (Scarsbrook 1965). In Australia, however, most
N fertiliser is applied as urea, where the N, initially, is mostly
in the ammonium (NH4

+) form.
Irrespective of the type of fertiliser used, there will be N

losses in both the inorganic and organic forms (Peoples et al.
1995). The magnitude of these losses affects the economics
of growing forage. One way to reduce costs is to apply
fertiliser less frequently, but this may result in increased
losses and cause problems with anti-quality factors such as
excessive nitrate levels (Eckard 1990a). Nitrogen use
efficiency can also have a marked effect on the environment.
Leaching of N in natural ecosystems can cause a build-up of
nitrates in groundwater (Prove et al. 1997). In the tropics,
this leaching occurs as pulses of significant concentrations
of nitrates after heavy rain (Prove et al. 1994). It is possible
that leaching may also be stimulated through irrigation
practices, which mimic these natural processes.

Many subtropical dairy farms use short-term ryegrass and
clover mixtures, applying N to improve growth, especially
during the coldest part of the growing season. As clover
yields are generally depressed by the application of N
(Laidlaw 1980; Stillman et al. 1984), the effect of low levels
of N on the yield and composition of these mixtures needs to
be determined.

This paper presents the results of a series of ungrazed
experiments, which investigated the response of short-term
ryegrass, alone or in clover mixtures, to N fertiliser. The
effects of rate and frequency of application and type of N
fertiliser were studied on forage yield, forage N
concentration, efficiency of N use, recovery of applied N and
levels of N in soils of the major tropical upland and
subtropical dairy regions of eastern Australia.

Materials and methods
Sites

Experiments were conducted on the tropical upland environment of
the Atherton Tableland in north Queensland (Kairi) and on the
subtropical, alluvial systems of the Bremer (at Mutdapilly, in southeast

Queensland) and Richmond (at Casino, in northern NSW) Rivers.
These sites represent a range of environments used for dairying in
north-eastern Australia, with different soil types, lengths of growing
season and mean seasonal temperatures. Site details are shown in
Table 1.

Experimental design and treatments
In 1991, the rate, source and frequency of application of N were

assessed on short-term ryegrass (Lolium multiflorum cv. Concord)
production. In 1993 and 1994, the effect of N treatments on short-term
ryegrass–clover pastures was included.

Experiments were laid out in a randomised block design with
4 replicates, in 1991. Plot size was 5 by 5 m, with a datum area of 3 by
3 m in the centre of each plot. Ryegrass was sown at 35 kg/ha of
commercial seed. Nitrogen was applied at 0, 25, 50 or 100 kg N/ha (as
urea) and 50 or 100 kg N/ha (as calcium ammonium nitrate) at sowing
and after each defoliation, and at 50 and 100 kg N/ha (as urea) at sowing
and then after every second defoliation (Table 2). All treatments
received a basal dressing equivalent to 2 t/ha of gypsum, to supply
sufficient calcium to mask any response to the calcium applied in the
calcium ammonium nitrate treatments.

In 1993 and 1994, the experiments were laid out in randomised
block designs with 3 replicates. Plot size was 3 by 3 m with no borders
between treatments but 1 m laneways separating replicates. There were
10 N treatments imposed on Concord ryegrass (sown at 35 kg/ha) and
3 on a mixture of Concord ryegrass (10 kg/ha) and white (Trifolium
repens cv. Haifa) and Persian (shaftal) (T. resupinatum cv. Maral)
clovers, both sown at 2 kg/ha (see Table 2).

Pasture management
A new site was fully prepared and sown each year, so there were no

carryover effects from previous years. At Kairi and Casino, an area of
kikuyu (Pennisetum clandestinum) was sprayed with 3 L glyphosate/ha
(360 g/L a.i. as the isopropylamine salt), 6 weeks before the planned
sowing date. The area was then ripped, rotary-hoed twice and then
harrowed several times to prepare a fine, clean seedbed. At Mutdapilly,
seedbed preparation was more conventional, with a longer preparation
time after ploughing out the existing summer pasture area, except in
1991 when a crop of sorghum preceded the experiment and reduced the
fallow length. All experiments were sown in late March or early April,
by broadcasting seed onto the surface and rolling before irrigation.
Basal fertiliser of other nutrients was adjusted depending on the fertility
of the site (Table 1) and was applied before the final harrowing at all
sites. Nitrogen fertiliser treatments were applied at sowing by
broadcasting on to the surface of the plots. An irrigation of 12 mm was
applied to the experiments every 5 days for the first 4 weeks, with
25 mm applied every 14 days subsequently. If more than 12 mm of rain
fell in the week before a scheduled irrigation, then irrigation was
delayed by 7 days.

Sampling
Plant material. After an initial establishment period of about

6 weeks, all experimental plots were defoliated with a reciprocating
blade mower (Kairi and Mutdapilly sites in 1991) or rotary mower
(Casino in 1991 and all sites in 1993 and 1994), to 5 cm above ground
level. This was done on a 4-weekly basis in 1991 and from June to
August 1993. As a result of the high DM yields achieved, it was
necessary to change from 4- to 3-weekly defoliation intervals from
August 1993 onwards; N rates per defoliation were adjusted
accordingly. Sampling continued until stands died after seeding in late
November or early December. Following sampling, excess material was
removed to 5 cm. The area was not grazed and clippings were not
returned to the plots after defoliation.

A subsample of the mower-harvested material was dried at 80°C in
a forced-draught oven for 24 h, to estimate DM content. A separate
200 g sample of material, cut by hand shears to mowing height (5 cm)
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from the centre of each plot before the mower defoliation, was sorted
into grass, legume and weeds. Material from this sorting was ground
through a 1 mm screen. It was analysed for N concentration by the
microkjeldahl method, using an autoanalyser.

At Casino and Mutdapilly, samples of ryegrass were taken before
defoliation to determine nitrate levels in foliage at strategic times in
1993 and throughout the growing season in 1994. In 1993, a field sap
nitrate test and a laboratory sap test (see Lyons et al. 1992) were
conducted on fresh material and total N and (NO3

–)-N were determined
on dried tissue. In 1994, Merckquant test strips (E. Merck, Darmstadt,
Germany) were used on sap extracted from the fresh material, which
had been diluted to 1:20 in water, and the colour was compared with
standards. The Mutdapilly results were estimated at levels between the
standards, while at Casino, the result was considered as the level of the
closest standard. As standards were on a log scale, this resulted in
considerable differences in the interpretation of the readings from the
2 sites. At Kairi, the technique was the same as at the other 2 sites,
except that a Merckquant meter was used to read actual levels from the
diluted extract.

Soils. A bulk soil sample of 6, 5-cm diameter cores was taken to 1 m
depth at Mutdapilly and Kairi and to 0.5 m at Casino, before each
experiment commenced. At the completion of each year’s experiment,
a single core was taken from the centre of each treatment. Cores were
divided into 10 cm sections, replicates were bulked and analysed for
(NO3

–)- and (NH4
+)-N by the microkjeldahl method, using an

autoanalyser.

Definitions and statistical analyses
Henzell (1963) defined the efficiency of N use as the increase in

DM production per unit of fertiliser applied and expressed the result in
kg DM/kg N. Apparent N recovery is defined as the amount of N in the
N fertiliser-treated pasture, minus the amount of N in comparable

pasture receiving no N fertiliser, expressed as a percentage of the N
fertiliser applied (Whitehead 1995). We determined apparent N
recovery in foliage by the regression method proposed by Henzell
(1963), i.e. 100(b1 + b2N) where b1 and b2 are the linear and quadratic
coefficients of the regression equations for N yield on applied N.

We chose 90% of maximum yield as a practical on-farm standard
for comparison, as maximum yield was achieved at rates of up to 6 t/ha
of urea for an 8-month growth period. This was the same standard used
in the United Kingdom by Cowling and Lockyer (1970) and in South
Africa by Eckard (1989) as a practical level of assessing N rates for
ryegrass.

Dry matter yield, N concentration and nitrate-N level in foliage, N
yield, efficiency of N use and N recovery were analysed by analysis of
variance (Genstat 5 Committee 1993). Response curves over sites and
years for relative DM and N yield (% of the maximum yield at each
replicate, site and year) were tested for pooling (Genstat 5 Committee
1993) and the N rate required to achieve 90 and 100% of maximum
yield estimated.

Climate
Mean monthly maximum and minimum temperatures and monthly

rainfall over the experimental periods in 1991, 1993 and 1994 are
presented for each site (Fig. 1). The supply of regular irrigation ensured
that growth of ryegrass and ryegrass–clover swards were not restricted
by water supply. Subsurface waterlogging was experienced at
Mutdapilly in 1991 because of the use of a large travelling irrigator,
which applied water at rates above the infiltration capacity of the soil.
Heavy rain fell in March 1994 at Mutdapilly and Casino, causing
waterlogging at establishment. Temperatures were close to normal at all
sites in all years and would not have restricted growth (Lowe and
Hamilton 1985).

Nitrogen responses in short-term irrigated pastures

Table 1. Experimental details at each site

Mutdapilly Casino Kairi
1991 1993 1994 1991 1993 1994 1991 1993 1994

Site details
Latitude 26°46′S 28°40′S 17°20′S
Longitude 152°41′E 153°0′E 143°30′E
Altitude 70 m 30 m 715 m
Previous history Paspalum–couch Lucerne–ryegrass Kikuyu– Kikuyu– Kikuyu–

glycine ryegrass ryegrass
Previous 3 months use Sorghum Fallow Fallow No fallow No fallow No fallow Fallow No fallow No fallow

and no fallow

Soil details
Soil type (Stace et al. 1972) Black earth Prairie/chocolate Euchrozem–kraznozem intergrade
Northcote class (Northcote 1971) Ug 5.16 Uf 6.32 Uf 5.21/Uf 5.22
Surface pH (H20) 6.2 6.0 5.8
Surface P (Colwell extraction) 43 > 99 37
(mg/kg)

Surface K [mmol(+)/100 g] 0.34 n.a. 1.79

Basal fertiliser details
Superphosphate (kg/ha) 250 250 625
Muriate of potash (kg/ha) 125 125 187
Gypsum (t/ha) 2 0 0 2 0 0 2 0 0

Management details
Defoliation following Forage harvester Lawn mower Lawn mower Reciprocating mower Lawn mower
sampling

Sampling Reciprocating mower Lawn mower Lawn mower Hand shears Lawn mower
Area sampled 3 × 1.1 m 3.15 × 1.85 m 2 × 0.25 m 3 × 1.1 m

n.a., not available.
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Results
Dry matter yield

Mean responses. The response curves, relating total DM
yield (as a percentage of maximum yield of each replicate at
the 3 sites in each of the 3 years) to N rate per month, differed
significantly (P<0.01) so a single pooled equation was not
applicable (Table 3). Site differences were smallest in 1993
with 90% of maximum yield achieved between 64 and
76 kg/ha.month. In 1991, 90% of maximum yield was
achieved with an N rate of 52–83 kg N/ha.month while in
1994, the range was 81–112 kg N/ha.month. Restricting the
analyses to include only pure grass swards changed the rates
required to 63–68 and 75–112 N/ha.month in 1993 and 1994,
respectively. Maximum yield was achieved at very high N
rates, except at Mutdapilly in 1991, where the maximum
occurred at 77 kg N/ha.month (Table 3).

Yearly responses. In 1991, there were significant
(P<0.05) increases in ryegrass DM yields; up to 50NU at
Mutdapilly and 100NU at Casino and Kairi (Fig. 2a). There
were generally no differences (P>0.05) between the yields
achieved from the different N sources or application
frequencies (monthly v. 2-monthly). DM yields were greatest
at Kairi and lowest at Mutdapilly (Fig. 2a).

In 1993, increases in DM yield were significant (P<0.05);
up to 50NU at Mutdapilly, to 150NU at Casino and to 100NU
at Kairi (Fig. 2b). Generally, applying double the rate of N at
every second defoliation (i.e. 50NDAU, 100NDAU and
200NDAU) produced similar yields compared with
equivalent rates applied at each defoliation (25NU, 50NU and
100NU, respectively). The response from clover mixtures was

generally similar to those of pure grass stands, all response
coming from the grass component. Clover yields were
suppressed by both rates of N at Mutdapilly, but not at
Casino (Fig. 3).

Dry matter yield of pure stands increased significantly
(P<0.05) in 1994, with increases of up to 100NU at
Mutdapilly and Casino, but only to 37.5NU at Kairi (Fig. 2c).
Generally, application frequency did not affect yields
(P>0.05). The inclusion of clover increased (P<0.05) DM
yields only when no N was applied (0NC). Increased N rates
reduced (P<0.05) clover yields only at Mutdapilly (Fig. 3).

Nitrogen concentration
Generally, increasing N rates increased the N

concentration of ryegrass foliage throughout 1991 (Fig. 4).
Applying N every second cut created a ‘saw tooth’ response,
with N concentration increasing after N was applied and
falling in the subsequent month (data not shown). Source of
N had little overall effect on N concentration. Initial soil N
levels at Kairi were higher than at Mutdapilly and there were
no treatment effects until the third sampling (Fig. 4a).

In 1993, N concentration of ryegrass foliage was
influenced by the amount of N applied at all sites, although
this effect was not significant until July at Casino and Kairi
(Fig. 4d and f). Generally, rates below 50NU were not
significantly (P>0.05) higher than the 0N application after
August. The N concentration of treatments receiving N after
every second defoliation was rarely lower (P>0.05) than
those receiving N after each defoliation (data not shown).
The N concentration of the foliage of mixed pasture was

Table 2. Treatment designation, application management and source of nitrogen applied to stands of short-term ryegrass and
ryegrass–clover mixtures over three seasons and three sites

NU, urea applied monthly to pure ryegrass; NDAU, urea applied at double rate after alternate defoliations to pure ryegrass; NCU, urea applied
monthly to ryegrass–clover mixtures; NCAN, calcium ammonium nitrate applied monthly to pure ryegrass

Treatment Source of N Treatment description Nitrogen applied Target total Species
code per month N applied per 

(kg/ha) yearA (kg/ha)

0N Nil Control on ryegrass Nil 0 Ryegrass
25NU Urea N applied after each cut 25 200 Ryegrass
37.5NU Urea N applied after each cut 37.5 300 Ryegrass
50NU Urea N applied after each cut 50 400 Ryegrass
75NU Urea N applied after each cut 75 600 Ryegrass
100NU Urea N applied after each cut 100 800 Ryegrass
150NU Urea N applied after each cut 150 1200 Ryegrass
50NDAU Urea Double rate after alternate cuts 25 200 Ryegrass
100NDAU Urea Double rate after alternate cuts 50 400 Ryegrass
200NDAU Urea Double rate after alternate cuts 100 800 Ryegrass
0NC Nil Control on ryegrass–clover mixture Nil 0 Ryegrass–clover mix
25NCU Urea N applied after each cut 25 200 Ryegrass–clover mix
50NCU Urea N applied after each cut 50 400 Ryegrass–clover mix
50NCAN Calcium ammonium nitrate N applied after each cut 50 400 Ryegrass
100NCAN Calcium ammonium nitrate N applied after each cut 100 800 Ryegrass

AAssuming 8 cuts at 4-weekly intervals or 10 cuts at 3-weekly intervals. Some sites achieved 1 less cut and total N applications were
adjusted accordingly.
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generally higher (P<0.05) than that of the respective pure
ryegrass treatment, the differences being greatest when no N
was applied (0N v. 0NC, data not shown).

Generally, N concentration of ryegrass foliage in 1994
responded to increasing levels of N after the second or third
harvest (Fig. 4). The N concentration of the treatments
applied every second cut again demonstrated a ‘saw tooth’
pattern (data not shown). Ryegrass–clover foliage generally
had higher (P<0.05) N concentration compared with the
equivalent N rates applied to pure ryegrass (data not shown).
Initial soil N was high at Kairi, which limited treatment
responses throughout the growing season (Fig. 4g).

Nitrate levels in foliage
The nitrate levels at Kairi in 1991 were potentially

dangerous at all except the 0N and 25N levels. In July 1993 at
Mutdapilly, nitrate levels in ryegrass foliage were
significantly (P<0.05) higher at 100NU compared with 0N
(Table 4). A highly significant correlation was demonstrated
between the results of all 3 tests for foliar nitrate. Coefficients
of determination (R2) between field sap test and laboratory
sap test, laboratory sap test and nitrate-N test and field sap
test and nitrate-N test were 0.98, 0.96 and 0.94 (all P<0.01),
respectively. In July 1993 at Casino, total N and nitrate-N in
foliage were high in all but 0N (Table 4), with 150NU in the

Nitrogen responses in short-term irrigated pastures

Figure 1. Monthly rainfall (mm, vertical bars), and mean maximum (�) and minimum (�)
temperatures (°C) for the years 1991, 1993 and 1994 at Kairi and Mutdapilly Research Stations and
Casino Airport.
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extreme range. In August, however, only nitrate-N values over
100NU were significantly (P<0.05) higher than 0N.

In 1994, there was no build-up of nitrate-N in ryegrass
foliage at Mutdapilly below 75NU. The 75NU rate reached
potentially dangerous levels only in spring (Table 4), while at

100NU and 150NU, levels had the potential to cause deaths in
cattle any time throughout the growing season. A potentially
dangerous build-up of nitrate-N occurred at 200NDAU, but
only in spring.

There was little or no build-up of nitrate in the foliage of
ryegrass below 50NU at Casino in 1994. In contrast, levels
were dangerously high at the 75NU rate in November. The 2-
monthly application treatments generally produced similar
nitrate levels to the equivalent monthly treatments.

Efficiency of nitrogen use
The extra yield of DM produced per kilogram of N

applied varied between sites, years and N treatments (Table
5). Efficiency was highest in 1991 at the Mutdapilly site,
with values ranging from 11 to 28 kg DM/kg of N applied.
At Kairi, they ranged from 7 to 16 kg DM/kg of N applied,
and at Casino, from 5 to 15 kg DM/kg of N applied. Urea and
calcium ammonium nitrate were equally efficient at all sites.

In 1993, efficiency was generally inversely related to N
rate, although the differences between treatments were not
significant at the Casino and Kairi sites. In 1994, the value
for efficiency of N use at Kairi was only half that at the other
2 sites. At 25 kg N/ha.month, the efficiency was higher if
applied at every cut (25NU) than at every second cut
(50NDAU). There was no advantage, however, in applying the
N more frequently at the 50NU and 100NU rates, except for
50NU in 1991. Pure swards of ryegrass and ryegrass–clover
mixtures were equally efficient in the use of N.

Nitrogen yield
Nitrogen yield differed between years and sites.

Therefore, data could not be pooled and are presented
separately (Table 3). Again we used 90% of maximum yield
as an achievable target for dairy farmers. This criterion was
achieved at a higher and more variable N rate than for DM
yield, ranging from 86 to 140 kg N/ha.month. Conversely, if
we apply the rates required to achieve 90% of the DM yield
response for either pure grass or combined grass–N and
grass–clover swards (Table 3) to the N yield responses, only
1 site in 1994 achieved 90% of its potential N yield, while the
others only achieved 69–85% of the maximum N yield.

Nitrogen recovery
Recovery of N became less efficient as the total N applied

increased (Fig. 5). Site and yearly conditions affected of the
percentage of applied N that was recovered in herbage.
Recovery was generally highest at Mutdapilly and lowest at
Casino.

Effects on soil nitrogen
Initial soil nitrogen levels. Initial ammonium-N levels

were extremely low at Casino in 1991 and 1994, at
Mutdapilly in 1994 and at Kairi in 1993 and 1994. They were
high at Casino in 1993. Levels generally decreased down to
60 cm (Table 6). Nitrate levels were more variable between

Nitrogen responses in short-term irrigated pastures

Figure 2. Dry matter yield responses of short-term ryegrass pastures
to N fertiliser at 3 sites (Kairi, squares; Mutdapilly, inverted triangles;
Casino, circles) in (a) 1991, (b) 1993 and (c) 1994. N rates (open
symbols) are presented as lines and markers. Alternative treatments at
the same N rate are presented only as markers: application frequency,
light shading; N source (1991) or clover mixture responses (1993 &
1994), dark shading. l.s.d. (P = 0.05) bars are presented at for Kairi (K),
Mutdapilly (M) and Casino (C).
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sites and years than ammonium levels. Generally, levels
decreased with depth although at Casino in 1991, levels
increased from the surface to the 50–60 cm layer.

Effect of fertilisation over the season. There was a
relatively high level of nitrate-N initially at Kairi in 1991, but
by the end of the growing season, little N remained in the
profile (Fig. 6a–d). There was a small build-up at all depths
in the 50NU treatment initially, but by the end of the season
levels were similar to the control (0N). The build-up of
nitrate-N in the soil profile was slightly less from calcium
ammonium nitrate than from equivalent rates of urea (data
not shown). Ammonium-N levels were generally low and
appeared to be relatively unaffected by N fertiliser
application, except in the 0–10 cm soil level (Fig. 6e–h).

Effect of nitrogen rates on soil nitrogen at completion of
the 1991 growing season. Nitrate-N at the end of the 1991
season at Kairi increased in the surface layers (down to
30 cm), with all rates of urea and calcium ammonium nitrate,
although it was most pronounced with 50NU and 100NU
(Fig. 7). There was a substantial increase at depths of
30–50 cm with the highest rate of urea. In contrast, N
fertilisation had little effect on ammonium-N levels
throughout the profile.

Effect of nitrogen rates on soil nitrogen at completion of
the 1993 growing season. There was little build-up in soil
nitrate levels at Mutdapilly until the application rate reached
150NU (Fig. 8a). There was a 300% increase in nitrate-N
from 150NU in the 30–40 cm level compared with 0N.
Ammonium-N levels in the profile at Mutdapilly were
extremely low, ranging from 1 to 12 mg/kg (Fig. 8d).

At Casino, initial nitrate-N levels were substantially
higher (Table 6) than at Mutdapilly and this masked the N
effects on low N rate treatments (Fig. 8b). The 150NU

treatment led to an increase in the nitrate-N level at the
40–50 cm level; the build-up did not extend right through the
profile as it did at Mutdapilly. Ammonium-N levels at
Casino were higher throughout the profile compared with
those at Mutdapilly (Fig. 8e), but N rate effects were
generally more variable.

Nitrate-N levels at Kairi in 1993 were poorly correlated
with N rates. Ammonium-N levels were very low, except in
the top 20 cm at 75NU (Fig. 8f).

Effect of nitrogen treatments on soil nitrogen at
completion of the 1994 growing season. Generally, the
build-up of nitrate-N at Mutdapilly was similar to that of the
previous year (Fig. 9a), although there was a greater build-up
from the 100NU treatment. Surface levels were relatively
unaffected by the treatments; all effects occurred below the
10–20 cm layer. Again, there was little response in
ammonium-N to fertiliser treatment at Mutdapilly (Fig. 9d).

Nitrate-N levels at Casino for 150NU were higher in the
10–20 and 20–30 cm levels, compared with other treatments
(Fig. 9b). The levels of ammonium-N in the surface soil at
Casino were low (Fig. 9e) but there was a build-up below
20 cm at the 2 highest N rates.

There was a substantial build-up in nitrate-N throughout
the profile at Kairi in 1994 from all rates, but it was greatest
from 150NU. Ammonium-N levels were low and unaffected
by N treatments (Fig. 9f).

Discussion
What are the most effective rates of nitrogen for annual
ryegrass?

Annual ryegrass was highly responsive to N fertiliser,
with yields ranging from 3.9 t DM/ha without fertiliser
(Mutdapilly, 1991) to 21.1 t DM/ha at 100 kg N/ha.month

Figure 3. Effect of nitrogen rate on the botanical composition of ryegrass–clover mixtures
(ryegrass, solid bars; clover, shaded bars; weeds, open bars) at 3 sites in 1993 and 1994. 
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(Kairi, 1991). The Mutdapilly site achieved only 27–50% of
maximum yield without N, while Casino and Kairi achieved
38–64%, and 59–76%, respectively. This range is similar to
that demonstrated for oats (Avena strigosa) in southeast
Queensland (Lowe et al. 1980). It compares favourably with
yields of 2–17 t DM/ha for Italian ryegrass under similar
climatic conditions in South Africa (Eckard 1989) and with
the maximum yields of 13–14 t DM/ha from first-year Italian
and perennial ryegrasses in Wales (Wilman et al. 1976).

Maximum yield of dry matter, estimated from the
response curves, occurred at an average rate of

136 kg N/ha.month, or about 1200 kg N/ha over the growing
season (April–December). Maximum N yield occurred at an
average rate of 223 kg/ha.month (2000 kg N/ha). It is
uneconomic for farmers to attempt to achieve maximum
yields with these N rates. A target of 90% of maximum,
suggested by Cowling and Lockyer (1970) and Eckard
(1989), is more likely to produce economic returns from
milk (Chopping et al. 1983). In 1991 and 1993, the amount
of N required to achieve 90% of maximum yields was similar
at the Mutdapilly and Kairi sites, at between 52 and
70 kg N/ha.month in 1991, although the Casino site needed

Nitrogen responses in short-term irrigated pastures

Figure 4. Nitrogen concentration of pure ryegrass pastures in response to increasing rates of nitrogen as urea (0N, �; 25NU, �; 37.5NU, �;
50NU, �; 75NU, �; 100NU, ■ ; 150NU, �) at Kairi in (a) 1991, (d) 1993, (g) 1994, Mutdapilly in (b) 1991, (e) 1993 (h) 1994 and Casino
in (c) 1991 (all site data lost), (f) 1993 and (i) 1994. 
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Table 5. Efficiency of nitrogen use of ryegrass and ryegrass–clover pastures as measured by the extra dry matter produced, relative to
the control (0N), from each kilogram of nitrogen (N) fertiliser applied (kg DM/kg N applied)

Treatment Mutdapilly Casino Kairi
1991 1993 1994 1991 1993 1994 1991 1993 1994

25NU 27.7 16.7 15.6 9.5 14.3 18.9 14.1 11.8 6.9
37.5NU 15.4 16.8 11.1 14.9 10.1 9.2
50NU 22.6 12.4 12.6 11.6 10.0 14.4 15.9 8.6 5.5
75NU 7.7 8.2 7.5 13.8 5.4 2.9
100NU 11.9 6.2 8.9 11.8 5.7 13.3 12.2 5.6 3.4
150NU 4.2 6.2 4.5 10.9 3.4 2.8
50NDAU 16.0 9.8 13.2 5.1 11.0 6.8 10.2 10.3 6.7
100NDAU 10.7 9.7 12.2 5.9 7.4 13.4 7.3 7.8 5.5
200NDAU 6.6 8.8 4.4 8.4 4.1 2.8
25NCU 15.7 17.7 10.2 24.7 9.0 7.7
50NCU 10.1 13.9 7.8 14.4 6.4 1.1
50NCAN 24.2 14.9 13.2
100NCAN 11.8 14.2 15.3
l.s.d. (P = 0.05) 5.1 3.2 4.4 3.8 n.s. 6.2 n.s. n.s. 4.7

n.s., not significant.

Figure 5. The recovery of N in the foliage of annual ryegrass or ryegrass–clover pastures grown at
3 sites in the subtropics. Samples from Casino in 1991 were lost in transit to the analytical laboratory.
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a higher rate (68 and 83 kg N/ha.month). In 1994, the
Mutdapilly and Kairi sites required an extra
15 kg N/ha.month, while the Casino site needed an extra
35 kg N/ha.month compared with the 1991 and 1993
requirements. The 1994 sowings at Casino and Mutdapilly
were preceded by very wet conditions, which created
anaerobic conditions in the soil, mineralising soil organic N
into the NH4

+ form and reducing NO3
– availability during

the early part of the growing season (Phillips 1999).
The effect of nutrient return from grazing animals has

not been estimated in these experiments. Eckard (1989)
suggests that, in Natal (South Africa), farmers are advised to
reduce N rates by 25% in subsequent years after
commencing to apply high rates of N to annual ryegrass
pastures. Since our experiments were moved to a different
area each year, our results do not include any carryover
effects. In commercial practice, pastures generally revert
back to either kikuyu or naturalised grasses until resowing
in the following autumn and much of this carryover soil N
will have been utilised.

Relative N yield values were achieved at higher N
applications than those for DM. They are similar to
responses obtained in tropical grasses (Henzell 1963), oats
(Lowe et al. 1980) and perennial ryegrass (Reid 1983). Our
quadratic response curves were only a marginally better fit,
in some cases, to linear equations and this agrees with the
results of other research (Lowe et al. 1980; Reid 1983).

The responses to different frequencies of application and
sources of N were similar to those recorded for DM yield.

Nitrogen concentration in ryegrass generally continued to
increase up to the maximum rate applied, particularly after the
first harvest. This is consistent with data for Italian ryegrass
(Wilman and Wright 1986), perennial ryegrasses (Reid
1983), tropical grasses (Henzell 1963) and oats (Lowe et al.
1980). The only exception was the Kairi site in 1994, where
levels remained high throughout the year. This suggests that
there may have been a substantial N pool resident in the soil
organic matter, which became available during the growing
season. Wilman and Wright (1986) suggest that the N
concentration of ryegrass is determined by the amount of N
applied divided by the number of days between N application
and sampling, moderated by time of season effects; our data
agree with this supposition. Our range of values for N
concentration is similar to those recorded in South Africa by
Eckard (1990a), with average N concentrations in the highest
yielding treatments of about 4.8%.

The levels of N recorded here are well in excess of the
requirements for a Friesian cow producing 20 L/day (NRC
1985) of 16.5% protein, equivalent to 2.6% N. Generally,
only herbage from late in the growing season for the
unfertilised control treatment fell below this level.
Experiments at Mutdapilly (Moss et al. 1992) were unable to
show a response in milk production to extra protein
supplementation for cows grazing N fertilised ryegrass,

Table 6. Initial soil ammonium- and nitrate-N (mg/kg) and total N (%) levels at three sites over three years

Readings of <1 are below the lower limit of analysis; a dash indicates the soil coring technique was unable to penetrate below 50 cm
in 1993 and 1994

Sampling depth Kairi Mutdapilly Casino
(cm) 1991 1993 1994 1991 1993 1994 1991 1993 1994

Ammonium-N
0–10 6.4 <1A <1 4.4 5.7 <1 <1 34 <1
10–20 8.6 <1 <1 4.0 4.7 <1 <1 17 1.2
20–30 2.4 <1 <1 3.3 4.0 <1 <1 15 1.9
30–40 1.3 <1 <1 2.8 2.7 <1 <1 7 2.2
40–50 1.0 <1 <1 1.9 3.3 <1 <1 6 1.0
50–60 <1 <1 <1 1.8 3.0 <1 <1 — —

Nitrate-N
0–10 64.2 9.1 5.6 9.8 14.0 9.4 1.5 45 2.1
10–20 62.0 9.5 4.9 1.4 25.3 18.9 1.8 36 4.8
20–30 45.7 5.6 3.2 1.2 19.7 18.5 5.6 12 2.1
30–40 12.9 1.9 1.6 1.0 16.0 9.7 8.8 4 9.5
40–50 10.2 1.4 1.5 <1 13.0 6.0 10.6 3 4.1
50–60 5.0 <1 2.2 <1 9.0 3.6 10.6 — —

Total N %A

0–10 0.17 0.38 0.27 0.38
10–20 0.17 0.20 0.19 0.20
20–30 0.11 0.14 0.13 0.14
30–40 0.07 0.11 0.09 0.11
40–50 0.06 0.10 0.07 0.10
50–60 0.05 0.08 — —

ATotal N analyses were not conducted at all sites in all years.
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unless low N maize silage was also fed (Moss et al. 1994). It
has also been shown that if a cow’s diet contains more than
20% crude protein, there can be a negative effect on
reproduction (B. McLauchlan pers. comm.) and milk protein
levels (Trevaskis and Fulkerson 1999, R. J. Moss
unpublished data). High crude protein content can reduce
milk production, as energy is required to convert excess

rumen NH3 to urea for excretion in the urine (van Vuuren
1993).

In our experiments, rates above 25 kg N/ha.month
produced nitrate-N concentrations of between 5000 and
10000 mg/L in the foliage of annual ryegrass. As 2000 mg/L
of nitrate-N in sap is considered potentially toxic (Lyons
et al. 1992), our data suggests that the potential exists for

Nitrogen responses in short-term irrigated pastures

Figure 6. The effect of different rates of nitrogen (0N, �; 50NU, �;100NU, ■ ) on the nitrate- and
ammonium-N levels (mg/kg) in: (a and e) surface, 0–10 cm; (b and f) 20–30 cm; (c and g) 40–50 cm; and
(d and h) 50–60 cm layers of the soil profile over the 1991 growing season at Kairi.
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cattle grazing N-fertilised ryegrass to be poisoned, even at
currently used N rates of 50 kg N/ha.month (Fulkerson et al.
1993). Eckard (1990a) found levels of 0.03–0.75% nitrate-N
in foliage of Italian ryegrass, which are lower than we
recorded (0.01–1.2%); however, our top N rates were higher
than those used by Eckard (1990a). He also related nitrate-N
levels to N concentration in the foliage, with foliage
containing N levels above 3.2–3.5% potentially causing
animal health problems. Our high levels of nitrate-N were
also recorded when our N concentration levels were above
this threshold. There is an indication that feeding high levels
of carbohydrate-rich supplements may alleviate the problem
of nitrate poisoning (R. J. Moss unpublished data) and, as
most dairy cattle in the Australian subtropics receive high
levels of grain supplements (Davison and Elliott 1993), this
may be one explanation for the lack of poisoning.

Do the rates differ from one site to another?
While quadratic responses in DM and N yield to

increasing N rates were fitted at all 3 sites, the shape of those
curves differed substantially, with as much variation
occurring between years as between sites. Both Mutdapilly
and Casino had heavy clay soils but there appeared to be
greater variation between these 2 sites than between
Mutdapilly and Kairi, which had quite different soils. An
analysis of Figure 1 suggests that climatic differences within
the same year between the 3 sites, and within years at the
same site appear small. Only the severe waterlogging, which
occurred at all sites, but especially at Casino early in 1994,
set the sites apart.

The rate required to achieve maximum yield at each site
may be related to soil type and environmental conditions. The
lighter soil at Kairi had high initial soil N levels and would be
expected to release N quickly from soil organic matter. On the

other hand, the heavy clays at the other 2 sites would have
held N more strongly (Kliese et al. 1997). The restricted
drainage and poor aeration of the soil at Mutdapilly may have
restricted growth and limited the site’s responsiveness to
higher rates of N (Powell et al. 1985). Recent paddock history
may contribute to the considerable between-year and
between-site variation in DM yields. In 1991, the very low
yield without N at Mutdapilly reflects the utilisation of N by
a sorghum crop grown before the experimental period. In
contrast, the Kairi site had high initial fertility, having grown
a tropical grass–legume pasture for many years. Grass swards
preceded experiments in other years.

There was considerable variation in the initial soil N
levels in the soils at the 3 sites. Most N was available in the
nitrate form at Mutdapilly (except in 1991) and ammonium
levels were low, throughout the profile in all 3 years. In
contrast, ammonium levels were very high at the Casino site
in 1993. Ammonium-N levels were generally low below 30
cm, but nitrate-N levels remained high (>10 mg/kg) as deep
as 60 cm in some years. The variation in the form of N in
soils is demonstrated elsewhere in literature (e.g. nitrate-N
was the main form of N in Zimbabwean soils (Mills 1976)
but, in New Zealand loams, ammonium-N was the most
abundant form (Steele 1976)).

Considerable variation was encountered in these
experiments. Therefore, rather than recommending a single
N rate to be used for fertilising annual ryegrass under all
conditions in the subtropics, we suggest there should be a
range; our data suggests this is between 50 and
85 kg N/ha.month. This should accommodate the variation in
both site and environmental conditions likely to be
experienced, allowing farm managers to adjust rates to their
situation.

Figure 7. The effect of different rates of nitrogen (0N, �; 50NU, �;100NU, ■ ) on the (a) nitrate-
and (b) ammonium-N levels in the soil at the end of the growing season at Kairi in 1991. Samples
from Mutdapilly and Casino were lost in transit to the laboratory. 
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Are there any differences between sources of nitrogen?
We found no evidence to suggest that ryegrass was able to

assimilate the nitrate form of N in calcium ammonium
nitrate more easily than the ammonium form in urea, as there
was little difference between the equivalent treatments,
irrespective of soil type. Both fertilisers were also equally
effective in increasing foliar N concentration of ryegrass.
This agrees with results on Italian ryegrass in South Africa
(Eckard 1990b), oats (Joshi and Prasad 1977) and pangola
grass in Australia (Lowe and Cudmore 1978). Neither could

we show any evidence to suggest that their effects on soil N
(i.e. increased build-up, movement through the profile) were
different.

What happens when nitrogen is applied to
grass–legume swards?

The equations we obtained suggest that ryegrass–clover
mixtures required a greater application of nitrogen to reach a
given percentage of maximum yield. This is a similar result to
that obtained by Reid (1983), although his maximum yields

Nitrogen responses in short-term irrigated pastures

Figure 8. Nitrate- and ammonium-N levels in the soils under annual ryegrass fertilised (0N, �; 25NU, �;
37.5NU, �; 50NU, �; 75NU, �; 100NU, ■ ; 150NU, �) at (a and d) Kairi, (b and e) Mutdapilly and (c and f)
Casino at the end of the 1993 growing season. 
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were achieved at lower total N rates. The application of up to
50 kg N/ha.month did not depress the production of mixtures
relative to pure ryegrass swards receiving the same N. This
was despite the ryegrass component being sown at a lower rate
in the mixtures and the fact that clover yields were depressed
(especially at Mutdapilly) by increasing rates of N. In this, our
results agree with previous studies (Laidlaw 1980; Reid 1983;
Feyter et al. 1985). At Mutdapilly and Casino, white clover
contributed up to 60% of the total yield of the 0NC treatment

but at Kairi, clover contribution was negligible in all
treatments. The early growth of mixed swards was
substantially lower than pure stands. This agrees with
previous research on ryegrass (Stillman et al. 1984; Laidlaw
1980) but not with research on oats (Bowdler and Lowe 1980).

Clover depression by applied N was not consistent over
sites and years. In 1993 at Casino, clover yields were low, but
were not depressed by N application. In 1994 they were
reduced by 25% when receiving 50 kg N/ha.month

Figure 9. Nitrate- and ammonium-N levels in the soils under annual ryegrass fertilised (0N, �; 25NU, �;
37.5NU, �; 50NU, �; 75NU, �; 100NU, ■ ; 150NU, �) at (a and d) Kairi, (b and e) Mutdapilly and (c and f)
Casino at the end of the 1994 growing season. 
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compared with the unfertilised mixture (0NC). Clover yield
was depressed by 65% at Mutdapilly in 1993 and by 46% in
1994 by 50 kg N/ha.month. White clover yield was more
affected by N application than shaftal clover, suggesting that
shaftal clover may be a more appropriate component for
mixtures that are to receive N applications. This appears to
be related to its higher winter growth rate, allowing it to
compete more vigorously with ryegrass.

The mixtures were generally higher in N concentration
than the equivalent pure stands, despite a lack of clover in the
mixtures at some sites in some years. Reid (1983) showed
similar trends with perennial ryegrass–white clover mixtures
in a cool temperate environment. The inclusion of clover
increased N yields only at sites where clovers contributed to
more than 20% of total yield or where clover invaded the 0N
treatment. In other situations, clover did not influence N
yield. This reflects the low contribution of clover to overall
yields in our experiments, as clover can generally be
expected to make a much greater contribution (of up to 60%)
to both DM and N yield in mixtures under temperate (Reid
1983; Sollenberger et al. 1984) and subtropical (Lowe and
Bowdler 1984) conditions.

What was the effect of applying nitrogen every
second defoliation?

The only consistent effect of doubling the rate of
application of N by applying it at every second defoliation
occurred in the N concentration of the foliage. Applying N
every second month, compared with every month, resulted in
a more variable pattern in foliar N concentration. It was most
evident at Kairi and probably reflects the free draining nature
of these soils. At times, quite high foliar N concentrations
and high nitrate levels were recorded from these ‘2-monthly’
applications, particularly from the 200NDAU treatment. Our
findings suggest that DM and N yields and N concentration
are unlikely to be compromised if N was applied in this way.
However, the savings in labour and machinery costs are not
likely to compensate for the possible death of high producing
milking cows if nitrate levels build up under unexpected
environmental conditions.

How effectively has the nitrogen been used?
The values in this study for efficiency of N use are similar

to those for perennial ryegrass (Sollenberger et al. 1984),
irrigated oats (Lowe et al. 1980) and raingrown Callide
Rhodes grass (Cowan et al. 1995), but less than those for
raingrown tropical grasses (Henzell 1963) and orchardgrass
(Sollenberger et al. 1984). First year results in this study are
similar to those on Italian ryegrass in South Africa by Eckard
(1989), but the second and third year results were lower. The
Mutdapilly site was the most efficient user of N in all years
and this can be attributed to the lower initial soil N values,
compared with the other sites, particularly in 1991 following
the growth of an unfertilised sorghum crop. Eckard (1989)

also relates variation in results at different sites to levels of
initial soil N. The reasons for the large differences between
the 2 results in a similar environment are that tropical grasses
are more efficient in using N than temperate grasses
(Henzell 1963) and the fact that Henzell’s (1963)
experiments were located on less fertile soils.

Generally between 30 and 60% of the N applied to
irrigated annual ryegrass was recovered in harvested foliage.
This agrees with an N recovery rate of 40–50% on tropical
grasses (Henzell 1963), 30–60% on pangola grass (Lowe and
Cudmore 1978), 30–60% on raingrown and irrigated oats
(Lowe et al. 1980) in southeast Queensland and 37–70%
achieved on perennial ryegrass in a temperate environment
(Sollenberger et al. 1984). There was no evidence that
recovery was lower on the lighter textured, better-drained site
at Kairi than on the heavy clays of Mutdapilly and Casino.
Seasonal effects and the level of available soil organic N
appeared to have more influence than soil type in N recovery.
We are uncertain of the reasons for the extremely high
recoveries recorded in some treatments at Mutdapilly and
Kairi in 1991, but it may have resulted from the differing
paddock histories at the start of the experiment compared
with subsequent years.

Our data indicate that recovery of N was generally most
efficient at rates of between 37.5 and 50 kg/ha.month;
recovery was reduced at higher rates of N. Sollenberger et al.
(1984) achieved similar results on perennial ryegrass and
orchardgrass, where the best recovery was achieved at low to
moderate N rates and this fell as rates increased further.

What happened to the nitrogen that hasn’t been used
by plants?

All sites had <1% slope so there was little or no runoff and
it is likely that almost all the N that was not taken up by the
plant was either lost to the soil or to the atmosphere (Prove
et al. 1997). While we did not measure atmospheric losses,
Prove et al. (1997), in the northern-most of our study regions
found that gaseous losses were the major N loss pathway from
dairy pastures. Our data suggest that nitrate-N build-up does
not occur in the soil profile under annual ryegrass, unless the
application rate of N exceeds 75 kg N/ha.month. However,
there may be a considerable build-up in the surface 10 cm at
rates lower than this value. A study by Steele (1976) showed
little movement down the profile of a podsolic soil from an
application of 100 kg N/ha as urea in solution. Cowan et al.
(1995) also showed little movement down the profile of a
heavy clay soil at equivalent rates to those used in our study.
Our data has, however, been derived from sowings in different
paddocks each year. Greater build-up may have occurred if
the same area was used each year. In a previous study (K. F.
Lowe unpublished data), a build-up at depth occurred after a
pasture, which had been fertilised with 300 kg N/ha.year for
3 years, was ploughed out and replaced by a sorghum crop.
Larson et al. (1971) showed that, after 15 years of N

Nitrogen responses in short-term irrigated pastures
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fertilisation on a fine textured soil, nitrate-N build-up was
limited to the 15–60 cm soil layer and this build-up only
occurred when the bromegrass pasture was fertilised with
over 200 kg N/ha.year. It is recommend that sowings of
annual ryegrass into cultivated seedbeds should be rotated to
different areas each year to avoid the possibility of a
substantial build-up of N when rates above 75 kg N/ha.month
are used or double-cropped over summer to utilise excess N.

There was some indication that, at the highest rate of urea,
a build-up of NH4-N occurred in the top 10 cm of the soil
profile at Casino in 1993. However, there was little evidence
of a build-up in other treatments or in lower soil layers at that
rate of application. Steele (1976) demonstrated a similar,
surface-only, build-up in a podsolic soil in New Zealand.
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