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Abstract

There are distinct differences between the Netherlands (NL) and the United Kingdom (UK)
in the use of urea (U). and (calcium) ammonium nitrate ((C)AN) fertilizers on grassland. It
has been known for some time that rainfall and temperature affect NH, volatilization from U
and its agronomie efficiency. This study aimed (i) to examine how rainfall and temperature
pattern in NL and UK relate to the observed U efficiency, and (ji) to provide a simple deci-
sion support model for farmers to enable them to choose the most appropriate M fertilizer.
This study is based on straight forward and uniform statistical analysis (residual maximum
likelihood) of existing data from numerous field trials.

The agronomic efficiency of U compared to CAN in field trials was expressed as (i) urea rel-
ative (N) yield (UR(N)Y), and (ii) apparent-urea relative (N) yield (AURN)Y).

In NL, URY did not significantly differ from 100% on peat grassland. Mean URY on sand
and clay was 95%, in both cases. Mean seasonal AURY and AURNY for the summed data of
sand and clay soils was 92.3 and 86.4%, respectively, without significant differences be-
iween first and later cuts, There was no. significant jmprwemmt of AUR(N)Y in the last
decades, In the first cut, mean AURY was lower than in En (100.9%) and NI (100.2%).
Differences in ufﬁmum}r between countries could be described by short-term rainfall and
temperature. By aggregating NL, NI and En data a simple regression equation was derived:

AURY = 89,48 (= 0.781) + 2.188 (= 0.148) * R3 - 1.091 (= 0.070) * T3

(3 and T3; rainfall amount and average temperature within three days after fertilizer appli-
cation, respectively). The decision support model based on this equation showed that under
prevailing NL weather conditions it will be profitable for the farmer to apply U instead of
CAN, for the first and second cut, only once every 5 and 7 years, respectively, because R3's
exeeeding 6 and 9.5 mm are required. |

Keywords: urea, calcium ammonium nitrate, grassland, fertilizer efficiency, rainfall, temper-
ature :
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Introduction

In Western Europe, grasslands are intensively managed and supplied with relatively
large amounts of N fertilizer. Ammonium nitrate ((C)AN) based fertilizers are by far
the dominant (more than 90%) N fertilizers for grassland in the Netherlands (NL).
By contrast, in the United Kingdom (UK) and especially Eire, urea (U) based fertil-
izers have a significant share in the use of N fertilizer on grassland. Major reasons
for use of U based fertilizers are the relatively low price, the high N content and the
suggested lower susceptibility for NO3 leaching, denitrification (Jordan, 1989) and
N,O emission compared with (C)AN (Velthof ef al., 1996). Major objections for us-
age of U based fertilizers are the large potential for NH; volatilization (Freney ef al,
1983) which on grassland can be as high as 60% of the applied N (Velthof ef al.,
1990; Black et al., 1987; Titko et al., 1987; Kunelius et al., 1987), the lower maxi-
mum yield (Watson et al., 1990; Van Burg et al., 1982) and the soil acidifying effect
(Van Burg ef al., 1982). The general perception of the farmer is that U has a more
uncertain effectiveness than CAN. In a review study, Watson et al. (1990) concluded
that there was no evidence to indicate that U is significantly more variable than CAN
for spring grass production in UK and Eire. There were large variations in the agro-
nomic efficiency of both U and CAN when applied to grassland in spring. However,
U was slightly less-effective than CAN in summer. Comprehensive field trials in NL,
showed that over the whole season U was on average 15% less effective than CAN
(Van Burg ef al., 1982). These somewhat contrasting conclusions suggest significant
differences in environmental conditions, and thereby in the effectiveness of U rela-
tive to CAN, between UK and NL.

Weather conditions such as temperature and rainfall have a significant effect on
the agronomic efficiency of N fertilizers. Rainfall and low temperatures after fertil-
izer application suppress MH, volatilization from U (Bouwmeester et al., 1985;
Black et al., 1987; Freney et al.; 1983), thereby improving efficiency. In addition,
rainfall increases NOj leaching and denitrification from CAN, thereby decreasing
CAN efficiency (Velthof et al., 1996). It has been shown (Van Burg & Rauw, 1972;
Lloyd, 1992) that rainfall amounts of about 5 mm within a few days after fertilizer
application resulted in an equal efficiency of U and CAN. For much larger amounts
of rainfall, U became more efficient than CAN. Because effects of rainfall and tem-
perature on U efficiency are general, and omnipresent, we hypothesize that variation
in rainfall and temperature patterns define the observed differences in U efficiency,
between NL and UK/Eire.

As the present environmental and economical constraints force European farmers
to reduce costs, increase nutrient efficiency and minimize nutrient losses, the choice
of N fertilizer type becomes more important.

This study defines criteria to improve fertilizer N use efficiency on grasslands in
UK, NL and Eire. Data from a large number of fertilizer trials on representative
grassland sites in these countries were analyzed uniformly. These analyses were used
to test whether differences in rainfall and temperature patterns define the differences
in U efficiency between these countries. Because experiments were carried out in
different years, we first tested whether there is a general increase in agronomic effi-
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ciency of U from the early fifties to the late eighties. This could be due to for exam-
ple an improved fertilizer technology or a reduced biuret content in U (Watson ef al.,
1990). Results were also used to construct a simple model to help farmers to decide
when U is profitable relative to AN-based fertilizer.

A list of abbreviations used in this paper is added in Annex 1.

Materials and methods

Available data and sources

Available data from representative grassland areas in western Europe were analyzed,
i.e, datasets from NL, Northern Ireland (NI) and southern England (En). General in-
formation about the datasets is given in Table 1. Available trials for NL varied from
testing a single application in spring to a single application in autumn at different lo-
cations all over NL. In some trials applications of U and CAN were compared over
all the growing season. Generally, dry matter yield (DMY) per cut ranged from 1500
to 4000 kg ha™', with the largest yields in the older experiments. Data for NI
(Stevens ef al,, 1989) came from a trial in which during three years the effect of ten
dates of application of CAN and U on DMY was studied in a randomized block ex-
periment at four different sites. Fertilizer was applied at weekly intervals from 1
February to 5 April at 70 kg N ha-!, At each site two control plots within each block
received no N, Treatments were replicated three times (three blocks). The first cut
was mown for all treatments on the same day, at the end of April. Within two days
CAN and U were re-applied (50 kg N ha™'). The second cut was mown, at the end of
May.

Data for southern En came from a four years old experiment (Peake, pers. comm.)
in which DMY response of the first and second cut was determined. The DMY of
the first and second cuts ranged from 5 to 7 and from 3 to 5 ton ha!, respectively.

Generally, the sites of the trials differed each year. In total, 244 treatment data sets
(of which 100 for the first cut) were analyzed, the control treatments excluded.

Rainfall and temperature data were gathered for the trials in NL and NI for 10
days before N application up to mowing. The data came from official weather sta-
lions nearby the experimental sites. For En rainfall data within two days after appli-
cation and average temperatures were available.

To predict the chance of a certain amount of rainfall after U application, probabili-
ty curves were derived using rainfall statistics of NL in spring (period of
1930-1960), as an example. The probability of an amount of *X* mm within ‘Z’ days
was calculated.

Comparison of fertilizer N trials

From a farmer’s point of view, the effect of applied N on the vield of metabolizable
energy or DM has to be considered rather than the effect on total herbage N yield
(NY). However, from an environmental point of view the fraction fertilizer N recov-
cred by the crop is important, as the remaining N is susceptible to losses. We decided
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to compare U and CAN on, both DMY and NY basis.

The efficiency of U and CAN in field trials with respect to DM yield can be ex-
pressed in terms of i) UEF (urea effectivity factor), ii) URY (urea relative yield) and
iii) AURY (apparent-urea relative yield) i.e.,

_ (CAN application needed to obtain yield X)

UEF = {Tapplication needed to obtain yield X)  ~ 00" (1)
_ (DMY with U)

URY = oMy wimcaw * 0% @

AURY = (DMY with U) — (DMY of O N plot) - oos -

(DMY with CAN) — (DMY of 0 N plot)

Replacing DMY by NY in Equations (2) and (3) gives i) URNY (urea relative NY)
and ii) AURNY (apparent-urea relative NY).

Probably, the most contrasting way (difference from 100%) of testing fertilizers is
by UEEF, followed by AURY and URY, as is demonstrated in Figure 1. The first two
ways correct for the yield obtained at the control treatment. However, AUR(MN)Y and
UR(N)Y were mainly used in this paper, because i) most of the experiments did not
contain enough N levels to apply the UEF method and ii) unless the maximum yield
level for both fertilizers are the same UEF becomes biased (van Burg et al., 1982). In
the case of a low DMY or NY at the 0 N plot, UR(N)Y approaches AUR(N)Y. When
there is no difference between the U and CAN fertilizers, AUR(N)Y and UR(N)Y
are 100%.

Statistical analyses

QOur dataset with N fertilizer trials (Table 1) contains information on treatment ef-
fects in similar experiments conducted at different times and places. To combine this
information on treatment effects and to obtain information on sources and size of
variability in the datasets we have to use the method of residual-(or restricted) maxi-
mum likelihood. To do this we used the REML algorithm of the statistical package
GENSTAT (Anonymous, 1994),

Models

The NL data were used to test whether there has been an increase of U efficiency in
time and, also during the season using a linear mixed factorial model (Table 2 (A)).

To test whether differences in rainfall and temperature patterns adequately explain
the observed differences in agronomic U efficiency and U use between NL, NI and
En, we used similar linear, mixed models (Table 2). The NL model included 19 para-
meters including interactions, the En model only 5. This difference was due to the
fact that inclusion of more parameters did not lower the deviance significantly or
was not possible because no information was available (i.e. for En there was no in-
formation about number of growing days and temperature).
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Figure I, A schematic representation of how to estimate UEF (Urea Effectivity Factor), AURY
(Apparent-Urea Relative Yield) and URY (Urea Relative Yield). UEF is 100 x F/E = 72%, AURY iz
100 x (A-D)NC-D) = 75%, URY is 100 x ASC = 82% and dX is the yield difference between CAN (+)
and U {A) at maximum yield.

Results

NL data; effecis of soil type, period of trial execution, harvesting day and amount of
N applied

The URY frequency distributions shown in Figure 2 depict significant variations.
Mean URY differed from 100% on sand and clay soils, but not on peat soils. These
results were confirmed by statistical analysis using model NL-A (Table 2), suggest-
ing that the agronomic efficiency of U was less than that of CAN on sand and clay
but not on peat soils. Peat soils were excluded from further analysis because of the
limited data. The apparent N recovery in these experiments was low. The ‘predic-
tion’ with REML was 56% and 48% for CAN and U, respectively.
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Figure 2, Frequency dislribution of URY on sandy, clay, peat and sand+clay grassland of trials per-
formed between 1954 and 1989 in NL.

Results presented in Table 3 indicate that AURY did not vary significantly be-
tween three classes of trials, grouped according to years. Trials carried out on sand
and clay soils in the period 1954-1967 had similar AURY and also AURNY (data
not shown) to the trials carried out in the period 1987-1989, suggesting no general
increase in agronomic efficiency of U with time.

Results presented in Table 3 also indicate that AURY was affected neither by the
harvesting day (HD), nor by the amount of applied N (appIM). Similar results were
obtained for AURNY (not shown). The fact that AUR(N)Y was independent of the
number of cuts (HD) confirms the conclusions of Van Burg ef al. (1982), except that
a decreasing AURY with an increase in amount applN was not confirmed in the pre-
sent study.

Reducing model NL-A (Table 2) to only the significant terms finally resulted in
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Table 2, The general linear mixed models used to analyze NL, NI and En data, showing that model A for
ML is a factorial model.

NL Ml En

Hm

M
applN
FT

HHHH R
]

o

Wl

HD
mT
Mappl
NoGD
RBy
Rx
iR
Tx .
sT x x
YR x
(NoGD)?
(Nappl)?
Rx)?

(RBy)?
FT.MNappl
FT.Rx

FT.Tx
Nappl.NoGD
Nappl.IR
Nappl.Rx
NoGD,Rx
FT.NoGD,Rx

WMo H E MM

E T I T R B B

=
]
ki

remailning variance divided
fir variance components () for
E, (site) X X
gy (year) X X
By (site,year) X X
[ (site.block)
Bt (site.year.block)

_ (year.pai)
unis X x

EL T I R e L A

M constant (kg ha-! yrf)

applN  factor *amount of applied N (kg ha™'), divided in 3 classes (Table 3)

FT factor *fertilizer type’, being U or CAN

HD factor *harvesting days® divided in 4 classes (Table 3)

Mappl  ‘amount of N applied’ (kg ha™")

MNoGD  number of growing days (day)

mT ‘mean temperature” between time of fertilization and cutting (°C)

BBy *amount of rainfall® within y days before fertilizer application (mm)
‘amount of rainfall’ within x days after fertilizer application (mm)

iR ‘total rainfall’ between time of fertilization and cutting {mm)

Tx ‘average temperature” within x days after fertilizer application (*C)

ST factor ‘soil type'; sand, clay and peat for NL (A), sand and clay for NL (B),
& soil types for En

YR factor *year’, divided in 3 classes (Table 3)

units rest variance at the lowest level
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Table 3, The predicted *DMY response — DMY response of ON plot* for CAN and U, ‘difference in
DMY" and *AURY" as a function of the factors soil type (ST), periods of years (YR), periods of harvest
days (HD) in day numbers, and amount of applied W (applN) in kg N ha™ of 459 pairs of yield data ob-
tnined in ML between 1954 and 1989,

Foctor Predicted Predicted Averape Predicted
‘DM yield — ON" ‘DMY difference” s.e.d. AURY
DM yield (kg ha™!) {kg ha™)
CAN u
FT! 1367 1270" 106 27 92.3
ST
samd 1354 1249 105 138 922
clay 1510 1377 130 91.2
YR
1954-1967 1562 1444 118 317 92.4
1970-1973 1542 1387 155 89.9
1987=1989 1193 1109 B4 93.0
o
< |36 883 759 124 254 £6.0
136-151 1819 1700 119 93.5
152-181 1649 1513 136 91.8
=181 1378 1281 97 93.0
apply
< 6 880 770 110 a0 87.5
6]-120 1504 1401 103 03.2
=120 1913 1769 144 92.5

o= | 126E+5, ﬂ,.’ =0, T4E+4, ﬂ”: = | 521E+5 and l:!m.l = | 20TE+S
} Obtained after reduction model ML (A) (Table 2) to significant terms (superscripts a,b for p = 0.001)

‘REML predictions’ for the whole season for URY of 96%, for URNY of 93%, for
AURY of 92% and for AURNY of 8§6%. All predictions were significantly different
from 100% (P < 0.001). Because of the relative high DMY’s and NY"s at the control
plots, UR(N)Y was markedly higher than AUR(N)Y.

NL data; effects of rainfall and temperature

Rainfall and temperature patterns during the trails may have contributed to the varia-
tion in URY, To test this, a more detailed analysis was performed based on model
NL-B (Table 2). Data for the first cut and later cuts were analyzed separately, because
of big differences in growing conditions. Analyses of DMY and NY response showed
that best relationships were obtained with short-term weather conditions. After fertiliz-
er application the amount of rainfall within three days (Rx = R3) and the average tem-
perature during the first three days (Tx = T3) were significant. Before fertilizer appli-
cation the amount of rainfall the preceding five days (RBx = RB5) and seven days
(RBx = RB7) for the first and later cuts, respectively, were significant.
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URNY (%)
110

14
Rainfall within 3 days (mm)

0= .
Probability (2, In%) on rainfall within 3 days

Figure 3, The cffect of R3 for the first cut on AURNY -for different N applications and mean tempera-
tures the first three days after fertilizer application, (& = 60 kg W ha and 3°C, A = 60 kg N ha! and
3°C, ® = 100 kg N ha™! and 8°C, O = 100 kg N ha~' and 3 °C). In addition the probability of R3, greater
or equal than the amount plotted on the X-axis (is shown on the lower Y-axis).

Results of the DMY response models (Annex 2) indicate a significantly higher
DMY than with CAN than U for the first cut (FTes = 128 kg ha™! cut™) and for later
cuts (FTgay = 83 kg ha™! cut™?), which is in agreement with our earlier analysis. The
DMY response of the first cut for U and CAN was positively related to total rainfall
(tR} and mean temperature between fertilizer application and harvest {mT) and nega-
tively to R3 (Annex 2). The DMY response of the later cuts was only related to short
term weather conditions R3, T3 and RB7. The DMY response of first and later cuts
showed no significant interactions between fertilizer type (FT) and weather condi-
tions (1.e. FTg,,. R3).
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NY response of the first cut showed significant interactions between FT and R3,
T3 and the N application rate (Nappl), respectively (Annex 2). An interaction be-
tween FT and appIN was not found with model NL-A (Table 2), because all cuts
were analyzed and weather parameters were not included. The summarized effects of
these interactions (illustrated in Figure 3), show that AURNY decreases with Nappl,
and increases with R3 and T3. In order to obtain an AURNY = 100, rainfall amounts
of = 6,0 and = 12,5 mm are necessary for N rates of 60 and 100 kg ha™!, respectively.
These amounts of rainfall are not very common. The rainfall probability curve
(Figure 3) shows that the chances of these amounts in spring are = 22% and = 119%,
respectively. At higher Mappl the r:hances of obtaining an AURNY = 100% is even
much lower than 10%.

For later cuts (Annex 2), thnrf: were no interactions between FT and R3, T3 and
Mapp! and it is predicted that use of U lowers N uptake with 5.9 kg ha™ (FTeuw =
5.9) under all conditions.

NI data; effects of mmfaﬂ and .!'empemmm

Strwans et al. (1989) found a significant DMY dﬂ’f‘ﬂmnm between U and CAN in the
[irst cut in only three out of the 120 fertilizer applications. Because of this, the current
dataset was aggregated, by averaging the results per cut over three years and 10 appli-
cation times to reduce the variance in the experiments. The reduced dataset (4 sites, 3
blocks and 2 cuts) was analyzed (Table 4). The second cut showed a significant differ-
ence from 100% for URY, AURY and AURNY. For both cuts it appeared that URY,
AURY and AURNY: increased together with the amount of rainfall (Table 4).

Table 4, The URY, AURY, AURNY and cuomulative rainfall averaged over three years and 10 applica-
tion times for the first and second cut of the NI experiment of Stevens ef al. (1989).

Site URY AURY AURNY Cumulative
% % % rainfall (mm)

Cur I Feb, March
' and April

51 (Crossnacreevy) . 102.9 104.4 100.5 192

52 (Hillsborough) 98.9 06.7 95.6 186

83 (Casile Archdale) 101.2 103.5 106.4 218

S4 (Greenmount) 985 96.6 95.0 182

Mean _ 100.1 100.2 29.5

Cut 2 : May

51 (Crossnacreevy) 97.6 96.2 93.4 55

$2 (Hillshorough) 98.] 96.1 911 54

23 (Costle Archdale) . 101.3 103.6 102.5 63

34 (Greenmount) 97.3 94.6 92.6 53

Mean 98.7" 974 952™

" different from 100 at P = 0.05 and P = 0.01, respectively
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The effect of rainfall and temperature was tested in more detail using model NI
(Table 2) for the whole dataset. Analysis of DMY response of the first cut showed
interactions between FT and Rx, Tx, NoGD and Rx.NoGD (Annex 2). Short-term
rainfall and temperature was best related to DMY response for Rx =R3 and Tx=T3.
The difference in DMY and NY response between CAN and U is negatively-related:
with T3 and R3.NoGD and positively with R3 and NoGD. The summarized effect of
these interactions is illustrated in Figure 4.

En data; effects of rainfall

The data of Peake (pers. comm.) showed a significant higher DMY with CAN than
with U, Predicted URY for the first cut was 99.1% and for the second cut 94.8%.
Predicted AURY for the first cut was 100.9% and for the second cut 91.1%. Using
model En (Table 2), we obtained a significant interaction between FT and R3
(Annex 2). With U application, DMY increased by, respectively, 10.74 (% 6.68) and
13.75 (£ 7.76) kg ha™' mm™ rainfall in the first and second cut (Annex 4), respec-
tively, compared with CAN. Including the factor soil type (ST) in the modél gave a.
significant |mpm1.reme.nt because DMY differed significantly between the ST’.

Combined dam ﬂf NL, NI and .En

The analysis thus far showed that agronomic U efficiency was affected by shortterm
rainfall and decreased with short-term temperature after fertilizer application. If rain-
fall and temperature patterns in NL, NI and En are different, then mean (A)UR(N)Y
are also different in these countries. Aggregation of recorded R3 and T3-data-in NL, NI
and En clearly showed systematic mean differences (Table 5). In NL, low AUR(N)Y
were found together with relatively low R3 and T3 in the first cut, and relatively large
R3 and T3 in later cuts. Apparently, the increased-'R3 (which suppresses NHj
volatilization) in later cuts was counteracted by the increase in T3 (which enhances
NH, volatilization). In NI, a relatively large AURY was combined: with relatively large
R3 and modest T3 in the first cut. In the second cut mean T3 was:higher, which result-
ed in a decrease in AUR(N)Y. High temperatures.and little rainfall promote NH,
volatilization from U and reduce N losses through denitrification and MO:,; leaching
from (C)AN., Both counteracting processes lead to low AUR(N)Y.

Combining all trials and all cuts leads to the following relationships between
AUR(N)Y and R3 and T3:

AURY = 89.48 (£ 0.781) +2.188 (£ 0.148) *R3 — 1.091 (£ 0.070)* T3

(R2,4=98.9%) (@)
AURNY = 31TE(:I:I93}+3665(:l:l]366}*ﬂ3—1Elj[iﬂilﬂj*ﬁ
(R2,4=97.6%) (5)

These relationships clearly indicate that rainfall and temperature. define the agro-
nomic efficiency of U in a similar way in NL, NI and En:
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URY (%) Figure 4. The effect of R3 on
URY in NI for varying NoGD,
A (A =80 day, O =60 day, ¥
=40 day) with T3 =5°C, mT =
112 r 6°C and tR = 120 mm and for
varying T3, B (& =8°C, @ =
6°C, ¥ = 4°C) with NOGD =
60 day, mT = 6°C and tR. = 120
mm), using the results of
Stevens el al. (1989).

116

108

Rainfall within 3 days (mm)
URY (%)

12
108
104

100

88 ' B

. Ralnfall within 3 days (mm)

Eeonomic evaluation of the use of (C)AN and U

The farmer’s choice of the amount and type of N fertilizer to be used on grassland is
an economic decision; he wants to maximize the difference between the harvesting
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Table 5. The average AURY, AURNY and the average amount of rainfall and average temperature with-
in three days after fertilizer application (R3,T3) in NL, NI and En.

Cut AURY AURNY R3 T3 3 day periods
% % (mm) °C without rain, (%)

NEL

First 023 86.4 3.63 4.67 15.6

Later 92.3 86.4 £.90 14.21 24.4

M

First 100.2 99.5 7.38 6.4 233

Second 7.3 95,2 7.42 9.1 16.7

En

First 100.9 =! 8.04 - 10.0

Second 21,1 - 5.70 - 21.7

" no data available

value (product quality in combination with yield) of herbage and the costs of fertil-
izer input, :

To facilitate decision analysis, we developed an empirical relationship to predict
the profitability of U use. This relationship is based on Equation 4, but includes also
the effect on soil acidification of U use, relative to CAN use:

U, = CAN, + DM, *(DMY,~DMY{,)*(0.8948 + 0.02188*R3 — 0.01091 *T3)/Nappl
+ (~2.94 + 1/(fraction of N contained in CAN))*lime, (6)

with:

~ U, CAN, and DM, are the prices of U-N, CAN-N and herbage DM (Dfl kg™'), re-
spectively.

~ DMY~DMYy is the DMY difference between the fertilized and the ON plot (kg
DM ha)

~ lime, is the price of the limestone contained in CAN (Dfl kg™)

CAN contains limestone, which is valued in Equation 6. Furthermore, it is possible
to value the differences in NH, volatilization, N,O emission and NO; leaching,
These losses are unwanted. In the future, farmers could be charged for these losses,
if data are available. However, at present there is not much evidence that fertilizer
type affects N losses, let alone quantified estimates as a function of rainfall and tem-
perature,

Examples of Equation 6 are shown in Figure 5. The calculations have been per-
formed for DMY ., and DMY, of 3000 and 1500 kg ha™' cut™, respectively, in the
first cut (T3 = 5°C) and second cut (T3 = 12°C). In NL one kg herbage DM has a
value of Dfl, 0.20 and U is about Dfl. 0.15 kg™' N cheaper than CAN (27%)
(Anonymous, 1996). Figure 5 indicates that R3 must exceed 6 mm and 9.5 mm for
the first and second cut, respectively, to obtain equal profits for U and CAN. In NL
the probability of R3 > 6 mm and R3 > 9.5 mm is 20% and 15% for the first and sec-
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Figure 5, The effect of R3 on the price difference needed between U and CAM to obtain equal profits for
difTerent temperatures, based on NL and NI data.

ond cuts, respectively, indicating that use of U for those cuts is only profitable once
every 5 and 7 years, respectively. Assuming that the B3 values in Table 5 for NI and
En are representative for the whole of NI and En, then usage of U is profitable for
the first cut, becausé R3 is > 6 mm (Figure 5). For later cuts it is generally not prof-
itable to use U, Of course there are differences within a country in rainfall and tem-
perature pattern during spring. Improving the rainfall probability curve by using data
of local weather stations will greatly improve the accuracy of the predictions with
Equation 6. -
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Discussion
Effects of rainfall and temperature

Straightforward analysis of NL, NI and En data showed that rainfall and temperature
have a marked and uniform effect on the agronomic U efficiency. These results con-
firm other findings (e.g. Van Burg et al., 1982; Black et al., 1987; Herlihy and
O* Keeffe, 1988; Watson ef al., 1990; Lloyd, 1992; Mahli, 1995). Thus far, however,
no link has been made to the fact that rainfall and temperature patterns also deter-
mine the differences in observed efficiencies between countries. Our study clearly
shows that rainfall and temperature not only define (A)UR(M)Y in field trials within
a country but also the observed differences in the use of fertilizer types between
countries, Therefore, the conclusion of Watson ef al. (1990) that U is generally as
good as CAN early in the growing season, but less-effective in summer for NW-
Europe conditions is too strict.

No significant increase of (AYUR{N)Y over the last 35 yrs was observed (Table 3).
Such an increase might have occurred because of changes in grassland management,
fertilizer granule quality andf/or variations in weather conditions. Data of 3040
years of fertilizer trials are useful to test this provided the management of the trials
is similar during the years. This was the case and was confirmed by statistical analy-
sis. Improving fertilizer granule technology in the last decades (Anonymous, 1979),
has resulted into more equal and less caking granules. This contributes to a better
distribution of fertilizer on farms, but will hardly affect the distribution of fertilizer
in trials with small plots and effects will therefore not be demonstrated.

For example, average R3 was 4.9, 5.3 and 7.7 mm and average T3 was 5.6, 10.5
and 13.5°C during the periods 1954-1967, 1970-1973 and 1987-1989, respectively.
Using Equation 4 this would give a mean AURY of 94, 8% and 91%, respectively,
roughly the same variation as in Table 3.

We may conclude that (A)UR(N)Y values are similar in NL and UK where there are
similar rainfall and temperature patterns. Variations in AURY between countries, dur-
ing the season or between seasons can be mainly explained by these two variables.

Other important factors that may effect U efficiency

Van Burg ef al. (1982) and Chaney & Paulson (1988) showed that UEF and URY de-
creased with Nappl increased, especially at high Nappl. Van Burg et al. (1982) found
UEF’ of 0.85 and 0.75 for Mappl of 70 and 140 kg N ha™', respectively. Lloyd (1992)
found similar DMY increases per kg M applied with 80-160 kg N ha~!l. We found the
same in our analysis. This suggests that URY decreases at high Nappl. Average
Mappl for the first cut and later cuts was 110 and 80 kg ha™ in NL and 70 and 50 kg
ha™! in NI. Nowadays, Nappl for the first cut and later cuts is decreasing and seldom
exceeds 100 kg ha™!, This may contribute to-an improvement in U efficiency.

Results of Chaney & Paulson (1988) and Lloyd (1992) suggest that agronomic U
effectiveness is different on calcareous compared with non-calcareous soils. The dif-
ference suggests that N losses from U through NH, volatilization are involved (ECE-
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TOC, 1994). The higher agronomic effectiveness on peat soils compared to sand and
clay soils may be due to a combination. of low NH, volatilization from U and rela-
tively large N losses from CAN through- denitrification. Peat soils are wet and this
favors the dissolution and diffusion transport of U into the soil, thereby reducing the
risk of WH; volatilization. Wet soil conditions also promofe denitrification, thereby
reducing the amount of NO,—N from CAN. As a consequence, CAN-N derived emis-
sions of N,0, an intermediate component in both denitrification and nitrification
processes, are much larger on peat soils than on sand and clay soils (Velthof et al.,
1996). Denitrification measurements in- NI by Jordan (1989) gave also much higher
N losses from CAN than from U, especially under wet conditions. Data on peat soils
should therefore be analyzed separately. -

The form of N in fertilizers may also affect the efficiency of N fertilizers. Uptake
of U by the crop is lower than the absorption of NH; and NO; (Bradley ef al., 1989).
Within a few days (even at low temperatures) U is hydrolyzed to NH} (Gillman et al.,
1995). Then the main N forms present in U and CAN fertilized soil are NH} and
NI1,NO;, respectively. Perennial ryegrass uses NO,-N more effectively than NH-N
in DM production (Watson, 1988) and yields are-highest when a mixture of NO3 and
NH} is supplied (Haynes, 1986). This suggests that a lower uptake efficiency in ad-
dition to N losses via NH, volatilization may be therefore one of the reasons for the
observed lower attainable maximum yield with U than with CAN (Van Burg ef al.,
1982; Watson et al.,, 1990).

- Cholee of ﬁ;-.rﬂizer 3

With Equation 6, we obtained a simple decision support equation for farmers to en-
able them to choose between U and CAN, for spring application on grassland. In ad-
dition, the decision which N fertilizer to apply may also depend-on the storage ca-
pacity at the farm. U requires less storage capacity than CAN because of its higher N
content. Furthermore the cost of transportation from the retailer to the farmer may
be lower for U than for CAN when distances are large. Equation 6 may therefore re-
quire some adaptations, depending on local circumstances.
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Annex 1.

Used abbreviations '

AN = ammonium nitrate

appIN = ‘amount of applied N’ (kg ha™'), divided into 3 classes

AURY = apparent urea relative yield (%); 100 x ((DMY with U)-(DMY of 0 N
plot)/((DMY with CAN) — (DMY of 0 N plot))

AURNY =apparent urea relative N yield (%); 100 x ((NY with U)-(NY of O N
plot))/((NY with CAN)-(NY of 0 N plot))

CAN = caleium ammonium nitrate

DMY  =dry matter yield (kg ha™")

FT = factor fertilizer type, being U or CAN

D = factor ‘harvesting days’, in numbers of day, divided into 4 classes

mT = ‘mean temperature’ between time of fertilization and cutting (°C)

N = nitrogen

Nappl = ‘amount of N applied’ (kg ha™")

NY = N yield (kg ha™)

NoGD = number of growing days (days)

RBy = ‘amount of rainfall” within y days before fertilizer application (mm)

REML = restricted maximum likelihood

Rx = ‘amount of rainfall® within x days after fertilizer application (mm)

ST = factor ‘soil type’, 3 types for Netherlands (sand, clay and peat) and 8
types for England

U = urea

(R = ‘total rainfall’ between time of fertilization and cutting (mm)

Tx . =‘average temperature’ within x days after fertilizer application (°C)

UEF = urea efficiency factor (%); 100 x (CAN application needed to obtain
yield X)/(U application needed to obtain yield X)

URY = urea relative yield (%); 100 x (DMY with U)/(DMY with CAN)

URNY  =urea relative N yield (%); 100 x (NY with U)/(NY with CAN)

YR

= factor *years’ (yr), divided into 3 classes
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Annex 2.

DM yield (kg ha™' cut™) and N yield (kg.ha™ cut™) response models for clay plus sand grassland of the
first and later cuts for the WL dataset.

Model
lerms

Cr 1
Constant
main cflect
Nappl

R3

T3

mT

iR

NoGD
NoGD?
Nappl NoGD
Nappl.tR
RBS

Rps?

Later cuis

+ Constant
main elfect
MNappl
R3
rm:
T3
IR
NoGD
MoGD?
Mappl?
Mappl. NeGD
Nappl.tR
Nappl.R3
MoGD.R3
RB7
RBT?

DMY model
u CAN Seffed
=17163
0- 128 123
3.705° 1.554
=543 575
978.0 33.5
2973 1.682
116.4 0.6
~{,558 0.0559
021275 0.0314
~0.0237 0.0101
. 4123
0 82.56 35
7.86 0.8020
~57.59 15.08
=(.85 0.3228
=15.69 2.380
38.05 6.085
=181 0.3900
=0.0511 0.0087
0.1747 0.0659
1.956 04778
-8.380 2.713
=0.4071 0.1376

NY model
u CAN Selffed
-157.6 -161.7
i) -0.65 1.18
0.4233 0.5213 0.0360
=L 0007 =0.6114 0.2874
1.526 0.5682 0.4854
17.10 0.94
1.011 0.059
0.6561 0.2849
-0.0198 0.0083
-22.41
0 5888 1.12
0.9272 0.0748
=0.1945 0.0735
~0.1619 0.07062
1.267 0.2443
~0.0022 0.0003
-0.0102 0.0024
0.1125 0.0714
=0.0195 0.0038

* {dentical values for U and CAN are placed between the U and CAM column.
DMY first cut: 0,2 = 3.00E+5, n',.? =3.84E+5 and .:umi- 1.24E+5; VC=11.3%; n=323
DMY later cuts: o = 2.21E+4, 0,2 = 7.31E+4 and g, = 1.35E+5; VC=11.4%; n=380

NY first cut; o,? = 175.9, o,* =259.2 and

Oy = 68.9; VC = 8.5%; n= 197

NY later cuts: o = 139.8, 0,2 = 62,1 and 0, * = 118.1; VC = 12.0%; n =376
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Annex 3,
DM yield (kg ha™! cut™) and M yield response models of the first cut forthe NI dataset of Stevens et al.
(1989),
Model DMY model MY model
paramelers

u CAN SefSed 0 CAN SefSed
Constant -293.9 -137.5 19.27 14.51
main effect 0 L906 231 0- -0.1792 0.7338
R3 -0.3530 11.41 6.14 0.0653 03414 .  0.1951
T3 - -1.825 =20.05 10.54 -0.3155 ~1.106 0.3347
NoGD 30.28 30:76 149 0.8670. 0.8778 0.0474
R3,NoGD ~0.0095 -0.4143 (L1322 -0:0014 -0.0125 0.0042
mT 160.8" 27.3 3976 0.365
NoGD? -0.3791 0.0329 ~0:0071 0.0010

* jdentical values for U and CAN are placed between the U and CAN column.,
DMY: o = | 69E+5, 0}= 4,62E+5, 0,2 = 3.05E+5,.0," = L2BEH, 0,,° = 4.51E+3

nd 0,3 = 9.61E+4; VC = 13.4%; n =720

NY: 02 = 125, o = 485, 0} = 114, 0, = 18.3,0,,.* = 5.43 and 0,,,* = 96.9; VC = 13.4%; n =720
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A-nnﬂx 4-

DM yield (kg ha™) response models for the first and second cut of the En experiment of Peake (pers.
comm.).

Model Cut 1 Cut 2
parameters

u CAN SelfSed u CAN Selfed
Constant - (543 6639 3429 3506
main ¢ffect 0 -24.00 44.16 0 160.6 54.53
R3 -584.4 =595.1 6.7 86.67 72.92 759
Nappl 5.323° 1.522 5.009 2426
Ry : 25.05 2435 —4.74 2.882
ST,HM o 0 579.3*
ST caadyosss -227 25.16" —804.7 579.3™
ST ham 670.6 5793
ST eaay 2680 25.16™ 129.7 5793
L) P —— 1893 25.16™ «1070.1 579.3*
STouyose 0 25.16" ~796.7 579.3"
ST untyctay -188.0 579.3"
1 A 741.8 579.3"

* identical values for U and CAN are placed between the U and CAN column.

** nverapge Sed,
DM yield first cut: 0,2 = 1.354E+4, 0,2 = 1.898E+5 and 0,_? = 4.875E+4; VC= 3.5% n=100
DM yield sccond cut: @, = 6,4E+3, 0% = 6.257E+5 and Oy = 1.026E+5; VC=7.6%; n=144
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