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Improving fertilizer nitrogen (N) use efficiency is central to sustainable and profitable
grassland agriculture. A plot experiment with a control and fertilizer N (calcium ammonium nitrate, 25–50 kg/ha N) applied on nine occasions from February to September
2002 was conducted at two sites in southwest Ireland to assess N uptake and apparent
recovery of fertilizer N (ARFN). Apparent recovery of fertilizer N after eight weeks
varied from low in February (21%) and March (46%) to high from April to August (69–
98%), indicating that high N use efficiency can be achieved in Irish grasslands at these
times. Low recovery in spring suggested that N was applied in excess of immediate crop
requirements. Note that N uptake and ARFN values from this study are likely to be
somewhat conservative, particularly for spring applications. Over the 8 weeks during
which growth was monitored, most (70%) of the grass yield and N uptake response to
fertilizer N were in weeks 1 to 4 after application; however, a significant (30%) response
occurred in weeks 5–8. This suggested that residual N availability following grazing at
4 weeks can be significant and that there may be scope to decrease N application rates
in a grazing rotation. This can potentially improve N use efficiency and decrease N
surpluses, with associated economic and environmental benefits. Apparent recovery of
fertilizer N was closely related to soil temperature, with a 5.8% increase in ARFN with
a 1 °C increase in temperature. Background (non-fertilizer) N supply contributed an
average of 164 kg/ha per year (49%) taken up by the fertilized sward, highlighting the
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potential importance of soil N mineralisation to grassland productivity. Note that these
results are for one year at two sites and that conditions may vary between years and
at other sites and also that the experiment did not reproduce the cumulative effect of
repeated fertilizer application over the grazing year.
Keywords: apparent recovery of fertilizer nitrogen; fertilizer nitrogen for grass; nitrogen mineralisation; nitrogen uptake; seasonality of nitrogen uptake

Introduction
Nitrogen (N) is often a limiting nutrient
in temperate grasslands. Intensively managed grazed grasslands generally receive
multiple applications of fertilizer N during
the growing season to increase the forage
available to grazing animals (Dillon and
Delaby 2009). The cost of synthetic fertilizer N has increased significantly over the
last decade (by 54% for calcium ammonium nitrate (CAN) between 2000 and
2010; CSO 2013), which poses a significant
agronomic challenge to farmers. Losses
of N from such intensively managed systems have also come under scrutiny due
to their impact on ground and surface
water quality, air quality, acidification and
anthropogenic climate change (Dillon and
Delaby 2009). As a result of such concerns,
restrictions on fertilizer N use for grassland were implemented in many parts of
Europe under the EU Nitrates Directive
(European Council 1991). This combination of economic and environmental factors makes improved efficiency of fertilizer
N use central to any strategy for sustainable grassland production systems.
Efficiency of fertilizer N use in grassland systems is closely related to recovery
of fertilizer N in grass (Vellinga et al.
2010). Fertilizer N input in grazed grasslands is usually linked to the grazing
schedule, with fertilizer N applied after
each grazing. Recovery of this N in grass
herbage can be highly variable depending on the date and rate of application

(e.g. Vellinga et al. 2010; O’Donovan et al.
2004; Henzell 1971; Cowling 1961). Some
fertilizer N not recovered in the herbage
is present in grass roots and stubble, some
is immobilised in soil organic matter, but
the balance is lost to the environment by
gaseous emission or leaching (Ryan et al.
2011). Therefore, improved recovery in
grass herbage can decrease N losses to the
environment.
Low rates of recovery may indicate N
supply in excess of crop requirements.
Excess application of fertilizer N is an
unnecessary cost to farmers. Under the
conditions of high winter rainfall experienced in Ireland, O’Donovan et al. (2004)
found that recovery of fertilizer N applied
in late autumn, winter and early spring
ranged from 20 to 64%. Low rates of
recovery were associated with high rates
of application, particularly during the late
autumn and winter. However, O’Donovan
et al. (2004) did not investigate applications later than 23 February. Previous
studies investigating recovery of fertilizer N have focused on recovery over specific growth periods, such as the spring
or autumn (e.g. O’Donovan et al. 2004;
Herlihy and O’Keefe 1987), or over the
entire growing season, usually without
differentiating between recovery associated with different times of the year (e.g.
Morrison, Jackson and Sparrow 1980;
Cherney, Cherney and Mikhailova 2002;
Zemenchik and Albrecht 2002). There is
little information on recovery of fertilizer
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N applied at different times through the
growing season. Such information would
provide useful insights into the quantities of fertilizer N required for each
application, allowing for more efficient
use of N and decreased risks of N loss to
the environment. The aim of the present
study was to investigate grass yield, N
uptake and apparent recovery of fertilizer
N (ARFN) in herbage following N application through the grass growing season
(February to September).
In Ireland, swards are typically grazed
at intervals of between 21 and 28 days
during most of the grazing season and
there may be a carry-over effect of one N
application to the following growth interval. However, there is little information
on this carry-over effect. To investigate
this, plots were cut four weeks after application. Grass growth and N uptake was
measured for four weeks following each
application (initial phase) and then for
a further four weeks (subsequent phase)
following cutting.
Grass yields and N recovery are also
likely to be affected by site factors such
as soil type. Therefore, the experiment
was conducted at two sites of contrasting
soil type: a well-drained acid brown earth
sandy loam (Cambisol), and a poorly
drained gley clay loam (Gleysol). Soil N
mineralisation rates can vary considerably, both seasonally and between soils
(Nunan et al. 2000; Herlihy 1979) and
contribute a significant proportion of N
to grass growth on farms (Humphreys,
O’Connell and Casey 2008). This experiment used N uptake by grass on control
plots to assess the contribution of soil
N mineralisation to grass growth and N
uptake through the year. It should be
noted, however, that conditions may vary
between years and at other sites, so care
needs to be taken in generalising the
results from this study.
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Materials and Methods
Experimental sites
This study was conducted during 2002 at
two sites in Ireland: Teagasc, Moorepark
Research Centre (52° 09′ N; 08° 15′ W,
50 m a.s.l.) and Solohead Research Farm
(52° 51′ N; 08° 21′ W, 95 m a.s.l.). The soil
at Moorepark was an acid brown earth
(Cambisol) sandy loam (Gardiner and
Radford 1980) with a pH of 6.5. Soil organic matter content was 87 g/kg and total N
was 7.6 t/ha in the upper 20 cm. The soil
at Solohead was a gley (Gleysol) clay loam
(Gardiner and Radford 1980) with a pH of
6.2. Soil organic matter was 131 g/kg and
total N was 10.8 t/ha in the upper 20 cm.
Both sites were reseeded with perennial ryegrass (Lolium perenne) in 1999 and
received fertilizer N inputs of approximately 300 kg/ha per year in 1999 and
2000, when they were grazed by dairy cows.
In 2001, the sites received no fertilizer N
inputs and were grazed by non-lactating
dairy cows to achieve a post-grazing height
of approximately 60 mm throughout the
grazing season. In spring 2002, both sites
received a basal dressing of 60 kg/ha of sulphate of potash (420 g/kg K and 180 g/kg
S) following agronomic recommendations
based on soil analyses (Coulter 2004). Soil
P concentrations were more than adequate
at both sites (14.2 and 32.3 mg/L Morgans
P at Moorepark and Solohead, respectively). Therefore, no fertilizer P was applied.
Daily rainfall and soil temperature data
were recorded at a meteorological station
at each site, as described by Fitzgerald and
Fitzgerald (2004). Effective drainage during the experimental period was calculated
using the model developed by Schulte
et al. (2005).
Experimental layout and design
Experimental treatments consisted of a
control (Fo), receiving no fertilizer, and
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fertilizer (FN) applied on nine separate
occasions between 4 February and 16
September 2002 at agronomic rates appropriate to the time of year (Table 1). The
final application date of 16 September is
just inside the current closed period for
chemical fertilizer applications under SI
610 of 2010 (15 September) beyond which
application is prohibited. Because rates
of fertilizer application varied to reflect
agronomic practice, any observed differences in herbage growth, N concentrations and N uptake between application
times may be due, in part, to differences in
fertilizer N application rates as well as to
seasonal differences in other factors, such
as temperature and precipitation. Note
also that in an actual grazed grassland system with repeated fertilizer application to
the same paddock, residual effects from a
previous fertilizer application would affect
response to the subsequent application
and this interaction would continue on
through the grazing and fertilizer application year. This cumulative effect of repeated applications is not reproduced in this
experiment and, therefore, care should be
taken in applying results to actual grazing
and grass management scenarios.
The experiment was laid out in a randomised complete block design at each site
with three replicates of each treatment.

Table 1. Fertilizer N input during the growing
season
Date of
application

Rate of application
(kg/ha N)

04 February
04 March
01 April
29 April
27 May
24 June
22 July
19 August
16 September

25
50
50
50
50
25
25
25
25

Each block contained nine 6 m × 6 m plots,
giving 27 plots at each site. There was a
0.55 m border area between plots. At each
time of application three of the nine plots
in each block were used. One plot received
the F0 treatment, the second FN, and the
third received the same quantity of fertilizer N as the FN plot. This plot (FN0) was not
sampled at this time but received the F0
treatment at the application time 12 weeks
later. This ensured that plots receiving FN
and F0, at the later application times, had
received the same rate of N twelve weeks
prior to use. This was done to maintain the
FN and F0 swards at the same, more agronomically realistic, N status while ensuring
no significant carry-over effect of residual
available fertilizer N due to the 12 week
delay. Therefore dry matter (DM) yield
and N uptake for any one application time
reflected the treatment at that time and
not the cumulative effect of a lack of fertilizer N input throughout the year. The F0
and FN0 treatments alternated in the same
plot throughout the year.
Each plot was re-used three times during the year on a 12-week rotation. For
example, three of the nine plots were used
for application 1 (4 February), another
three plots were used for application 2
(4 March) and a further three plots were
used for application 3 (1 April). Plots
used for application 1 were re-used for
application 4 (29 April) and 7 (22 Jul)
(Table 1).
Immediately prior to fertilizer N application at each measurement period,
the herbage on the plots was harvested
mechanically to 50 mm above ground
level using a Honda HRH 536 lawnmower
(Honda Motor Company Ltd., Tokyo,
Japan) and removed. Fertilizer N (CAN,
27.5% N) was applied by hand. Each
plot was divided into 8 sub-plots, each
0.55 m × 6.0 m in area, that were cut at
consecutive weekly intervals to measure
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herbage growth over time. There was
a margin of 0.1 m between sub-plots.
Herbage growth was divided into two
phases; an initial phase consisting of the
first four weeks and a subsequent phase
consisting of week five to eight. After
the initial four week growth phase (first
four sub-plots), all remaining herbage
on the plots was cut and removed. Thus,
the subsequent growth phase for a further four weeks (second four sub-plots)
corresponded to herbage regrowth following simulated grazing and any fertilizer N uptake in this phase corresponded
to residual fertilizer N uptake following
grazing. At the end of the eight week
period, herbage on the entire plot was cut
and removed.
Taking the first application time as an
example, fertilizer N was applied at a rate
of 25 kg/ha N on 4 February (Table 1).
Herbage was harvested from the F0 and
FN plots each week during the initial four
week growth phase (12 Feb, 18 Feb, 25
Feb and 4 Mar) and the subsequent four
week growth phase (11 Mar, 18 Mar, 25
Mar and 1 Apr). Herbage on the FN0
plot was cut on 4 March and 1 April and
removed. This plot became the control
plot (F0) on 29 April.
Herbage sampling and analysis
Herbage was harvested and weighed from
the sub-plots within the plots receiving FN
and F0 treatments. A sub-sample of 100 g
was dried for 16 h at 100 °C to determine
DM content. A second 100 g sub-sample
was dried at 40 °C for 48 h, milled to pass
a 0.2 mm sieve and analysed for total N
using a LECO 528 auto-analyser (LECO
Corporation, St. Joseph, MI, USA).
Data processing and statistical analysis
Uptake of N in herbage was calculated
by multiplying herbage DM yield by the
N concentration in harvested herbage for
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each sampling date. Nitrogen uptake for
the initial four week growth phase of the
F0 treatment (F0 init) was taken as the
background uptake of non-fertilizer N
by grass. It was assumed that biological
N fixation was negligible (there was no
clover in the swards) and N deposition in
the region is low at approximately 6 kg/ha
per year (Jordan 1997) so this background
uptake was considered equivalent to mineralised soil organic matter N. The F0 plot
received N twelve weeks before its use as
the F0 plot and there may have been some
residual effect of this applied N also contributing to background N uptake on the
F0 plot. However, this contribution was
likely to be small as the N was applied in
the very available (for plant uptake, gaseous emission or leaching) form of CAN
twelve weeks before any measurements
began on the F0 plot. The proportion of
background N uptake in the FN treatment was calculated as the background
N uptake (F0 init) divided by the N uptake
(FN, initial), expressed as a percentage.
It should be noted that the proportion
of N taken up that is actually derived from
the applied fertilizer N cannot be confirmed and, hence, it is called “apparent”
recovery of fertilizer N (ARFN). Apparent
recovery of fertilizer N (nitrogen recovery
efficiency) was calculated as the difference
in N uptake between FN and F0, expressed
as a proportion of the fertilizer N applied
at the start of that particular time interval
(Rao et al. 1992). Annual ARFN was calculated by summing the difference in N
uptake between FN and F0 over the year
and expressing this as a proportion of the
total fertilizer N applied over the year for
both initial and subsequent growth phases.
Annual DM yields and N uptake were
calculated for the initial and subsequent
growth phases by summing over the year.
Although the experiment only covered
growth for 40 weeks of the year, there
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would be very little grass growth in the
12 weeks not included (November to
January). Therefore, these annual figures
are likely to be close to, but a conservative estimate of, actual annual figures.
Annual DM yield, N uptake and ARFN
data were analysed using analysis of variance (ANOVA) with site (Moorepark
and Solohead), growth phase (initial and
subsequent) and N input (FN and F0) as
factors. Both main effects and interactions were tested for significance. Results
from the DM yield and N uptake data,
and selected results from the ARFN data,
are presented and discussed here. For
summary and presentation of N uptake
throughout the year, data from fertilized
and unfertilized plots for both the initial
and subsequent growth phases for application dates throughout the growing season
were summarised as means and associated
standard errors.
As plots were re-used through the year,
data from re-used plots could not be
regarded as independent. Therefore, N
uptake and ARFN data were divided into
three seasons for separate analysis: 4 Feb
to 1 April (spring), 29 April to 24 June
(summer) and 22 July to 16 Sep (autumn).
The rate of N uptake (kg/ha per week) for
each four-week growth phase (initial and
subsequent) was determined from linear
regression of N uptake over time. Rates
of N uptake for the initial and subsequent
growth phases for each of the three seasons were analysed using ANOVA with
site, season (3 seasons) and N input (FN
and F0) as factors. Apparent recovery of
fertilizer N at the end of each four-week
growth phase (initial and subsequent)
was determined from linear regression of
ARFN over time and was analysed for the
initial and subsequent growth phases for
each of the three seasons using ANOVA
with site, season (3 seasons) and N input
(FN and F0) as factors. The contribution

of background N supply to total N uptake
was calculated as the N uptake from the
F0 plots divided by the N uptake from
the FN plots over the initial 4 weeks
of growth for application dates throughout the growing season. The relationship
between soil temperature and ARFN and
background N supply was investigated
through regression analysis using the average soil temperature at 10 cm depth over
the four weeks of the initial growth phase
as the independent variable and ARFN
and background N supply over the initial
growth phase as the dependent variables.

Results
Soil and weather conditions
Soil temperatures at 10 cm depth varied
from a low of 5.0 °C in early March to a
high of 17.3 °C in late July at Moorepark
and from 6.4 °C in early January to 18.2
°C in mid August at Solohead (Figure 1).
Annual rainfall was 1195 mm at Moorepark
and 1145 mm at Solohead, but during
the experimental period (from 4 February
to 11 November) rainfall was 820 mm
at Moorepark and 868 mm at Solohead
(Figure 1). Estimated effective drainage
during the experimental period was 378 mm
at Moorepark and 434 mm at Solohead.
Highest soil temperatures and lowest rainfall and effective drainage occurred at both
sites between July and September.
Annual herbage DM production and N
uptake
There was a significant interaction
(P<0.001) between N input and growth
phase for both annual DM production
and N uptake (Table 2). Application of
fertilizer N resulted in a 72% increase in
annual DM production, averaged over
the two sites, for the initial four-week
growth phase, and a 34% increase for
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Figure 1. Soil temperatures at 100 mm depth (weekly average measured at 9:00 GMT) at
(A) Moorepark and (B) Solohead; weekly rainfall at (C) Moorepark and (D) Solohead;
and, effective drainage at (E) Moorepark and (F) Solohead during 2002.
the subsequent four-week growth phase.
Annual herbage DM production was higher (P<0.001) during the initial than the
subsequent growth phase. Annual herbage
DM production (grand mean of all treatments and growth phases) was, on average, 13% higher at Solohead (7.8 t ha-1)
than Moorepark (6.9 t ha-1) (P<0.01).
Annual uptake of N in herbage showed
similar trends (Table 2). Nitrogen uptake

at the two sites averaged 317 kg/ha for
FN during the initial growth phase and
206 kg/ha during the subsequent growth
phase. For the F0 treatments, annual
N uptake was 165 kg/ha and 151 kg/ha
for the initial and subsequent growth
phases, respectively. This equates to
a background N supply of 165 kg/ha
per year, averaged over the two sites.
Total annual ARFN was 207 kg/ha; 64%
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Table 2. Annual herbage dry matter (DM) yield and uptake of N in herbage DM from plots receiving input
of fertilizer N (FN) or no fertilizer N (F0) during two phases of growth following application of fertilizer N
(first to fourth week after application (initial) and fifth to eighth week after application (subsequent)) at
two sites (Moorepark (MK) and Solohead (SH))
Growth Phase (GP)
Initial

Subsequent

F0

FN

F0

FN

MK

SH

Annual DM yield (kg/ha)
LSD (5%)

6047
424

10394
424

5537
424

7519
424

6937
343

7811
343

Annual N uptake (kg/ha)
LSD (5%)

165
11

317
11

151
11

206
11

202
12

218
12

Level of significance†

Annual DM yield

Annual N uptake

Nitrogen (N)
Growth phase (GP)
Site
N×GP

***
***
**
***

***
***
*
***

of the 325 kg/ha N applied over the
year. Of the total annual ARFN, 73%
(152 kg/ha) occurred in the initial growth
phase and 27% (55 kg/ha) in the subsequent growth phase. Total annual ARFN
was, on average, higher at Solohead
(218 kg/ha) than Moorepark (202 kg/ha)
(P<0.05).

N uptake (kg N ha-1 week-1)
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Uptake of N in herbage during the growing
season
Rates of N uptake varied widely, from 1.3
kg/ha per week for F0 in February, to 15.9
kg/ha per week for FN in May (Figure 2). On
average, fertilizer N application increased
N uptake rates, from 4.4 to 9.4 kg/ha per
week (113%) for the initial growth phase
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Figure 2. Nitrogen uptake from fertilized and unfertilized plots for both the initial and
subsequent growth phases for application dates throughout the growing season (error bars
indicate standard error).
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and from 4.0 to 5.0 kg/ha per week (25%)
for the subsequent phase. Application
date significantly affected N uptake rates
(P<0.05) (Table 3). Rates of N uptake
tended to increase markedly through the
spring, reached a peak in May, remained
high into August, and then decreased gradually through to September (Figure 2).
Background N supply (F0 init) increased
steadily from a low of 1.3 kg/ha per week in
February to a high of 7.1 kg/ha per week in
May, before decreasing again to 4.5 kg/ha
per week in June/July. Background supply
showed a second peak in July/August at 5.7
kg/ha per week and then declined steadily
through August and September to a low
of 3.8 for late September/early October.
The proportion of N uptake on fertilized
plots that came from the background supply varied between 35 and 61% (Figure 3).
Background N contributed 61% of N
uptake in February, decreasing steadily to
35% in April. There was a second peak in
May at 45%, before decreasing to 38% in
June. The background contribution then
increased again and remained at around
50–55% for late June to mid October.
Background N supply (F0 init) showed a
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positive linear relationship with mean soil
temperature at 10 cm depth (R2=0.33)
(Figure 4B).
There was higher (P<0.001) uptake of
N during the initial than the subsequent
growth phase throughout the year, except
in early spring. The uptake of N in the
subsequent phase was greater for both F0
and FN for the 4 February application and
was also greater for F0 for the 4 March
and 1 April applications. The effect of
site on N uptake was only significant for
the subsequent growth phase in spring,
when mean uptake for F0 and FN was 2.86
and 6.67 kg/ha per week, respectively, for
Moorepark and 3.18 and 7.49 kg/ha week,
respectively, for Solohead (Table 3).
Apparent recovery of fertilizer N
The effect of application date on ARFN
in the initial growth phase was significant for spring and autumn applications
(P<0.05), but not for summer applications
(Table 4). Apparent recovery of fertilizer
N over 8 weeks of growth varied between
21 and 98% (Figure 5), increasing steadily
from the minimum for application in early
February to the maximum for application
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Figure 3. The proportion of N uptake on fertilized plots over 4 weeks of growth due to background non-fertilizer N supply for application dates throughout the growing season (average
of two sites).
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Figure 4. The relationship between mean soil temperature at 10 cm depth and (A) apparent
recovery of fertilizer N (ARFN) and (B) background N supply over 4 weeks of growth.
in August. Apparent recovery of fertilizer
N then began to decline again. Mean total
ARFN was 69%. Mean ARFN for the
initial 4-week growth phase showed a close
linear relationship with mean soil temperature at 10 cm depth (R2=0.91) (Figure 4A).
Most of the total ARFN (13–81%)
occurred in the initial growth phase.
However, a significant proportion of total
ARFN (8–23%) also occurred in the subsequent phase. For February and March
applications, ARFN was similar for the
two growth phases, but for later applications ARFN in the initial phase increased
markedly, while ARFN in the subsequent

phase remained relatively constant at
10–20% (Figure 5). Site had no significant
effect on ARFN in either growth phase, so
the results were averaged (Table 4).

Discussion
Residual effect of fertilizer N from one rotation to the next
Most (69%) of the grass herbage yield
response to fertilizer N occurred in the first
4 weeks following application. Similarly,
73% of the annual N uptake in response
to fertilizer N application occurred in
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Table 3. Significance of effects of site, application date and N treatment on N uptake in herbage for
the initial and subsequent growth phases during spring, summer and autumn
Growth phase
Initial

Subsequent

***
***

*
**
***

Spring application (4 Feb–1 Apr)
Site
Application date
Nitrogen
Date × site
Nitrogen × site
Date × nitrogen
Date × nitrogen × site
Summer application (29 Apr–24 Jun)
Site
Application Date
Nitrogen
Date × site
Nitrogen × site
Date × nitrogen
Date × nitrogen × site

**
*

***
***
**

*
***

*

Autumn application (22 Jul–16 Sep)
Site
Application date
Nitrogen
Date × site
Nitrogen × site
Date × nitrogen
Date × nitrogen × site

100

***

***
***

***
*
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Figure 5. Apparent recovery of fertilizer N (ARFN) in grass for the initial and subsequent
growth phases and the total recovery over eight weeks for application dates throughout the
growing season (average of two sites) (error bars indicate standard error).
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Table 4. Significance of effects of site and application date on apparent recovery of fertilizer N in herbage
for the initial and subsequent growth phases during spring, summer and autumn
Growth phase

Spring application (4 Feb–1 Apr)
Site
Application date
Date × site

Initial

Subsequent

*

*

Summer application (29 Apr–24 Jun)
Site
Application date
Date × site
Autumn application (22 Jul–16 Sep)
Site
Application date
Date × site

the initial growth phase. However, a 2.0
t ha-1 increase in DM yield and 55 kg/ha
increase in N uptake for the subsequent
phase (weeks 4 to 8) indicates a significant
residual fertilizer effect. These results suggest that on average, over the 8 weeks of
growth, approximately 70% of the grass
yield and N uptake response to a fertilizer N application would occur in the first
rotation and 30% in the second. It is, of
course, possible that there may be residual
N taken up in grass beyond the 8 weeks
monitored in this study, particularly for
spring applications when early uptake may
be low but conditions for grass growth are
generally improving (Vellinga et al. 2010).
Hunt (1974) for example, demonstrated
that residual N can contribute to N uptake
in swards for periods longer than 8 weeks.
When planning fertilizer N application
strategies for rotationally grazed grassland, it would be prudent to account for
carry-over of the DM yield response and
N uptake from fertilizer from one rotation to the next and possibly beyond that,
particularly for spring applications. It may
be possible to reduce overall fertilizer N
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use and increase efficiency by decreasing
subsequent applications, allowing for the
residual effects of the previous application. Further work is required to assess
optimal fertilizer N rates, application timings and target DM yields for rotationally
grazed grassland with repeated N fertilizer
application that incorporate residual N
effects beyond 8 weeks of growth.
As with all results from this experiment,
it should be noted that these results are for
one year at two sites and that conditions
may vary between years and at other sites.
It should also be noted that actual grazing and grass management scenarios will
include a cumulative effect of repeated
fertilizer applications to the same paddock
over the grazing year that is not reproduced in this experiment. Therefore, caution is needed in generalising these results.
Nonetheless, the subsequent recovery measured in this experiment indicates that there
may be scope to decrease N application
rates in subsequent fertilizer applications in
a grazing rotation, to account for residual
N available from a previous application.
This could help improve N use efficiency
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and decrease N surpluses, with associated
economic and environmental benefits.
Weather and soil conditions at both
sites were close to the long term average
for Ireland. Average precipitation in areas
< 100 m a.s.l. from 1961–1990 varied from
about 750 mm in the east and northeast
to about 1200 mm in the west, northwest
and southwest, with the wettest months
being January to March and October to
December (Keane and Sheridan 2004).
However, Ireland’s climate is variable and,
in about four years out of ten, monthly
precipitation will be 40% above or below
average. Precipitation at both sites was
relatively high in April–May. Soil temperature at both sites was also close to
the long-term average pattern, increasing
steadily from March, peaking at 17–18 °C
in July–August and decreasing steadily
from there to December (Keane and
Sheridan 2004). Therefore, growing conditions during the experimental year can
be taken as quite typical for Ireland.
Apparent recovery of fertilizer N
The ARFN (8-week (two cuts) of an average of 69% of applied fertilizer N) is at the
upper end of reported rates of ARFN of
20–70% (O’Donovan et al. 2004; Vellinga
et al. 2004; Vellinga et al. 2010), although
those studies refer to recovery for the
first cut following application (varying
length of growth period). The fact that the
ARFN in this study was monitored over 8
weeks with two cuts may account for the
relatively high recovery rates.
Rates of N uptake and ARFN are clearly seasonal (Figures 2 and 4). Low 8-week
recovery from early February and March
applications (21 and 46%, respectively)
suggests that fertilizer N application rates
(25 and 50 kg/ha, respectively) at this time
were in excess of immediate crop requirements. Application of fertilizer N in excess
of crop requirements can increase the risk
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of N loss (Crews and Peoples 2005). Low
recoveries of applied fertilizer in the early
spring have been observed in other studies
(Herlihy and O’Keeffe 1987; O’Donovan
et al. 2004). These low recoveries in early
spring are likely to be due to conditions
of low growth associated with low soil
temperatures, wet soil conditions and high
effective drainage (Figure 1) that also
increase the risk of N loss to air and water.
Soil temperatures at 10 cm depth and
precipitation in January to March of the
study year were fairly typical for Ireland at
5–9 °C and 335–366 mm, respectively (see
Keane and Sheridan 2004).
Note that the plots in the current study
and some of the above studies were cut at
a set time interval of 4 and 8 weeks. Had
they been managed in an alternative manner to cut at a target grass yield, ARFN
for these early spring applications may
have been higher. Dry matter yield and N
uptake are related through N use efficiency
(NUE, kg DM per kg N taken up in herbage), as has been modelled by Vellinga
et al. (2004) and optimum fertilizer N rates
depend strongly on target levels for NUE,
amounts of unrecovered N, growth period
and DM yield. In practice, good grassland
management should decide on fertilizer
application rates and target yields in this
way, harvesting or grazing when the targeted yield has been achieved, but there
are also many other constraining factors
that influence at what time interval and
level of grass cover a paddock is grazed
or harvested. Further work on optimising
fertilizer N rates, target yields and NUE
(crude protein concentration in herbage)
for both grazed and silage/hay grasslands
in the early part of the year, considering
the model of Vellinga et al. (2004), may
prove fruitful.
During the main growing season, conditions for grass growth and N uptake
were better and the risk of losses through
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denitrification and leaching were lower
(Figure 1). These results suggest that the
most efficient use of fertilizer N can be
achieved by applications between April
and August, matching fertilizer application rate to crop requirement. However,
there was a grass yield response to spring
fertilizer application of 131 kg/ha DM
for early February (fertilizer application
rate of 25 kg/ha N) and 236 kg/ha DM for
early March (fertilizer application rate of
50 kg/ha N), corresponding to 8-week
ARFN rates of 21% and 46%, respectively.
The results presented here would suggest
that eight-week ARFN rates of approximately 70 to 100% can be achieved for N
applications between April and August.
It appears, therefore, that the most efficient use can be made of fertilizer N by
applying from April to August, matching
fertilizer application to crop requirement.
Such a high efficiency of fertilizer N use
has potential benefits from both an agronomic and environmental point of view.
These are high recovery rates. As noted by
Vellinga et al. (2010), ARFN typically varies between 20 and 70% in the cut directly
following application. Vellinga et al. (2004)
found 34–58% ARFN following application of 80 kg/ha N from May to September
for a growth interval of 24–36 days in the
Netherlands. However, Schils et al. (1999)
found higher rates of recovery, similar
to those in this experiment, in two cuts
following application, of 88 to 100% for
80 kg/ha N, applied through the grass
growing season in the Netherlands. The
higher recovery rates found in this study
and that of Schils et al. (1999) may be
attributable to the longer growth period
(56 days for this study) and the fact that
two cuts were taken. Morrison et al. (1980)
found annual ARFN rates of 51 to 87%,
with a mean of 70%, for N applied in split
applications from March to August at 21
sites in England and Wales. Vellinga and

Andre (1999) reported a modelled annual
ARFN of approximately 65% for application levels of approximately 200 kg/ha N
for mineral soils based on 60 years of grassland trials in the Netherlands. It would
seem likely that monitoring N uptake over
longer time periods and/or over more
cuts/grazings will increase ARFN and that
experiments monitoring N uptake over
shorter time periods (e.g. four weeks) will
tend to underestimate ARFN relative to
a field situation in which N can be taken
up over a longer growth time period and
multiple cuts.
In rotationally grazed and harvested
grasslands, there is a cumulative effect of
repeated applications and cuts on ARFN
in a subsequent application and cut, due
to carry-over of some residual N that can
contribute to grass growth and N uptake
and other effects such as differences in
yields at previous harvest. For example,
Vellinga et al. (2010) showed that N application rates and cutting regimes can affect
grass growth response and N uptake from
subsequent fertilizer N applications to the
same plot. This effect is not accounted for
in this experiment. The plots used at any
one application time do not have exactly
the same history in terms of application
rates and yields in previous cuts. This may
have some, but we would suggest, a small,
effect on N uptake and ARFN between
the F0 and FN plots. The maximum difference in N applied to plots prior to their
use as F0 and FN was 50 kg/ha N (August
and September applications), and all plots
used for F0 and FN at a particular application timing had the same number and
timing of previous cuts. In contrast, the
residual effects of Vellinga et al. (2010)
were measured in a situation with cumulative differences of up to 400 kg/ha N in
previous N rates, up to two extra cuts and
timing of cuts that varied through the year
for different plots.
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Seasonality of N uptake and ARFN
Production systems based on grazed grass,
such as those in Ireland and New Zealand,
emphasise maximising the inclusion of
grazed grass in the diet to minimise costs
(Dillon et al. 1995). Extending the grazing season as much as possible is one of
the strategies used to achieve this. Grass
cover on farms is low in the early part
of spring and early fertilizer N application in January or February is seen as a
means to build grass cover on the farm to
support early turn-out of cattle to graze
(Dillon et al. 2002; O’Donovan et al. 2004).
Application of 30 kg/ha N in January
or February is recommended for grazed
grasslands in Ireland at stocking rates
greater than 2 LU ha-1 (Coulter and Lalor
2008). O’Donovan et al. (2004) found a
6-week yield response of 270 kg/ha DM
to fertilizer N applied at 30 kg/ha in early
February (36% ARFN) and a 3-week
yield response of 227 kg DM per ha to
application in late February (41% ARFN).
They also found a 9-week yield response
of 539 kg/ha DM to application in mid
January (61% ARFN). On this basis, they
identified mid January as the optimum
date to apply fertilizer N for spring grass
production when herbage is required in
mid March. However, under SI 610 of
2010 (the “Nitrate Regulations”), application of chemical fertiliser is prohibited
in counties Cavan, Donegal, Leitrim and
Monaghan before 31 January and in the
rest of the country it is prohibited before
12/15 January. Therefore, farmers in most
of the country should be able to follow
the suggested mid January application
for early grass, if required and if soil and
weather conditions allow, while farmers in
the counties mentioned above must wait
until early February. The restrictions on
early applications are due to concerns of
low plant uptake and recovery of fertilizer
N and higher risk of losses to water during
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this period. The relatively low initial uptake
and recovery of fertilizer N from such early
applications is upheld by the earliest application in this study, with an 8-week ARFN
of only 21% for an early February application. Studies of actual N losses to water
associated with mid January application
might be useful to assess whether risks of
N loss are significant enough to justify the
restriction on application at this time in
some parts of the country.
The fact that ARFN in the subsequent
phase was greater than the initial phase
for the 4 February application and ARFN
was similar for both the initial and subsequent growth phases for the 4 March
application was probably also due to low
potential for grass growth and low demand
for N at this time of year. With fertilizer N
supply in excess of requirement for the initial 4-week phase, more fertilizer N would
be available for the subsequent phase. In
spring, grass growth potential increases
rapidly so that crop requirement in the
subsequent phase may exceed that in the
initial phase. This grass growth potential
beyond the first grazing in spring can take
up residual fertilizer N, minimising the
risks of N loss to the environment compared to applications in the late autumn or
early winter when there is limited future
potential growth to take up residual N
(O’Donovan et al. 2004). As grass growth
potential increases during the early part
of the growing season, crop demand for N
increases and more of the N is taken up in
the initial phase of growth, leaving less for
the subsequent phase (Figures 2 and 4).
Uptake of N followed a typical pattern
of growth for perennial ryegrass swards in
temperate regions of the northern hemisphere (Corral and Fenlon 1978; Brereton
1981; Orr et al. 1988) and was clearly
related to soil temperature (Figure 1); low
in spring, increasing to a maximum during
May, declining to a plateau during July
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and August before progressively declining
during September and October. Recovery
of fertilizer N also responds to other factors such as day length, light intensity and
weather variables, but it is striking that soil
temperature, on its own, appears to function as a very good indicator of ARFN.
Although much further work would be
required, this result may point at the possibility of developing a forecasting and
decision support system for optimal N
management based on monitored and
projected soil temperature.
Interestingly, May and June had the
maximum N uptake for FN init but not the
maximum initial ARFN (ca. 60%). The
peak in N uptake at this time was associated with a peak in supply of background
N (Figure 2, F0 init) and in the proportion of N uptake due to background supply (Figure 3). Most of this background
supply is likely due to mineralisation of
soil organic N and this peak corresponds
to a period of high temperatures and
fluctuating rainfall (Figure 1), which are
associated with increased N mineralisation
(Herlihy et al. 1979).
The relatively high rate of uptake
for the 22 July application is remarkable because the quantity of fertilizer N
applied was only 25 kg/ha. This can be
attributed to high recovery of fertilizer N
(Figure 3) and relatively high background
supply rates (Figure 2, F0 init) during late
July and August associated with high soil
temperatures and low rainfall (Figure
1). Soil temperature is clearly strongly
related to ARFN with four-week ARFN
increasing by 5.8% with an increase of
1 °C in soil temperature at 10 cm depth
(Figure 4). This soil temperature is the
average over the four weeks of growth
in the initial growth phase and this result
likely reflects the influence of soil temperature on grass growth rates, and
therefore on N uptake.

These results suggest that measured surface soil temperature and medium-term
weather (temperature) forecasts could
potentially be used as an indicator of likely
grass growth response and recovery of
fertilizer N over the four weeks following
fertilizer application. Such a monitored
approach could potentially help to guide
fertilizer N management and improve
N fertilizer use efficiency and grassland
productivity relative to calendar-based
approaches which do not take account of
current and expected weather and soil conditions. Simple and inexpensive soil temperature probes are available. Importantly,
the mineral N contained in inorganic N
fertilizers is more susceptible to leaching
losses than the organic N in organic fertilizers (slurries and manures) and, therefore, quick uptake into grass is important
to minimise losses (Tilman, 1998). Organic
fertilizer application early in the year when
conditions are cool and damp can help
to minimise ammonia volatilisation losses
(Hoekstra et al. 2010) and N from these
organic fertilizers can then be available for
uptake over the growing season. A possible
strategy for efficient use of N resources onfarm is to apply organic fertilizers as much
as possible early in the year (February/
March) and then inorganic fertilizer N as
required for plant growth later in the year
as temperatures improve.
Some of the balance of fertilizer N
applied (118 kg/ha N, on an annual basis)
that was not recovered may have been
taken up by grass later than the eightweek growth phase and would therefore
not have been recorded in this study. In
particular, this may have been the case in
the spring, when ARFN was low but grass
growth and N uptake was steadily increasing with time. Nonetheless, having a large
proportion of applied fertilizer N unutilised by grass at the soil surface for a long
period of time is likely to increase risks of
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losses to the environment and is, therefore,
not optimal. Some of the N not recovered
over 8 weeks may have been retained in
the grass stubble, immobilised in the soil
biomass or adsorbed on soil particles, but
some may have been lost in gaseous emissions (NH3, N2, N2O) or via leaching. In
addition, as mentioned above, there is a
possibility of some residual effect of fertilizer N applied to the FN0 plot 12 weeks
prior to the study affecting N uptake in the
F0 plot. Therefore, N uptake and ARFN
values, for spring applications in particular (February–April), can be regarded as
probably being conservative.
Background N supply
Background N supply rates varied strongly
through the year (Figure 2). Herlihy (1979)
found a very similar seasonal pattern in the
production of inorganic N in Irish soils.
Lower net N mineralisation in summer
may be due to limitations in soil microbial activity due to water stress (Nuna et al.
2000). Clearly, soil temperature has a controlling influence on the background supply of N (net mineralisation of soil organic
N) (Figure 1), as has been found by others (e.g. Stanford, Frere and Schwaninger
1973; Rustad et al. 2001). Background N
supply increased with soil temperature
(Figure 4). However, temperature is not
the only factor influencing net N mineralisation, as indicated by the relatively low
R2 in Figure 4B. Soil wetting and drying
cycles and soil microbial dynamics are
also important (Xiang et al. 2008). Nunan
et al. (2000) found a double-peak in N
mineralisation in an Irish soil similar to
the double-peak in background N supply
in this experiment (May and late July–early
August) (Figure 2) and attributed this to
changes in the soil microbial population
in response to the availability of different
organic substrates. Such a process may also
have occurred in this experiment.
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Interestingly, the contribution of
background supply as a proportion of
overall N uptake in the fertilized sward
showed an inverse trend through the year
(Figure 3); background supply contributed over 60% in February, decreasing to
roughly 35–45% in March to June, before
increasing to roughly 50–55% from July to
October. This result reflects the increase
in fertilizer N application rates to 50 kg/ha
from March to late May and highlights
the importance of background N supply
to grass growth, under typical N management, at the shoulders of the grass growth
curve when grass cover is low. On average,
background N supply contributed 49% of
N taken up by the fertilized sward.
Annual grass DM production
Annual DM production during the initial
growth phase for FN averaged 10.4 t/ha
DM. This is lower than would be expected
for permanent grassland at these sites
with an input of 325 kg/ha of fertilizer N
during the growing season. Annual yields
of between 12 and 15 t/ha DM are more
typical of fertile soils in the southwest of
Ireland, depending on growing conditions
(Brereton 1995). The annual production
figure is based on growth from February
to mid October and does not include whatever DM production may have occurred
from mid October to the end of January.
However, this time period covers the growing season and there would be very little
grass growth from mid October to January.
Therefore, this is not likely to be the reason for the low annual DM production.
The low annual figure is more likely due
to the fact that this figure is based on the
initial 4-week growth from each single fertilizer N application, excluding carry-over
effects from one N application to another.
In practice, fertilizer N is applied to the
same area of grassland repeatedly through
the year. This repeated application to the
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same area has a cumulative carry-over
effect on yields that is not replicated in
this experiment. Results from this study
clearly demonstrate that a substantial proportion of fertilizer N is carried over from
any one application to contribute to DM
production at time periods greater than
4 weeks, in agreement with other studies
(Hunt, Frame and Harkess 1981; Vellinga
et al. 2010). Care must also be taken in
extrapolating DM yield results from this
experiment with cut grass to a grazing
situation as yields tend to be lower in a
grazing situation under the same N inputs
(Jackson and Williams 1979).
The fact that annual herbage DM production was 13% higher at Solohead than
Moorepark and annual N uptake was
8% higher may be due to the clay loam
soil at Solohead having a slightly higher
intrinsic capacity to supply background N
than the sandy loam soil at Moorepark.
Herlihy (1979) found higher N mineralisation and availability in finer-textured soils.
The clay loam soil had a higher total N
and organic matter content. It could also
have been due to higher soil temperatures
experienced at this site, particularly during
the spring and autumn (Figure 1), which
would have favoured net mineralisation
of N in soil organic matter (Stanford
et al. 1973; Hatch, Jarvis and Philips 1990;
Hatch, Jarvis and Reynolds 1991; Gill,
Jarvis and Hatch 1995; Clough, Jarvis and
Hatch 1998). Nitrogen uptake rates were
only significantly higher at Solohead in
the spring, suggesting that the difference
may be due to better growing conditions
at Solohead in spring (Figure 1).
Annual net soil N mineralisation
Annual background N supply was 162
kg/ha at Moorepark and 167 kg/ha at
Solohead. Accounting for 6 kg/ha N deposition, this gives annual net soil N mineralisation rates of 156 kg/ha at Moorepark

and 161 kg/ha at Solohead, indicating that
net mineralisation of soil organic matter
N makes a substantial contribution to N
uptake and herbage production on both
soil types (Table 2). Morrison et al. (1980)
found contributions of soil N of 11 to
136 kg/ha at 21 grassland sites in England
and Wales. The values found in this study
were higher, but this could be related
to climatic and soil differences between
Britain and Ireland. Herlihy et al. (1979)
found that total available N in Irish soils
can exceed 350 kg/ha in the top 60 cm.
Gill et al. (1995) also found higher rates of
net N mineralisation of 135 to 376 kg/ha,
depending on management, and Hatch
et al. (1991) found net N mineralisation of
321 kg/ha over a 180-day growing season,
both for English grassland soils.
Assuming the same rate of background
N supply for the FN treatment, these results
indicate that 53% of annual N uptake on
fertilized plots was from background N
supply at Moorepark and 51% at Solohead.
Of annual DM production at Moorepark
and Solohead, 60% and 57% was attributable to this background supply, respectively. This highlights the importance of soil
pools of N and mineralisation to grassland
productivity and the potential importance
of accounting for mineralisation of soil
organic matter N in nutrient management
planning for grasslands. While the effect of
site on annual DM yield and N uptake was
significant, the small differences involved
and the lack of any other significant site
effects or interactions suggests that there
is little difference in soil organic N mineralisation, and its contribution to grass
production, between the two sites, despite
their contrasting soil types.
Both soils were mineral soils under
improved permanent grassland but the
Solohead soil had a much higher surface
organic matter content of 13.1%, compared to 8.7% for Moorepark. Vellinga
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and Andre (1999) highlighted the importance of soil organic matter in determining soil N supply from 60 years of Dutch
experiments, reporting values of 176 kg/ha
N for sand soils with an average surface
organic matter content of 10% and 192 kg/
ha N for clay soils with an average surface
organic matter content of 20%. Although
based on one year on only two sites, the
additional 5 kg/ha N in net soil N mineralisation at an organic matter content that
was 4.4 percentage points higher at the
Solohead site is quite comparable to the
additional 16 kg/ha N in net soil N mineralisation at an organic matter content
that was 10 percentage points higher for
the Dutch soils. This would suggest that,
as with Dutch soils, it may be possible
to derive a relationship between organic
matter content and potential N mineralisation for Irish mineral soils. Vellinga and
Andre (1999) found markedly different
mineralisation rates for peat soils in the
Netherlands, and the same might reasonably be expected for Irish soils.
In general, the lack of a significant interaction between site and the other factors
for all data examined suggests that, while
site (soil characteristics) affected grass
yield and N uptake, it did not influence
the response of grass yield and N uptake
to fertilizer N application and how this
varies through the year. This is somewhat
surprising, given the contrast in soil texture, organic matter content and drainage
conditions between the two sites. It should
be noted that an organic soil was not
included in this experiment and there are
many other factors which could differ at
other sites that would affect soil organic N
mineralisation and N uptake and recovery.

Conclusions
While caution is needed in generalising
results from one year at two sites, this
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experiment demonstrates that ARFN of
between 70 and 100% can be achieved over
8 weeks in Irish grasslands for N applications from April to August. It appears
that the most efficient use can be made
of fertilizer N by applying from April to
August, matching fertilizer application to
crop requirement. Such a high efficiency
of fertilizer use has potential benefits from
both agronomic and environmental points
of view.
Recovery of fertilizer N was found to
be closely related to soil temperature.
The low recovery for applications in early
February and March suggests that fertilizer N application rates (25 and 50 kg/ha,
respectively) at this time were in excess
of immediate crop requirements. Further
study may be required to assess the agronomic optimum rate and timing of such
early season applications, accounting for
the need to build grass cover on farms to
extend the grazing season in the spring. It
should be noted that N uptake and ARFN
values from this study are likely to be
somewhat conservative, particularly for
spring applications.
For most of the grass-growing season
approximately 70% of the grass yield and
N uptake response to a fertilizer N application, over the 8 weeks of growth monitored, occurred in the first rotation and
30% in the second. When planning fertilizer N application strategies for rotationally grazed grassland, it would be prudent
to account for carry-over of the DM yield
response and N uptake from fertilizer
from one rotation to the next and possibly beyond that, particularly for spring
applications. Care should be taken in
applying these results to actual grazing
and grass management scenarios as these
scenarios will also include a cumulative
effect of repeated fertilizer application to
the same paddock over the grazing year
that is not reproduced in this experiment.
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Nonetheless, the subsequent recovery
measured in this experiment indicates that
there may be scope to decrease N application rates in subsequent fertilizer applications in a grazing rotation to account for
residual N available from the previous
application. This could help improve N
use efficiency and decrease N surpluses,
with associated economic and environmental benefits. Further study of application rates and timings and resultant DM
yields and N uptake and ARFN that incorporate residual N effects beyond 8 weeks
of growth and the effect of cumulative N
fertilizer application would be required
to assess optimal fertilizer N rates, application timings and target DM yields for
rotationally grazed grassland.
Background N supplied approximately
50% of the annual N uptake by the fertilized sward, at the fertilization levels used
in this study, highlighting the importance
of soil pools of N and mineralisation to
grassland productivity and the potential
importance of accounting for mineralisation of soil organic matter N in nutrient
management planning for grasslands. In
this study, there seemed to be little influence of site and soil characteristics on the
response of grass yield and N uptake to
fertilizer N application despite the contrast
in soil texture, organic matter content and
drainage conditions between the two sites.
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