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Abstract

Nitrogen management in orchards should tend to improve the fertilizer N use efficiency for a sustainable agriculture
where productivity, fruit quality and environment are reconciled. The use of specific nitrification inhibitors could increase
the N fertilizer uptake and decrease the potential groundwater pollution by nitrate leaching. The aim of this experiment was
to assess the effect of application frequency of the ammonium sulphate (AS) and the nitrification inhibitor (NI), 3,4-
dimethylpirazole phosphate (DMPP) supply on: nitrate-N and ammonium-N seasonal changes in soil; N and Fe concentra-
tions in the spring-flush leaves; and yield and fruit quality. The experiment was carried out with clementine cv. Nules
(Citrus clementine Hort. Tanaka x Citrus reticulate Blanco) mandarins grafted on Troyer citrange (Citrus sinensis x Pon-
cirus trifoliata) rootstock under field conditions during three consecutive years. The trees were fertilized with 324 Kg N
hal from which 192 Kg N ha! were applied as AS (21% NH,*-N) either with or without NI, and the remainder N came
from irrigation water. The AS and AS+NI were split into 1, 2 or 4 applications per month by drip irrigation. The NH,*-N
concentration in the 0-20 and 20-40 cm soil layers was significantly higher in the AS+NI treatment. By contrast, the NO5-
-N concentration was significantly higher in the soil treated only with AS. Moreover, the addition of NI to AS originated
a significantly higher N and Fe concentrations in the spring-flush leaves. The yield was higher and some fruit quality
parameters improved in trees fertilized with AS+NI compared to those fertilized only with AS.

Additional key words: ammonium sulphate, fruit quality, fruit yield, N frequency, N soil.

Resumen
Optimizacion de la fertilizacion nitrogenada en citricos en riego localizado mediante el inhibidor de la nitrificacion DMPP

Las précticas agricolas de fertilizacion nitrogenada deben mejorar la eficiencia de uso del nitrdgeno (N) en una agricul-
tura sostenible en que una mayor produccion y calidad sea compatible con el medioambiente. El uso de inhibidores de la
nitrificacion (NI) podria incrementar la eficiencia de absorcion de N disminuyendo la contaminacién de las aguas subte-
rrdneas por lixiviacion de nitratos. Este trabajo analiza el efecto de la frecuencia de aplicacion del sulfato aménico (AS) y
del inhibidor de la nitrificacion 4-dimethylpirazol fosfato (DMPP) sobre los cambios estacionales del N-nitrico y N-amo-
nico del suelo, la concentracion de N y hierro en hojas de la brotacion de primavera y la produccion y calidad del fruto. El
ensayo se llevé a cabo en una parcela comercial de clementina cv. Nules (Citrus clementine Hort. Tanaka x Citrus reticu-
lata Blanco) injertadas sobre citrange Troyer (Citrus sinensis x Poncirus trifoliata) durante tres afios consecutivos. Los
arboles se fertilizaron con 324 Kg N ha't; 192 Kg N hase aplicaron como AS (21% NH,*-N) sin y con NI, fraccionados
en 1, 2 y 4 aplicaciones por mes, el resto procedi6 del agua de riego. La concentracion de NH,*-N en los 40 cm superfi-
ciales de suelo fue significativamente mayor con AS+NI, mientras que la concentracion de NO,-N fue significativamente
superior en los arboles abonados con AS. EI NI dio lugar a una mayor concentracion de N y Fe en las hojas de primavera.
La produccion y algunos parametros de calidad del fruto fueron mayores en los arboles fertilizados con AS+NI.

Palabras clave adicionales: frecuencia de aplicacién, N en suelo, produccion y calidad del fruto y sulfato amdnico.
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Introduction

Citrus is an intensively managed crop and the most
important economically on the Mediterranean coast of
Spain with almost of 3x10° ha, where the cultivation of
citrus fruits predominates. In these areas, a severe
increase in contamination by lixiviation of the nitrate-
ion (NOj’) has been observed in subterranean waters
(Sanchis, 1991; Fernandez et al., 1998), above the limit
of the World Health Organization (WHQO) guideline
(WHO, 2004), of 50 mg L1 as NO;". There is a grow-
ing awareness about the ecological impact of the N fer-
tilizers used in the intensive agriculture zones and it has
become a first order environmental problem in Spain
since the early 1990s. Most of the fertilizer nitrogen
applied is in the form of 100% ammonium (NH,*) as
ammonium sulphate (AS) and 50% NH,* + 50% NO;
as ammonium nitrate (AN). NH,* is usually oxidized
quite rapidly to NO4- by the nitrifying microorganisms
in soils (McCarty and Bremner, 1989). The nitrification
process can be performed between 30-40 days after N
application, but in summer time, when the majority of
N fertilizers are applied in citrus orchards, it can be
more rapid (Serna et al., 1996a, 2000). Part of the NO,-
produced is then subject to losses, mainly through
leaching or denitrification, which account for the low N
efficiency of the N fertilizers used in this crop (Mansell
et al., 1986; Feigenbaum et al., 1987; Martinez et al.,
2002). The improvement of the fertilizer N use effi-
ciency is necessary for a sustainable agriculture. In this
line, the use of specific nitrification inhibitors may
increase the N fertilizer uptake and decrease nitrate
leaching. Previous studies demonstrated that the nitrifi-
cation inhibitor (NI) dicyandiamide (DCD) added to
ammonium sulphate nitrate (ASN) improved the N-fer-
tilizer efficiency and reduced NO; leaching in young
and mature citrus trees (Serna et al., 1994, 1996a).
More recently, a new NI, 3,4 dimethylpirazole phos-
phate (DMPP), has been shown to have several distinct
advantages compared to the currently used NIs (Zerul-
la et al., 2001). Serna et al. (2000) and Bafiuls et al.
(2001) suggested that DMPP could be a more efficient
NI than DCD when DMPP is added to AS or ASN in
citrus trees grown in containers under glasshouse and
outside conditions. Nevertheless, there is no informa-
tion about the behavior of the DMPP in Citrus cultivat-
ed under field conditions. For these reasons, the aim of
this research was to evaluate the effect of the DMPP
and AS application frequency on the seasonal distribu-
tion of NO; and NH,* concentration in the upper soil

layers, leaf N concentration, yield and fruit quality in a
drip-irrigated Citrus orchard.

Material and methods
Experimental conditions

The field trial was carried out during three successive
years in a drip irrigated orchard of 12-yr-old clementine
cv. Nules (Citrus clementine Hort. Tanaka x Citrus
reticulata Blanco) mandarins grafted on Troyer citrange
(Citrus sinensis x Poncirus trifoliata) grown at a spac-
ing of 4 x 5 m (480 trees hal). The adult trees were cul-
tivated on a Cambic Arenosol soil (62.5% sand, 19.2%
silt, 18.3% clay; pH 8.2; organic matter content 0.95%
and a bulk density of 1.6 kg m-3) with low water hold-
ing capacity (16%, FAO-Unesco, 1988) and plants were
randomized planned across the experimental area.

Fertilization and irrigation scheduling

The trees were fertilized with 675 g N tree! yrt, of
which 400 g were supplied as AS (21% NH,*-N) by fer-
tigation, either without or with 0.5% DMPP, this means
5 mg g! N applied. The N-remainder was provided by
the irrigation water from a well containing 224 mg NO;-
L-1. The quantity of N contributed by the irrigation
water was calculated using the formula described by
Martinez et al. (2002).

The amount of water applied to each tree was equiv-
alent to the total seasonal crop evapotranspiration (ETc)
calculated following the expression ETc = ET, x K,
(Doorenbos and Pruitt 1977): where ET, is reference
crop evapotranspiration under standard conditions and
K, is crop coefficient. This coefficient (K_) accounts for
crop-specific effects on overall crop water requirements
and is a function of canopy size and leaf properties. The
ET, values were determined using the Penman-Montei-
th approach (Allen et al., 1998). The K, values were
based on guidelines provided by Castel and Buj (1994).
Irrigation water requirements were met by the effective
rainfall (=3 mm and =< 45 mm which resulted in soil
water saturation) of the entire year plus irrigation water
(1900+3814, 2020+3626 and 2280+3407 m? ha! for the
three years of the assay, respectively). The average
amount of irrigation water applied was 3616+204 m3
ha1, providing 381+22 g N treel. According to Legaz
and Primo-Millo (2000), between 70-80% of nitrate in
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irrigation water is available for tree uptake, hence
around 275+15 g N treel were supplied by irrigation
water. Trees were irrigated from O to 3 times per week,
according to evapotranspiration demand and the effec-
tive rainfall, using eight commercial emitters per tree (4
L h1) resulting in a 33% wetting area (Keller and
Karmelli, 1974). In all trees, AS-N was applied in
March (5%), April (10%), May (15%), June (20%), July
(20%), August (15%), September (10%) and October
(5%) according to Legaz and Primo-Millo (2000).
These authors analysed the relationship between N
application to citrus trees and subsequent N uptake in
order to develop nutrient recommendations based on
actual crop N demand. The basic dressing of P, K and Fe
per tree was also applied according to Legaz and Primo-
Millo (2000) and distributed along the growth cycle in
similar way as previously indicated for N. Foliar spray
treatments of Zn and Mn were applied to correct defi-
ciencies.

Ammonium sulphate (AS) and AS with nitrification
inhibitor (AS+NI) was applied in each month at the fol-
lowing frequencies: 1 split (AS; and AS+NI,), 2 splits
(AS, and AS-N1,) and 4 splits (AS, and AS+Nl,). Thus,
the assay consisted of 6 treatments with 4 replications
(four trees each) per treatment.

Soil and vegetal sampling

During the first year of assay, soil from the 0-20 and
20-40 cm soil layers was sampled using a 4 cm diame-
ter soil auger. Soil samples were taken monthly in the
wetting zone about mid-way between the emitters and
the periphery of the wetting front. Each soil sample con-
sisted of 12 subsamples (3 subsamples per tree). All soil
samples were air-dried, sieved through a 2 mm screen
and stored at room temperature (22°C) until subsequent
analysis, according to Breimer and Slangen (1981) pro-
cedure.

Spring flush leaves (10 leaves per tree) from non-
fruiting shoots were sampled monthly all around the
canopy, and washed in non ionic detergent solution fol-
lowed by several rinses in distilled water and then frozen
in liquid-N, and freeze-dried (liophilized). Vegetal sam-
ples were ground to pass trough a 0.3 mm mesh sieve
using a water-refrigerated mill and stored at —4°C before
further analysis. In November of each year, forty fruits
per replication (10 fruits per tree) were collected,
weighted and fruit quality parameters were measured
immediately.

Analytical procedure

The analysis of the mineral nitrogen of the soil (N as
NO; and NH,*) was measured by steam distillation
with MgO and Devarda’s alloy, respectively, using KCI
as extracting agent (Bremner, 1965a). Total nitrogen
content of plant material was determined using the Semi
Micro-Kjeldahl method described by Bremner (1965b).
Fruit quality parameters (fruit weight, fruit number per
tree, peel thickness, peel weight, juice plus pulp weight,
total soluble solids content, total acidity and colour
index) were measured following the methods described
by Serna et al. (1992).

Statistical treatment of the data

Results were analyzed using standard analysis of
variance techniques (ANOVA). Treatment means sepa-
ration was determined using the LSD-Fisher test with a
95% confidence level.

Results
Seasonal variations of N concentrations in soil

The amounts of NH,*~N and NO,—N in the soil were
measured in order to estimate the residual concentration
of these anions in the upper soil layers. Figs. 1 A and B
show the NH,*-N and NO,;-N concentrations, in the
first year of the assay, in the upper two layers (0-20 and
20-40 cm), which account for the major of the N avail-
able for root uptake. The concentration of NH,*-N was
significantly higher in the soil treated with DMPP than
in soil that only received AS with independence of the
frequency of application (Fig. 1 A and B). The most pro-
nounced differences between treatments without or with
DMPP were found in spring, from April 7 (day 97) to
June 2 (day 153) when average air temperature (17°C)
was milder than in later period (23°C, average of June
and July). The NH,* concentrations were lower when
decreasing the application frequency, being statistically
significant in the upper 20 cm of soil in May. These dif-
ferences were higher in soil of DMPP treatments.

Soils treated with AS only (absence of NI) showed
higher NO; contents in the upper soil layers, with inde-
pendence of the application frequency. Differences were
statistically significant in the period between April 7
and June 6, as previously observed for NH,* concentra-
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Figure 1. Dynamic of the NH,* -N and NO; -N concentrations in A) 0-20 cm and B) 20-40 cm soil layers during the complete
growth cycle. Means of four replications per treatment. AS1 and AS+NI1, AS2 and AS+NI2, AS4 and AS+NI4: ammonium sul-
phate without and with nitrification inhibitor applied in 1, 2 and 4 split each month, respectively. ! Significant differences between
treatments due to frequency of application (F). 2 Significant differences between treatments due to presence of nitrification
inhibitor (NI). 3 Significant differences between treatments due to interaction between frequency of applications and presence of

nitrification inhibitor (F x NI).

tions. NO,- concentrations increased similarly in all
treatments in both soil layers from September onwards,
possibly due to the remineralization process or a
decrease in N uptake.

Nitrogen and iron concentration in the spring
flush-leaves

The lowest application frequency (one application
each month) originated significantly lower N concen-
tration (Fig. 2) during fruit set in the first and second
year of the assay. Foliar N concentration was signifi-
cantly higher in trees treated with DMPP during the

growth cycle and remained within the normal N con-
centration range of 2.4 and 2.7% (Legaz and Primo-
Millo, 2000). The N concentration in the spring flush-
leaves decreased from May to June, increasing
progressively thereafter until November in the three
years of the assay. On 2001, a strong decrease in the
foliar N value was found from October onwards (Fig.
2), due to an intensive rainfall event in this month (430
mm). In consequence the 5% of the total N rate corre-
sponding to October was not supplied and no N was
added by the irrigation water, since trees were not irri-
gated. In addition, the development of a massive third
flush originated a great remobilization of N accumulat-
ed in the spring flush leaves at this time.
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Figure 2. Evolution of the N concentration in the spring-flush
leaves from non fruiting shoots sampled along the growth
cycle. Means of four replications per treatment in the three
years of the assay: AS1 and AS+NI1, AS2 and AS+NI2, AS4
and AS+NI4 ammonium sulphate without and with nitrifica-
tion inhibitor applied in 1, 2 and 4 split each month, respec-
tively. 1.2.3See Fig. 1.

Table 1. Effect of different treatments on foliar Fe (ppm) at
harvesting time!

Treatment 1st year 2nd year 3rd year
AS;2 83.8h8 94.2b 81.6b
AS+NI 3 92.3ab 97.0ab 86.2ab
AS,* 86.1b 94.8b 82.4b
AS+NI5 89.2b 100.4a 89.2ab
AS,® 95.4ab 96.7b 84.8ab
AS+NI,7 103.8a 100.4a 92.3a
Fo NS?2 NS NS
N0 * *% *
FxNI1 NS NS NS

1 Means of four replicates, 4 trees each replicate. 234567 AS, and
AS+NI,;, AS, and AS+NI,, AS, and AS+NI,: ammonium sulphate
without and with nitrification inhibitor applied in 1, 2 and 4 split each
month, respectively. 8 Significant differences between treatments.
9 Significant differences between treatments due to frequency of appli-
cations (F). 1° Significant differences between treatments due to pres-
ence of nitrification inhibitor (NI). 11 Significant differences between
treatments due to interaction between frequency of applications and
presence of nitrification inhibitor (FXNI). 12 Significant effects of fac-
tors are given at P>0.05 (NS), P<0.05 (*), P<0.01 (**).

Leaves of the DMPP treated trees showed a higher
foliar Fe concentration in comparison to trees with AS
without NI (Table 1).

Yield and fruit quality

The addition of the NI resulted in an increase in the
final number of fruits per tree (Tables 2 to 4) for all the
application frequencies, being significant in the first
and second year of the assay. NI also increased total
yield only being statistically significant in the second
year of the study, while during the first year, the
decrease in fruit weight of DMPP treated trees, result-
ed in a minor increment of total yield. These parame-
ters remained unaffected by application frequency in
the three years studied. Split application of DMPP
induced similar increments in total yield, 12, 10, and
10% in the AS+NI;, AS+NI, AS+NI, treatments, in
comparison to AS,, AS,, AS,, respectively, for all
years.

A significant effect of the application frequency on
peel thickness and peel and juice weight percentages
was found. While the highest values of peel thickness
and its percentage on the fruit weight were found with
four split applications per month, the opposite tendency
occurred for the juice relative percentages (Tables 2 to
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Table 2. Effect of different treatments on yield and fruit quality parameters of Clementine fruits at harvesting time (1st year of

the assay)!

Parameters AS;2  AS+NI3  AS,4  AS+NIS AS,S  AS+NI7 Fo NI FxNI11
Yield (Mg ha') 62.4a8  71.5a 72.2a 78.2a 64.7a 71.8a NS12 NS NS
Fruit number per tree 622b 764ab  749ab 820a 611b 747ab NS * NS
Fruit weight (g) 100.3ab  93.6c  96.4bc  95.4bc  105.9a 96.1bc NS *x NS
Peel thickness (mm) 2.9ab 2.9ab 2.7b 2.7b 3.1a 2.9ab * NS NS
Peel (g kgt) 445h 478ab  460ab 443b 4953 477ab * NS NS
Juice (g kgt) 555a 522ab  540ab 557a 505b 523ab * NS NS
Total soluble solids, TSS (g kg?) 157c 172a 158bc  16labc  16labc  170ab NS * NS
Total acidity, TA (g L) 8.3a 8.5a 8.2a 8.5a 8.5a 8.4a NS NS NS
Maturity index, TSS/TA 18.9a 20.2a 19.3a 18.9a 19.0a 20.2a NS NS NS
Colour index, ClI 10.7a 7.6b 10.4a 8.2b 7.2b 6.8b kk okk NS

1 Means of four replicates, 4 trees per replicate. 2.3.4.56.7 AS, and AS+NI;, AS, and AS+NlI,, AS, and AS+NI, ammonium sulphate without
and with nitrification inhibitor applied in 1, 2 and 4 split each month, respectively. & Significant differences between treatments. 9 Significant
differences between treatments due to frequency of applications (F). 10 Significant differences between treatments due to presence of nitrifi-
cation inhibitor (NI). 1t Significant differences between treatments due to interaction between frequency of applications and presence of nitri-
fication inhibitor (FxNI). 12 Significant effects of factors are given at P>0.05 (NS), P<0.05 (*), P<0.01 (**) and P<0.001 (***).

4). These differences were more remarkable during the
second year of the study. The DMPP had not consistent
effect on these parameters.

Total soluble solids (TSS) showed significantly high-
er values when DMPP was added to the fertilizer with
independence of the application frequency (Tables 2 to
4). The different treatments did not affect consistently
the mature index. The DMPP-treated fruits showed a
significantly lower colour index in all the years. The
highest application frequency originated a significantly
lower colour index.

Discussion
Seasonal variations of N concentrations in soil

The citrus tree root system is comprised of a relative
shallow, well-branched framework of woody laterals
and fine fibrous roots (Castle, 1980a). The fibrous
roots are usually most densely concentrated near the
soil surface while few roots are found below 90 cm
(Castle, 1980b; Zhang et al., 1996; Mattos et al.,
2003). Serna et al. (1994 and 2000) showed that 90%
of fine root was located in the upper 45 cm of soil pro-
file and nitrate found beyond this depth could be
leached. Hence, NH,* and NO; concentration in the
upper 40 cm of the soil profile in this study, thus rep-
resents most of the N available for root uptake. These
findings suggest that dynamics of soil NH,* and NO;-

concentration in this trial could be used as an indicator
of potential leaching of NO5-N below the root zone of
the trees.

The inhibitor effect of DMPP on the nitrification
process resulted in higher NH,* accumulation during
the experimental period in comparison to the AS treat-
ed soil. The highest differences in the NH,* concen-
tration in the soil found from March to May were due
to the fact that DMPP effectiveness decreases with
increasing soil temperature (Slangen and Kerkhoff,
1984; Zerulla et al., 2001; Irigoyen et al., 2003). On
the contrary, higher NO,- concentrations were found
in AS treated soils in comparison to AS+DMPP treat-
ments, as previously reported (Carrasco and Villar,
2001; Wissemeier et al., 2001; Zerrulla et al., 2001;
Mufioz-Carpena et al., 2002) in several crops. This
could increase the amount of NO; accumulated in
deeper soil layers, which can not be explored by the
root system, and hence lead to potential risk of NO;-
losses during intensive rainfalls and/or excessive irri-
gation events. In previous glasshouse and outside con-
tainer experiments with Citrus, the soil showed high-
er NH,* and lower NO, concentration in different soil
layers (0-45 cm) when a NI, DCD or DMPP, was
added (Serna et al., 1994, 1996a). The absence of the
NI also originated a higher NO; content in the
drainage water (Serna et al., 2000; Bafiuls et al.,
2001; Martinez-Alcéantara et al., 2006). Similar
response was found by Zerulla et al. (2001) in horti-
cultural crops.
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Table 3. Effect of different treatments on yield and fruit quality parameters of Clementine fruits at harvesting time (2n year of
the assay)!

Parameters AS;2  AS+NI3  AS,4  AS+NILS AS,S  AS+NI7 Fo NI FxNI11
Yield (Mg hat) 60.1bc8 69.0ab 64.8abc  72.6a 57.6c  66.2abc NS2 * NS
Fruit number per tree 658ab  726ab  712ab 787a 611b 699ab NS * NS
Fruit weight (g) 91.3a 95.0a 91.0a 91.5a 94.3a 94.7a NS NS NS
Peel thickness (mm) 2.8b 2.7b 2.8b 2.7b 2.8b 2.9a * NS NS
Peel (g kgt) 584a 565ab 535b 534b 588a 587a kk NS NS
Juice (g kg?) 416b 435ab 465a 466a 412b 413b kk NS NS
Total soluble solids, TSS (g kg?) 141ab 143a 138b 144a 143a 145a NS * NS
Total acidity, TA (g L) 11.9a 12.1a 10.8a 11.6a 12.7a 12.5a NS NS NS
Maturity index, TSS/TA 11.8a 11.9a 13.2a 12.4a 11.3a 11.6a NS NS NS
Colour index, Cl 12.2a 8.3b 12.8a 8.9b 7.7a 7.6b el *x NS

1,2,3,4,56,7,8,9,10, 11,12 Sep Table 2.

Nitrogen and iron concentration in the spring
flush-leaves

The foliar N concentration was significantly high-
er in the trees treated with DMPP during the growth
cycle in the years studied. Serna et al. (2000) also
found a higher N foliar concentration with the addi-
tion of the DMPP to ASN in adult trees and the same
response was obtained by Bafiuls et al. (2001) in
young citrus trees fed with AS plus DMPP. Pasda et
al. (2001) found the highest values in crude protein
concentration in cereal grain (winter wheat and
grain maize) when the DMPP was added to ASN. In
other assays, the addition of DCD to ASN resulted in
a significant increase in leaf N concentration (Serna
et al., 1994, 1996a). This could be due to the fact the
maintenance of high NH,* concentration in the soil
treated with DMPP incorporated to NH,* fertilizers,
enhanced N uptake by plants (Serna et al., 2000;
Barfiuls et al., 2001; Martinez-Alcantara et al., 2006)
as a result of a more continuous NO;- release in soil
and a reduction of N losses by NO;- leaching and
denitrification. It is well known that the N applied
form influences the pH of the soil (Street and Sheat,
1958; Marschner, 1995; Tagliavini et al., 1995;
Mengel and Kirkby, 2001). These authors indicate
that a high NH,*/NO; ratio fertilization can induce
a decrease in the rhizosphere pH by the nitrification
process. The rhizosphere acidification associated
with a predominant NH,* induced by NI (Trollde-
nier, 1981; Thomson et al., 1993) improves nutrition
by changes on the availability of nutrients such as P,
Fe, Mn, Zn, Cu and Al (Gahoonia, 1993; Pasda et
al., 2001). This is in line with the results by Serna et

al. (1992) who found a higher foliar Fe concentra-
tion in Citrus fed with ammonium in comparison
with nitrate that it would also explain the higher
foliar Fe content found in leaves of AS+NI treated
trees.

Yield and fruit quality

The increase in the final number of fruits per tree
found in this study, as a result of the NI addition, sug-
gests that the AS +NI inhibitor was more effective than
AS alone during the fruit set period. Similar increase to
that found in present work, in fruit number of DMPP
treated trees, was reported by Serna et al. (1992) when
the NO,/NH,* ratio applied changed in the range from
75/25 to 0/100 in citrus grown in sand culture. Marschn-
er (1995) and Goos et al. (1999) also found higher yield
and growing rates in crops fed with a mixture nutrition
of ammonium and nitrate. Serna et al. (1996a) obtained
an increase of about 15% in the yield due to an increase
in the fruit number in Citrus trees with DCD. Pasda et al.
(2001) also observed an increase in crop yield of numer-
ous agricultural and horticultural crops fed with ammo-
nium fertilizes with DMPP.

The higher values of peel thickness and lowest per-
centages of juice weight found in trees treated with four
split applications per month could be due to the increase
of N foliar concentration observed in these trees.
Embleton et al. (1973) indicated a similar pattern in
these parameters when N foliar concentration increased
from 2.0 to 2.6% and inconsistent effects on TSS, total
acidity and maturity index. Serna et al. (1992) observed
a slight effect of the NO,/NH,* ratio on the total solu-
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Table 4. Effect of different treatments on yield and fruit quality parameters of Clementine fruits at harvesting time (34 year of

the assay)!

Parameters AS2  AS+NI3 AS,4 AS+NLS AS,S  AS+NI,7 F8 NI® FxNIw©
Yield (Mg ha') 65.8alt  69.7a 69.2a 75.4a 67.2a 70.6a NS12 NS NS
Fruit number per tree 625a 660a 680a 723a 614a 668a NS NS NS
Fruit weight (g) 105.3a 105.6a 101.8a 104.3a 109.4a 105.7a NS NS NS
Peel thickness (mm) 3.07b 3.21b 3.16b 3.12b 3.20b 3.52a ** NS NS
Peel (g kgt) 541bc 530c 541bc 595a 594a 568ab *x NS NS
Juice (g kg?) 459a 470a 459a 405b 406b 432ab * NS NS
Total soluble solids, TSS (g kg?) 132ab 135a 132ab 134ab 132ab 133b NS * NS
Total acidity, TA (g L) 8.5a 8.4a 8.4a 8.4a 8.9a 8.8a NS NS NS
Maturity index, TSS/TA 15.6a 16.1a 15.8a 16.0a 14.8a 15.0a NS NS NS
Colour index, Cl 9.24a 6.85bc  7.97ab  7.5labc 7.73abc  5.88c * * NS
1,2,3,4,5,6,7,8,9,10,11,12 Spp Table 2.

ble solids. In the same line, Serna et al. (1996a,b) did References

not find a significant effect on this parameter when
DCD was added to ASN. However, the addition of NI to
AS caused a significant increase in the TSS at all years.
The different treatments did not affect consistently the
total acidity and mature index.

Lower fruit colour index values in the DMPP-treated
trees were also observed by Serna et al. (1992) when
decreasing the NO;/NH,* ratio. NH,* nutrition could be
responsible for greener fruit colour, since NH,* applied
on citrus fruit peel delays chlorophyll degradation
(Huff, 1983). The slight delay in the time colour break
found in the DMPP-treated fruits could be an economi-
cal advantage for mead-season and late varieties.

From the findings of this experiment, it can be con-
cluded that the addition of the nitrification inhibitor
(DMPP) to ammonium sulphate in drip irrigated Citrus
trees increases foliar N and Fe concentrations and
improves yield and some fruit quality parameters.
Moreover, the lower N-NO,- content in the deepest lay-
ers in presence of DMPP may lead to a reduction of the
potential risk of pollution by nitrate leaching to under-
ground water.

Acknowledgments

We wish to thank Hijos de Vicente Climent S.A. and
BASF Esparfiola S.A. companies for their financial sup-
port. We also are grateful to B. Martin, M.C. Prieto, J.
Giner, J.B. Alberola and A. Boix for their technical
assistance. This work was supported by INIA projects
SC97-104 and RTAO01-116.

ALLEN R.G., PEREIRA L.S., RAE D, SMITH M., 1998.
Crop evapotranspiration (guidelines for computing crop
water requirements). FAO Irrigation and Drainage Paper
N°56, FAO, Rome.

BANULS J,, QUINONES A., PRIMO-MILLO E., LEGAZ F,
2001. A new nitrification inhibitor (DMPP) improves the
nitrogen fertilizer efficiency in citrus-growing systems.
Proc. 14t International Plant Nutrition Colloquium. Plant
nutrition-Food security and sustainability of agro-ecosys-
tems (Horst W.J. et al., eds.). Publ. Kluwer Academic Pub-
lishers. Netherlands. Hannover, Germany, July. pp. 776-
777. DOI: 10.1007/0-306-47624-X_370.

BREIMER T., SLANGEN J.H.G. 1981 Pretreatment of soil
samples before NO3-N analysis. Neth J Agric Sci 29, 15-
22.

BREMNER J., 1965a. Inorganic forms of nitrogen. In: Meth-
ods of soil analysis. Agronomy 9 (Black C.A., ed). Am Soc
Agron Madison, WI. pp. 1179-1137.

BREMNER J., 1965b. Total nitrogen. In: Methods of soil
analysis. Agronomy 9 (Black C.A., ed). Am Soc Agron
Madison, WI. pp. 1149-1178.

CARRASCO I., VILLAR J.M., 2001. Field evaluation of
DMPP as a nitrification inhibitor in the area irrigated by
the Canal d"Urgell (Northeast Spain). Proc. 14t Interna-
tional Plant Nutrition Colloquium. Plant nutrition-Food
security and sustainability of agro-ecosystems (Horst W.J.
et al., eds.). Publ. Kluwer Academic Publishers. Nether-
lands. Hannover, Germany, July 2001. pp. 764-765.
DOI:10.1007/0-306-47624-X.

CASTEL JR., BUJ A, 1994. Growth and evapotranspiration
of young, drip irrigated Clementine trees. Proc. 7th Inter-



198 A. Quifiones et al. / Span J Agric Res (2009) 7(1), 190-199

national Citrus Congress, Catania, Italy, March 8-13, 1992.
\ol 2, pp. 651-656.

CASTLE WS., 1980a. Citrus root systems: Their structure,
function, growth, and relationship of tree performance.
Proc. 4th International Citrus Congress, Sydney, Australia,
Aug 15-23, 1978.\ol 1, pp. 62-69.

CASTLE WS.S., 1980b. Fibrous root distribution of “pineap-
ple” orange trees on rough lemon rootstock all three tree
spacings. J Amer Soc Hort Sci 105, 478-480.

DOORENBOS J., PRUITT W.0., 1977. Crop water require-
ments. FAQ Irrigation and Drainage Paper N° 24, Rome.

EMBLETON T.W,, REITZ H.J,, JONES W.W,, 1973. Citrus
fertilization. In: The citrus industry (Reuther W., ed). Univ.
California, USA. pp. 122-182.

FAO, 1988. Soil map of the world, revised legend. World
Resources Report 60, Food and Agriculture Organization
of the United Nations, Rome.

FEIGENBAUM S., BIELORAI I.H., ERNER Y., DASBERG
S., 1987. The fate of 15N labeled nitrogen applied to mature
citrus trees. Plant Soil 97, 179-187. DOI:
10.1007/BF02374940.

FERNANDEZ R., LOPEZ J,, NAVARRETE P, 1998. Map of
nitrate concentration in the underground waters in Spain.
Geominer Technologic Institute of Spain (ITGE). Ministry
of Environment, Madrid. [In Spanish].

GAHOONIAT.S., 1993. Influence of root-induced pH on the
solubility of soil aluminium in the rhizosphere. Plant Soil
149, 289-291. DOI: 10.1007/BF00016620.

GOOS R.J., SCHIMELFENIG J.A., BOCK B.R., JOHNSON
B.E., 1999. Response of spring wheat to nitrogen fertiliz-
ers of different nitrification rates. Agron J 91(2), 287-293.

HUFF A., 1983. Nutritional control of regreening and degreen-
ing in Citrus peel segments. Plant Physiol 73, 243-249.

IRIGOYEN I., MURO J., AZPILIKUETA M., APARICIO-
TEJO P, LAMSFUS C., 2003. Ammonium oxidation
kinetics in the presence of nitrification inhibitors DCD and
DMPP at various temperatures. Aust J Soil Res 41(6),
1177-1183. DOI: 10.1071/SR02144.

KELLER J., KARMELLI D., 1974. Trickle irrigation design
parameters. T ASAE 17(4), 678-684.

LEGAZ F, PRIMO-MILLO E., 2000. Guidelines for citrus
fertilization under located drip irrigation. In: Fertirrigation
in citrus (Giner J.F.,, Phytoma-Espafia, eds.). Polytechnic
University of Valencia. Department of the Agriculture,
Fish and Food of the Valencian Government, Valencia,
Spain, pp. 137-155. [In Spanish].

MANSELL R.S., FISKELL J.G.A., CALVER D.V, ROGERS
J.S., 1986. Distributions of labeled nitrogen in the profile
of fertilized sandy soil. Soil Sci 141, 120-126. DOI:
10.2097/00010694-198602000-00004.

MARSCHNER H., 1995. Mineral nutrition of higher plants.
2nd ed. Acad Press Limited, London, UK. 889 pp.

MARTINEZ J.M., BANULS J., QUINONES A., MARTIN B.,
PRIMO-MILLO E., LEGAZ F, 2002. Fate and transfor-
mations of 15N labelled nitrogen applied in spring to Cit-
rus trees. J Hort Sci Biotech 77, 361-367.

MARTINEZ-ALCANTARA B., PAZZAGLIA L.
RICARTE B., BANULS J., TAGLIAVINI M., PRIMO-
MILLO E., LEGAZ F, 2006. Improvement of the eco-
efficiency of the N fertilization by using the nitrification
inhibitor (DMPP) in citrus under drip irrigation system.
Proc. 10th International Citrus Congress. Int. Soc. Citri-
culture. Agadir, Morocco, February 15-20. Vol 2, pp. 583-
586.

MATTOS D., GRAETZ D.A., ALVA AK. 2003. Biomass
distribution and nitrogen-15 partitioning in citrus trees on
a sandy Entisol. Soil Sci Soc Am J 67, 555-563.

MCCARTY G.W,, BREMNER J.M., 1989. Inhibition of nitri-
fication in soil by heterocyclic nitrogen compounds. Biol
Fertil Soils 8, 204-211. DOI: 10.1007/BF00266480.

MENGEL K., KIRKBY E.A., 2001. Principles of plant nutri-
tion. 5t Edition. Kluwer Academic Press, Dordrecht, The
Netherlands. 864 pp.

MUNOZ-CARPENA A., RITTER A., SOCORRO AR,
PEREZ N., 2002. Nitrogen evolution and fate in Canary
Island (Spain) sprinkler fertigated banana plot. Agric
Water Manage 52, 93-117. DOI: 10.1016/S0378-
3774(01)00131-7.

PASDA G., HAHNDEL R., ZERULLA W,, 2001. Effect of
fertilizers with the new nitrification inhibitor DMPP (3,4-
dimethylpyrazole phosphate) on yield and quality of agri-
cultural and horticultural crop. Biol Fertil Soils 34(2), 85-
97. DOI: 10.1007/s003740100381.

SANCHIS E.J., 1991. Estudio de la contaminacién por
nitratos de las aguas de la provincia de Valencia. Origen,
balance y evolucion espacial y temporal. Universidad de
Barcelona, pp. 111-129. [In Spanish].

SERNA M.D,, BORRAS R., LEGAZ F,, PRIMO-MILLO E.,
1992. The influence of nitrogen concentration and ammo-
nium/nitrate ratio on N-uptake, mineral composition and
yield of citrus. Plant Soil 147, 13-23.

SERNA M.D., LEGAZ F, PRIMO-MILLO E., 1994. Effica-
cy of dicyandiamide as a soil nitrification inhibitor in cit-
rus production. Soil Sci Soc Am J 58, 1817-1824.

SERNA M.D., LEGAZ F, PRIMO-MILLO E., 1996a.
Improvement of the N fertilizer efficiency with dicyandi-
amide (DCD) in citrus trees. Fert Res 43, 137-142. DOI:
10.1007/BF00747693.

SERNA M.D., LEGAZ F, MUNOZ N., MARTIN B,
PRIMO-MILLO E., 1996b. Inhibition of nitrification by



Improvement N fertilization by using DMPP in citrus trees 199

dicyandiamide (DCD) in citrus soils. Proc. 8th Internation-
al Citrus Congress (Manicom B., Robinson J., du Plessis
F., Joubert P, van Zyl J.L., du Prees S., eds.), Sun City,
South Africa Vol 2, pp. 718-724.

SERNA M.D., BANULS J., QUINONES A., PRIMO-MILLO
E., LEGAZ F, 2000. Evaluation of 3,4-dimethylpyrazole
phosphate as a nitrification inhibitor in a citrus-cultivated
soil. Biol Fertil Soils 32, 41-46. DOI: 10.1007/
s003740000211.

SLANGEN JH.G., KERKHOFF P, 1984. Nitrification
inhibitors in agriculture and horticulture: a literature
review. Fert Res 5, 1-76. DOI: 10.1007/BF01049492.

STREET H.E., SHEAT D.E.G., 1958. The absorption and
availability of nitrate and ammonia. Encyclopaedia Plant
Physiol 8, 150-165.

TAGLIAVINI M., MASIA A., QUARTIERI M., 1995. Bulk
soil pH and rhizosphere pH of peach trees in calcareous
and alkaline soils as affected by the form of nitrogen fertil-
izers. Plant Soil 176(2), 263-271. DOI: 10.1007/
BF00011790.

THOMSON C.J., MARSCHNER H., ROMMHELD V,, 1993.
Effect of nitrogen fertilizer form on the pH of the bulk soil
and rhizosphere, and on the growth, phosphorous, and
micronutrient uptake by bean. J Plant Nutr 16, 493-506.

TROLLDENIER G., 1981. Influence of soil moisture, soil
acidity and nitrogen source on take-all of wheat. Phy-
topathol Z 102, 217-222. DOI: 10.1111/j.1439-0434.1981.
th03376.x.

WHO, 2004. Guidelines for drinking water quality. 3rd ed, \Vol.
1, Recommendations. World Health Organization, Geneva.
WISSEMEIER A.H., LINZMEIER W., GUTSER R.,
WEIGELT W., SCHMIDHALTER U., 2001. The new
nitrification inhibitor DMPP (ENTEC). Comparisons
with DCD in model studies and field applications.—Food
security and sustainability. In: Plant nutrition (Horst W.J.
et al., eds). Kluwer Academic Publishers, Dordrecht,
The Netherlands, pp. 702-703. DOI: 10.1007/0-306-

47624-X.

ZERULLA W, BARTH T., DRESSEL J., ERHARDT K,
VON LOCQUENGHIEN K., PASD G., RADLE M.,
WISSEMEIER A., 2001. 3,4-dimethylpyrazole phosphate
(DMPP)- a new nitrification inhibitor for agriculture and
horticulture. Biol Fertil Soils 34, 79-84. DOI:
10.1007/s003740100380.

ZHANG M., ALVA AK, LI Y.C.,, CALVERT D.V, 1996.
Root distribution of grapefruit trees under dry granular
broadcast vs. fertigation method. Plant Soil 183, 79-84.
DOI: 10.1007/BF02185567.



