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Abstract
Aims During the first days after harvest of Lolium
perenne L., N remobilized from roots and stubble forms
the main N source for regrowth. Low N uptake from the
soil during this period may lead to N loss if N fertilizer is
applied too soon. Furthermore, temporary N deprivation
has been found to stimulate root growth. We therefore
hypothesized that a strategic delay in N application after
harvest may improve N-use efficiency of L. perenne grassland by increasing root biomass and reducing N loss.
Methods In a laboratory and field experiment with L.
perenne, we delayed N fertilizer application after harvest
for 0, 3, 6, 9 and 12 days, repeated this for up to six harvest
cycles, and determined effects on herbage yield, herbage N
uptake and root biomass.
Results In both experiments, delaying N application for
up to 12 days had no significant effect on root biomass
or total herbage N uptake, but it significantly reduced
total herbage yield in the laboratory experiment. Total
yield tended to be highest when N application was
delayed for 3 days. Two growth periods in the field
experiment showed significantly higher N uptake when
N application was delayed, possibly due to rainfallinduced N losses in the treatments with shorter delay.
Responsible Editor: Rafael S. Oliveira.
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Conclusions Our results do not provide evidence that
delaying N application improves N-use efficiency of L.
perenne grassland by increasing root biomass.
However, strategic timing of N fertilizer application
based on rainfall forecasts could contribute to improve
N-use efficiency by reducing N losses from leaching
and denitrification.
Keywords N fertilization . Delayed N application .
Timing . Root biomass . N-use efficiency . Lolium
perenne L.

Introduction
Root characteristics, such as rooting density and rooting
depth, play a critical role in the interception and uptake
of nitrogen (N) by plants, including grasses (Atkinson
et al. 2005). Higher N uptake results in higher N-use
efficiency (at a given amount of available N), may
increase herbage yield, and reduces environmental pollution from nitrate leaching (Kristensen and ThorupKristensen 2004; Crush et al. 2007), denitrification
(Misselbrook et al. 2014) and volatilization (Bouwman
et al. 2002; Smith et al. 2012).
The N-use efficiency of inorganic fertilizers on grassland is generally assumed to be 80–100 % (www.rvo.nl)
; however, in reality it is often as low as 60 to 65 % on
sandy soils (Schröder et al. 2007; van Eekeren et al.
2010a). This means that up to 40 % of applied fertilizer
N can be lost. Specific N losses for commonly used
nitrate based fertilizers (e.g. calcium ammonium nitrate)
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applied to grassland are estimated to be approximately 2
% for NH3 emission (Misselbrook et al. 2000), 1 % for
N2O emission (Smith et al. 2012; Misselbrook et al.
2014) and 6 % for NO3 leaching (Stark and Richards,
personal comm.). Heavy rainfall just after fertilizer application can increase losses through these pathways; for
instance, Esala and Leppänen (1998) reported a NO3loss of 28 % of applied NO3-N when heavy rainfall was
simulated one day after fertilizer application. De Klein
and van Logtestijn (1994) reported that denitrification
losses strongly increased when fertilizer was applied on
a wet soil, ranging between 6 and 9 % of N applied.
Strategic timing of N fertilizer application during the
growing season can be a valuable management tool to
reduce N loss and increase N-use efficiency of grassland,
by synchronizing N supply with N demand (Di and
Cameron 2002). Well-known and well-researched practices are the timing of the first fertilizer application in
Spring (Stevens et al. 1989), the strategic distribution of
fertilizer applications over the growing season (Reid 1984;
Bittman and Kowalenko 2000), and the timing of the final
fertilizer application towards the end of the growing season
(Laidlaw et al. 2000; O’Donovan et al. 2004).
Less is known about the optimal timing of N application after a grass harvest event (by grazing or cutting). In
practice, it is often recommended (Sheldrick et al. 1994)
that the time between harvest and fertilizer application
should be minimized to immediately boost grass regrowth
and maximize utilization of fertilizer N before the next
harvest. However, various grass defoliation experiments
have shown that during the first days of regrowth, most of
the N comes from remobilized organic N (proteins) stored
in the stubble and roots, and not from current root uptake
of fertilizer N. For example, Ourry et al. (1989) and
Thornton et al. (1993) found that the contribution of
remobilized N to total N in new leaves of Lolium perenne
L. was 70 % after one week and 40 to 45 % after two
weeks of regrowth. Low uptake of fertilizer N during the
first week after application increases the risk of N loss to
the environment, especially with heavy rainfall.
Additionally, there is evidence that delayed N application after harvest may stimulate root growth. Ennik and
Hofman (1983) found an increase in root volume of
Lolium multiflorum Lam. grown in nutrient solution, when
N supply was exhausted four days prior to harvest and the
following renewal of the nutrient solution. Jarvis and
Macduff (1989) found an increased root growth rate when
L. perenne, grown in flowing solution culture, was deprived of nitrate-N for 11 days.

Based on this evidence, it can be hypothesized that
temporary N deprivation by delaying N application after
a harvest event may increase root biomass, and possibly
also rooting depth, of L. perenne. If this hypothesis can
be proven under field conditions, farmers could use
delayed N application after harvest as a management
strategy to increase root growth, and hence N uptake and
herbage yield in grasslands. Increased root growth and
rooting depth may also reduce drought sensitivity of
grasslands by giving grass plants access to a larger soil
volume and thus to potentially more soil moisture
(Kramer and Coile 1940; Garwood and Williams 1967).
So far, only few field studies have been conducted on
using delayed N application after grass harvest as a
management practice to increase N uptake and herbage
yield of permanent grassland. Research by Wolton
(1973) on permanent grasslands in the UK showed that
herbage yield was highest when N application was
delayed for 1 day, as compared to 8 or 15 days. In
another UK field study, Sheldrick et al. (1994) found
that a delay of more than 10 days had a significant
(P < 0.01) negative effect on herbage yield. Nitrogenuse efficiency was significantly (P = 0.001) higher after
a 7-day delay compared to a delay for 0, 3 or 14 days. In
the latter study, experimental plots were irrigated after N
application to avoid effects of drought on fertilizer N
availability. The effect of delayed N application on root
characteristics was not determined in either of these
studies.
The objectives of the present study were to assess the
effects of delaying N application after harvest on root
biomass, herbage N uptake and herbage yield of
L. perenne, where herbage N uptake was used as a proxy
for N-use efficiency. These effects were assessed both in a
laboratory column experiment using intact cores taken
from permanent grassland, as well as in a field experiment
on permanent grassland. Our hypothesis was that delaying
N application after harvest increases L. perenne root biomass, resulting in increased N uptake and possibly also
herbage yield.

Materials and methods
Experimental design
For the laboratory column experiment, intact grassland soil
cores were taken from an L. perenne sward (four years old,
cutting only) on a sandy soil (Typic Haploquod [USDA])
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in the Netherlands in June 2010 (van Eekeren et al. 2010b).
Cores were collected by hammering open-end PVC tubes
(400 mm long, 115 mm diameter) into the soil and then
digging them out, keeping soil and tube together. Cores
were placed in a controlled growth room (day: 16 h of
20°C; night: 8 h of 18°C; 80 % relative humidity; 85 W
m−2 light intensity). After one week, grass regrowth was
cut to 6 cm height, as a ‘clearing cut’ before the start of the
experiment. Treatments consisted of N fertilizer application, delayed for either 0, 3, 6, 9 or 12 days following the
clearing cut (first growth period) or harvest cut (second,
third and fourth growth period, each period lasting 21
days). The experiment was carried out in four replicates
per treatment, for a total of 20 cores.
The incubated grassland cores were fertilized with N
at a rate equivalent to 100 kg N ha−1 for each growth
period, resulting in a total application of 400 kg N ha−1
over four growth periods. Applications of P, K and S
were also equally distributed over these periods, at a total
rate equivalent to 34, 498 and 20 kg ha−1, respectively.
Nutrients were added via a stock solution, containing 32
ml of 1 M (NH4)2SO4, 59 ml of 1 M (NH4)2HPO4, 662
ml of 1 M KNO3, 80 ml of 1 M NH4NO3 and 482 ml of
1 M NH4Cl in 2 L of de-ionized water. Weight loss of the
cores by evapotranspiration was compensated daily
using de-ionized water. Furthermore, every four days a
10 mm rainfall event was simulated by adding the
equivalent amount of water (for a total of 20 rainfall
events over the entire experiment).
In the field experiment we tested the same treatments
as in the laboratory experiment, i.e. N applications delayed for either 0, 3, 6, 9 or 12 days following a harvest
event. The field experiment had a randomized block
design with six replicate plots (10 × 2.5 m) in six blocks,
with each block located in a different field of permanent
L. perenne grassland on a drought-sensitive sandy soil in
the southern part of the Netherlands (51°32’N, 5°51’E).
Ranges of basic reference soil properties of the different
fields were (0–10 cm depth): clay 2–5 %, silt 6–24 %,
fine sand 39–55 %, coarse sand 23–51 %, organic matter
2.3–6.3 %, bulk density 1.23–1.52 kg L−1 and pH-KCl
4.7–5.8.
The experiment included six harvest cycles (growth
periods), with 4 to 6 weeks between each harvest. N
applications over the six growth periods were 80, 60, 60,
50, 40 and 30 kg N ha−1, respectively, resulting in a total
application of 320 kg N ha−1. N fertilizer was applied as
calcium ammonium nitrate (CAN, 27 % N) and evenly
distributed over each experimental plot with a custom-

made, small-scale fertilizer spreader (Europart, Austria).
Fertilizer application in the control (0-day delay) treatments took place on March 2, April 29, June 1, July 4,
August 16 and September 23 of 2011. Plots were not
additionally fertilized with phosphorus (P) or potassium
(K), because soil concentrations of plant-extractable P
and K were considered to be sufficient: ammonium
lactate-extractable P (P-Al) (Reijneveld et al. 2014)
ranged from 16 to 31 mg P 100 g−1 dry soil, and
0.01 M CaCl2 extractable K (Houba et al. 1990) ranged
from 61 to 134 mg K kg−1 dry soil. Additional fertilization with S was not considered in the field experiment.
Experimental plots within one field (block) were all
harvested at the same date, irrespective of the number
of days by which N application had been delayed. Block
1 was harvested one to two weeks later than the other
blocks during the entire experimental period, due to
lagging grass growth.
In contrast to our laboratory experiment and the
field experiment by Sheldrick et al. (1994), we did
not irrigate our field plots after fertilizer application,
as this is not common farming practice in the
Netherlands. To take potential rainfall effects on N
availability into account, daily rainfall data from the
nearest weather station (5 to 10 km away) were
collected from the Dutch Royal Meteorological
Institute (KNMI, Bilthoven, the Netherlands).
Measurements
In the laboratory experiment, herbage yield was determined by cutting the grass to 6 cm height with scissors.
In the field experiment, plots were mowed with a
Haldrup grass harvester (J. Haldrup a/s, Løgstør,
Denmark), also to a cutting height of 6 cm. The harvested material was weighed and sampled to determine dry
weight (24 h at 70°C) and total N content (to calculate
herbage N uptake). In the laboratory experiment, total N
was determined using the micro-Kjeldahl method
(Houba et al. 1997); in the field experiment, a Dumasbased method (NEN 16634–1 2008) was used.
In both experiments, roots were sampled after the
final harvest. In the laboratory experiment, root samples
were taken by removing the cores from their PVC tubes
and dividing the soil into four layers: 0–10, 10–20, 20–
30 and 30–40 cm depth. One tube was excluded from
root analysis due to damage caused by Melolontha
melolontha larvae. In the field experiment, roots were
sampled by taking three soil cores (8.5 cm diameter)
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from three soil layers (10–20, 20–30 and 30–40 cm
depth) in each plot, using a root auger (Eijkelkamp,
Giesbeek, the Netherlands). These cores were pooled
into one sample per soil layer per plot for further analysis. We did not sample the top layer (0–10 cm depth)
because previous field measurements had shown large
random variation in root biomass and root length density
in the 0–10 cm layer (Deru et al. 2012) and because we
were primarily interested in treatment effects on deeper
rooting. Furthermore, root samples were not taken in
block 1 and 2, due to lagging grass growth and hence
divergent harvest dates (block 1), or due to damage
caused by Elateridae larvae (block 2).
All soil cores were carefully washed through a 2 mm
mesh screen, and non-root particles were hand-picked
from the washed samples. Samples were then ovendried (24 h at 70 °C) to determine dry weight and
calculate root biomass (kg DM ha−1). Root samples
from the laboratory experiment were also analyzed for
root length density, prior to drying. To this end, root
length per diameter class was measured by image analysis using WinRHIZO-software (Bouma et al. 2000)
(settings: scan resolution 400 dpi; filtering out of particles smaller than 0.2 cm2 and with a length/width ratio
lower than 6; twenty diameter classes: from 0.00 to 0.95
mm in steps of 0.05 mm, and >0.95 mm). From this
data, root length density (root length per soil volume,
cm cm −3 ) and mean root diameter (mm) were
calculated.

340 and 408 kg DM ha−1 in soil layers 0–10, 10–20, 20–
30 and 30–40 cm, respectively. Delaying N application
had no significant effect (P > 0.05) on root biomass
(Fig. 1, Table 1), root length density or mean root
diameter (data not shown). In the field experiment, root
biomass (as measured after six growth periods) was on
average 327, 182 and 118 kg DM ha−1 in soil layers 10–
20, 20–30 and 30–40 cm, respectively. Although the
data suggest a positive trend (Fig. 1), delayed N application had no significant effect (P > 0.05) on total root
biomass (soil layer 10–40 cm). A significant treatment
effect on root biomass was only found for soil layer 20–
30 cm (P = 0.03), where root biomass was significantly
higher after a 12-day delay when compared to shorter
delays. Neither in the laboratory nor the field experiment
a significant effect on root biomass in the deepest soil
layer (30–40 cm) was detected, suggesting that delaying
N application had no effect on rooting depth.
Herbage yield

Results

In the laboratory experiment, delaying N application
was found to have a significant (P < 0.01) negative
effect on total herbage yield (cumulated over four harvests) (Table 1). Total herbage yield was highest after a
3-day delay (19,848 kg DM ha−1), but was significantly
reduced when N application was delayed for 6 days or
more, with lowest yields observed after a 12-day delay
(12,133 kg DM ha−1). A similar, though non-significant,
trend was observed in the field experiment (Table 2),
where total herbage yield (cumulated over six harvests)
was highest when N application was delayed for 3 days
(11,446 kg DM ha−1) and lowest when it was delayed
for 12 days (10,530 kg DM ha−1). Herbage yield at the
second and third harvest tended to be lower when N
application after the previous harvest had been more
delayed, showing significantly lower values after a 12day delay compared to a 0-day or 3-day delay in the
third growth period. In contrast, herbage yield at the
fourth and fifth harvest tended to be higher when N
application had been delayed: at the fifth harvest, herbage yield was significantly higher for all delay treatments (except the 9-day delay), compared to the control
(0-day delay).

Root biomass

Herbage N uptake

In the laboratory experiment, root biomass (as measured
after four growth periods) was on average 3888, 631,

In the laboratory experiment, total herbage N uptake
(cumulated over four growth periods) ranged from 247

Statistical analysis
Treatment effects on herbage yield, herbage N uptake
and root characteristics were statistically analyzed using
ANOVA in Genstat software (17th edition). Herbage
yield and N uptake data were analyzed per harvest event
and for all harvests together. Root biomass, root length
density (measured in the laboratory experiment only)
and mean root diameter (measured in the laboratory
experiment only) were analyzed per soil layer and for
all soil layers together.

Plant Soil

Fig. 1 Root biomass of L. perenne (kg DM ha−1) in soil layers
10–20, 20–30 and 30–40 cm, as affected by delaying N application
after harvest for 0, 3, 6, 9, or 12 days. Root biomass was measured
either after four (laboratory experiment) or six (field experiment)
harvest cycles. Error bars represent standard errors of total root

biomass (soil layer 10–40 cm). Different letters in treatment averages within a soil layer indicate a significant difference (P < 0.05).
NB root biomass in soil layer 0–10 cm not included. For the root
biomass in soil layer 0–40 cm of the laboratory experiment, see
Table 1

to 304 kg N ha−1 (Table 1), and was not significantly
affected by delaying N application (P = 0.19). Similarly,
in the field experiment, no significant effect (P = 0.65)
of delay treatments on total herbage N uptake (cumulated over six harvests) was detected (Table 3). However,
when analyzing the data for individual growth periods,
we found that N uptake during the fourth and fifth
period was significantly higher (P = 0.01) when
N application had been delayed for 12 days (fourth
growth period) or 3 days or more (fifth growth period)
(Table 3).

Rainfall in the field experiment

Table 1 Herbage yield (kg DM ha−1), herbage N uptake (kg N
ha−1) and root biomass (kg DM ha−1) of L. perenne in the laboratory experiment, as affected by delaying N application after harvest for 0, 3, 6, 9, or 12 days
Delay (days)

Herbage
yield1)

Herbage
N uptake1)

Root biomass
(0–40 cm)2)

0

18737cd3)

247

6710

3

19848d

290

5072

6

15717bc

277

5099

9

15085ab

298

4401

12

12133a

304

5007

P-value

< 0.01

0.19

0.81

1)

Total over four harvest cycles

2)

Measured after the fourth harvest (end of the experiment)

3)

Different letters within a column indicate a significant (P < 0.05)
difference between treatments

Rainfall varied considerably over the course of the field
experiment (Table 4). The second growth period was
particularly dry, with only 2 mm of rainfall during the
first 12 days and only 10 mm of rainfall during the entire
period. In contrast, the fourth growth period was very
wet, with relatively heavy rainfall on the sixth, eighth
and tenth day after harvest, and a total rainfall of 146
mm. The fifth growth period was also relatively wet and
had unusually heavy rainfall (29 mm) on the first day
after harvest.

Discussion
Effect of delayed N application on root biomass
In contrast to our hypothesis, we could not detect a
significant effect of delayed N application on L. perenne
root biomass, neither in the laboratory nor in the field
experiment. The results obtained by Ennik and Hofman
(1983) and Jarvis and Macduff (1989) with Lolium
grown in nutrient solutions could therefore not be replicated in soil-based systems. The difference in results
between these studies and our study can be attributed to
differences in experimental conditions.
Firstly, root growth under suboptimal field conditions is
likely to differ from root growth in nutrient solutions under
optimal conditions (Davidson 1969; Powell 1977).
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Table 2 Herbage yield (kg DM ha−1) of L. perenne in the field experiment, for six individual harvests and all harvests combined, as affected
by delaying N application after harvest for 0, 3, 6, 9 or 12 days
Delay (days)

0
3

Harvest #

Total

1

2

2389

2867b1)

2210

3

b

2856

ab

4

5

6

2186b

1682

1352a

557

11,134

b

1764

1575b

662

11,446

b

2207

a

6

2209

2744

2078

1767

1511

664

11,085

9

2273

2487ab

1999ab

1813

1468ab

586

10,680

12

2196

2434a

1744a

2044

1496b

598

10,530

No. of replicates

6

6

6

6

52)

52)

52)

P-value

0.14

0.08

0.02

0.11

0.04

0.35

0.18

1)

Different letters within a column indicate a significant (P < 0.05) difference between treatments

2)

Data from field/block 2 were excluded due to damage caused by Elateridae larvae

Physical obstruction by soil particles (Houlbrooke et al.
1997; Steingrobe et al. 2000) may have prevented a rapid
increase in root growth and root volume such as observed
by Ennik and Hofman (1983) in nutrient solution.
Secondly, in the experiments by Ennik and Hofman
(1983) and Jarvis and Macduff (1989) treatments
consisted of controlled interruptions of a continuous N
supply. This was not the case in our experiments, where
N was supplied only at the start of each growth period. It
is possible that this source of N was exhausted before
the next harvest, particularly in treatments where N
application was delayed for only a few days (leaving
more days for N uptake before the next harvest) and in
the second half of the field experiment when fertilizer

application levels per growth period were lower. In the
latter case, all delay treatments may have experienced N
shortage, masking effects of delayed N application on
root biomass. In the laboratory experiment, average N
uptake between the moment of N application and harvest varied between 7.2 and 9.7 kg N ha−1 day−1 in the
12-day delay treatment. This level of uptake rates suggests that added N could indeed be depleted before the
next harvest and that N shortage could arise sooner in
treatments with a short delay compared to treatments
with a long delay.
A third explanation for the absence of treatment
effects on root biomass in our experiments could be that
effects arising early in the experiment had disappeared

Table 3 Herbage N uptake (kg N ha−1) of L. perenne in the field experiment, for six individual harvests and all harvests combined, as
affected by delaying N application after harvest for 0, 3, 6, 9 or 12 days
Delay (days)

0

Total1)

Harvest #
1

2

3

4

5

6

55

67

56

46a2)

39a

20

224

a

b

3

49

70

51

46

49

24

239

6

54

66

56

48a

47b

25

238

9

57

64

55

51ab

48b

23

236

12

60

62

51

59b

50b

23

241

No. of replicates

13)

6

6

6

54)

54)

54)

P-value

n.a.

0.45

0.88

0.01

0.01

0.26

0.65

1)

Excluding data from harvest #1 (all blocks) and data from block 2

2)

Different letters within a column indicate a significant (P < 0.05) difference between treatments

3)

Data of field/block 1 only; grass samples of all other blocks were accidentally discarded before N analysis was carried out

4)

Data from field/block 2 were excluded due to damage caused by Elateridae larvae
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Table 4 Rainfall (mm) in the first 12 days after each L. perenne harvest and total amounts for each growth period in the field experiment
Growth
period

Duration of growth
period (days)1)

Days after harvest

Total of growth
period

0

1

2

3

4

5

6

7

8

9

10

11

12

0

0

0

0

0

0

0

3

0

402)

1

59

0

0

0

0

2

34

0

0

0

0

0

0

0

0

0

0

2

0

0

10

3

34

0

5

0

2

10

0

0

5

9

0

0

0

0

83

4

41

5

0

0

0

0

0

8

1

11

0

17

2

0

146

5

31

0

29

0

3

0

8

7

0

0

10

3

2

0

112

6

30

0

0

0

0

0

0

0

0

0

0

0

0

1

733)

1)

Defined as the number of days between the moment of the first N application and harvest

2)

Starting March 2, 2011

3)

Ending November 8, 2011

by the end of the experiment, when root samples were
taken. However, this seems unlikely, as Ennik and
Hofman (1983) found that increases in root biomass
were larger after repeated intervals of N deprivation.
Based on these results, effects of delayed N application
on root biomass should have increased, rather than
disappeared, over the course of our experiments, given
that delays in N application were repeated four (laboratory experiment) to six times (field experiment).
Finally, root biomass is a rather general indicator of
root presence and activity, as it includes young, old and
dead roots. In our experiments, relatively small changes
in root growth arising from delayed N application may
have been masked by the large standing root biomass in
the grassland cores and field plots, as compared to a
relatively small standing biomass in the nutrient solution
experiments of Ennik and Hofman (1983) and Jarvis
and Macduff (1989). The use of the ingrowth-core
method (Steingrobe et al. 2000) might be more suitable
to detect relatively small changes in root biomass, as this
method allows to measure newly developed roots (root
production) in the root zone.
Effect of delayed N application on herbage yield
and herbage N uptake
In the field experiment, a delay of N application after
harvest for up to 12 days had no significant (P > 0.05)
effect on total herbage yield and total herbage N uptake
over six growth periods. However, the results do suggest
that total herbage yield was highest when N application
was delayed for 3 days, with yields decreasing only
when this delay was 6 days or more (Table 2). This

trend was not observed for herbage N uptake. Field
experiments in the UK by Wolton (1973), carried out
at three different sites during three growing seasons with
28-day harvest cycles, showed that herbage yield was
highest after a 1-day delay compared to an 8- or 15-day
delay in N application. The effect of a 3-day delay was
not tested in Wolton’s (1973) study, but their conclusion
was that N fertilizer most effectively increased herbage
yield when applied within 8 days after harvest. In another UK study, carried out at one location during one
growing season with 42-day harvest cycles, Sheldrick et
al. (1994) found that a delay of up to 10 days had no
significant (P > 0.05) effect on herbage yield. Nitrogenuse efficiency, however, was significantly higher after a
7-day delay compared to a 0-day, 3-day, or 14-day delay.
In the latter study, irrigation after N application reduced
the effect of rainfall events on N availability. The findings of Sheldrick et al. (1994) are in agreement with the
results of Ourry et al. (1989) and Thornton et al. (1993),
who found that only a small amount of N is taken up
from the soil during the first week of regrowth, implying
that fertilizer N added within 7 days after harvest is
susceptible to loss, reducing N-use efficiency. Without
irrigation and with N applied under dry conditions, a
rainfall event may kick-start N uptake in all treatments
simultaneously, reducing treatment effects of delayed N
application on N-use efficiency. This may have played a
role in our experiment.
In contrast to our field experiment, our laboratory
experiment showed a significant negative effect on
herbage yield when N application after harvest was
delayed for 6 days or more. This difference in results
may be explained by the shorter harvest cycles in the
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laboratory experiment (three weeks) compared to the
field experiment (four to six weeks), which potentially
increased the impact of delayed N application in the
former: for example, a 12-day delay reduced the number
of days available to grass plants to utilize fertilizer N
before the next harvest by 34 %, compared to 57 % in
the laboratory experiment. The impact of this reduction
was potentially exacerbated by the more favourable
growing conditions (higher N application rate, temperature, light intensity) in the laboratory experiment compared to the field experiment.
Effect of rainfall on herbage yield and herbage N uptake
in the field experiment
Heavy or prolonged rainfall after a fertilizer application
may result in N leaching, leading to lower N uptake and
lower herbage yield (Mancino and Troll 1990;
Adomaitis et al. 2008). In our field experiment,
rainfall patterns may thus have influenced the effects of delayed N application on herbage yield
and N uptake, particularly during the first 12 days
of each growth period. For example, in the fourth
growth period, rainfall was relatively high on days
6, 8 and 10 (Table 4), coinciding with increased N
uptake in treatments where N application was delayed to day 9 and 12 (Table 3). Possibly, leaching
potential was lower on the latter days (particularly
day 12), resulting in significantly higher N uptake.
Rainfall effects may have played an even larger
role during the fifth growth period, when both N
uptake and herbage yield were significantly higher
in all delay treatments, compared to the control (0day delay). This effect may be explained by the
extremely heavy rainfall on the first day of this
growth period, which may have caused significant
leaching of the N applied immediately after harvest (0-day delay treatment). The difference in N
uptake between the treatment with a 0-day delay and
treatments with longer delay suggest that at least 10
kg of the 40 kg N applied on day 0 was lost for plant
uptake (Table 3).
Given the influence of rainfall on the fate of fertilizer
N applied under field conditions, effects of delayed N
application will likely depend on the fertilizer formulation used. In our field experiment we used CAN, which
contains 50 % ammonium-N and 50 % nitrate-N.
Wolton (1973) and Sheldrick et al. (1994) did not report
the type of N fertilizer used in their experiments. As

nitrate is more sensitive to leaching than urea or ammonium (Mancino and Troll 1990; Adomaitis et al. 2008),
fertilizer formulation may influence the effect of delayed
N application, particularly when rainfall is high.
Finally, the relatively large effects of rainfall
events on herbage N uptake and herbage yield observed in our experiment suggest that N-use efficiency and herbage yield of grassland may be increased
by minimizing the risk of fertilizer N leaching.
Weather predictions should therefore be taken into
account to avoid N application right before heavy or
prolonged rainfall. Furthermore, using fertilizer formulations with a higher percentage of ammonium
during relatively wet periods of the growing season
could increase herbage yield and N-use efficiency,
while reducing environmental pollution from N
leaching and possibly also denitrification (de Klein
and van Logtestijn 1994).

Conclusions
In both our experiments, a delay in N application of up
to 12 days after harvest had no significant effect on L.
perenne root biomass or total N uptake, but did significantly reduce total herbage yield in the laboratory experiment, possibly due to the relatively short harvest
cycles. The observed positive effects of delayed N application on N uptake and herbage yield in the fourth
and fifth growth period of our field experiment appear to
be the result of the avoidance of leaching, caused by
heavy rainfall shortly after fertilizer N application. This
suggests that strategic timing of N application based on
rainfall forecasts could contribute to reduce N losses
from leaching.
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