
Nitrate loss from a tile-drained reclaimed marsh soil from 
SW Spain amended with different products

Marı́a Dolores Hurtado,  Luis Andreu, José Marı́a Abril, Antonio Delgado

Abstract Tile drainage and soil amendments have

been found to affect losses of nitrate N from agricul-

tural soils. This work was aimed at measuring nitrate N

losses in a tile-drained marsh soil from SW Spain under

traditional fertilization and irrigation practices, and

how these losses were influenced by the application of

soil amendments. To this end, a randomised block

experiment with three replications was performed

during two consecutive growing seasons—2003

to 2004 with cotton and sugar beet, respectively—

involving four different amendment treatments: (1)

control without amendment, (2) phosphogypsum (PG),

(3) manure, and (4) sugar factory refuse lime (SFRL).

Flow-weighted (FW) nitrate–N concentrations in

drainage water, estimated as the slope of the regression

of the instantaneous nitrate–N flow as a function of

drain flow rate, was decreased by PG in some drainage

events in the 2003 season and in the four last events of

the 2004 season when compared with control without

amendment. The increased FW nitrate–N concentra-

tions in drainage from SFRL in comparison to control

in a drainage event of 2003 season, and in the four last

events of 2004, can be explained by the contribution of

N present in the amendment. These effects did not

account for significant differences in nitrate–N loss

among treatments over the whole season in 2003, when

they ranged from 19.3 to 24.9 kg N ha-1, accounting

for 6–8% of applied N, nor in 2004, when they ranged

from 4 to 6 kg N ha-1, accounting for 3–4% of applied

N. The decrease in mean FW nitrate–N concentration

after the third drainage event in 2003 was not the

consequence of the depletion of total soil nitrate–N

because soil mineral N was increased on average by

205 kg N ha-1 during the season. The high N extrac-

tions by sugar beet and the subsequent decrease in total

soil nitrate–N can contribute to explain the decrease of

mean FW nitrate–N concentrations along the 2004

season. Greater absolute nitrate–N loss in 2003 than in

2004 was explained by the lower efficiency of the

furrow irrigation when compared with sprinkler irri-

gation. Results also revealed that traditional manage-

ment of N fertilizer was inadequate: rates applied to

cotton were excessive, increasing the risk of N losses

not only during the cotton season, but also at the

beginning of the following season.
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losses (Delgado et al. 2006). An appropriate balance

between increasing drainage intensity to improve soil

conditions, and the decrease of its intensity to reduce

N losses, is one of the most relevant aspects regarding

the control of these losses in artificially drained soils

(Kladivko et al. 1999, 2004; Nangia et al. 2009).

Nitrogen loss through tile drainage has been poorly

described in reclaimed marsh soils from Southwest

Spain (Guadalquivir Valley). In the area, an intensive

production of cotton, sugar beet, corn, and horticultural

crops (tomato, broccoli, and pepper) is done, usually

involving high N rates ([300 kg N ha-1). These soils

represent a particular case of tile drained soils, because

they are irrigated, and the main function of tile drains is

to avoid the rising of the saline water table. Thus,

drainage intensity can be affected not only by the design

of the drainage system, but also by the irrigation water

management (Delgado et al. 2006; Hurtado et al. 2011).

Besides drainage, other relevant factor in the

management of reclaimed marsh soils is Ca-amend-

ments, such as phosphogypsum (PG) and sugar factory

refuse lime (SFRL), to reduce sodicity (Domı́nguez

et al. 2001; Abril et al. 2008; Hurtado et al. 2011).

These amendments contribute to enhance soil aggre-

gation thus affecting solute and water transport in soil

(Jarvis et al. 2007). The application of these products

has been progressively replaced by manure as the

sodicity of the soils decreased. Organic amendments

can also affect nitrogen losses, not only by their effects

on aggregation, but also by their nitrogen content

(Chang and Entz 1996; Bakhsh et al. 2005), particu-

larly under non-efficient irrigation (Diez et al. 1997).

The main objective of this work was to measure

nitrate–N losses in an irrigated tile-drained marsh soil

from southwest Spain under usual irrigation and

fertilizer management in the area, and to study how

these losses are influenced by the application of usual

soil amendments in the area, such as PG, manure, and

SFRL. Results will be also useful in the evaluation of

the traditional fertilization and irrigation practices

with a view of decreasing N loss from soil.

Materials and methods

Location

The experiment was conducted from April 2003 to

September 2004 on a commercial farm, located in the

Abbreviations
PG Phosphogypsum

SFRL Sugar factory refuse lime

Introduction

Although nitrogen is essential for crop production, 
intensive agriculture management has led to nitrogen 
concentrations in surface and subsurface waters above 
water quality guidelines (Ng et al. 2000; Dinnes et al. 
2002; Nangia et al. 2008, 2009), even under semiarid 
conditions (Hadas et al. 1999; Keller et al. 2008) as in  
Southern Spain (Moreno et al. 1996; Lentini et al. 
2009). In fact, agriculture is the primary source of N 
pollution in European aquatic environments (Lassal-

etta et al. 2009). Nitrogen fertilization promoting high 
amounts of N accumulated in the soil (high rates or 
fertilization non-distributed during the crop season) 
contributes to N losses (Jaynes et al. 2001; Wang et al. 
2010). Besides fertilizer management, other agricul-

tural practices, such as amendments (Chang and Entz 
1996; Diez et al. 1997), tillage (Ng et al. 2000), water 
management (Diez et al. 1997; Hack-ten Broeke 
2001), and drainage (Randall et al. 1997; Huggins 
et al. 2001; Drury et al. 2009), may influence nitrogen 
loss from agricultural soils.

Tile drainage is a common water management 
practice in agricultural areas with poorly drained soils 
or/and high water tables (Randall et al. 1997; Kladivko 
et al. 2004). Also, an artificial drainage system is 
usually required to convert marshes to arable land 
(Hodgkinson and Thorburn 1995; Peck and Hatton 
2003), not only to avoid flooding, but also to ensure 
that the highly saline water table does not encroach 
into the root zone (Moreno et al. 1995, 2001). Despite 
their agronomic benefits, tile drains have been found 
to increase losses of nitrate N through the enhance-

ment of leaching of the soil profile (Gilliam et al. 1999; 
de Vos et al. 2000; Kladivko et al. 2004). Nitrate-

contaminated drainage waters from artificial drainage 
systems have been found to be a primary source of 
nitrate loadings to surface waters within the Midwest 
US (David et al. 1997; Randall et al. 1997; Dinnes 
et al. 2002; Goswami et al. 2009). Even more, in 
cracking soils, such as those in the marsh soils from 
southwest Spain, cracks connect the upper nutrient-

rich horizon with drain lines, shortcutting any buffer 
effect of subsurface horizons and enhancing nutrient



‘‘Marismas de Lebrija’’, in the reclaimed marsh soils

of the estuarine region of the Guadalquivir river,

Sothwest Spain (37�010N, 6�70W). This area was

reclaimed at the end of the 1970s by constructing

artificial drainage with tile drains spaced 10 m apart at

1 m depth approx., leaching, and applying phospho-

gypsum (PG), a by-product of the P-fertilizer industry

at usual rates of 25 Mg ha-1 each 2–3 years to reduce

Na saturation (Delgado et al. 2002, 2006). After

reclamation, these marsh soils can be classified as

Aeric Endoaquepts (Soil Survey Staff 2010). More

detailed information about the area, soils, reclamation

practices, and agricultural use can be found elsewhere

(Moreno et al. 1981, 1995; Domı́nguez et al. 2001;

Laudicina et al. 2009). Soil properties were homoge-

neous in the experimental site (Delgado et al. 2006),

drainage flow has the same pattern in all the plots, and

drainage water composition did not show significant

differences between plots in the experimental site

(Hurtado et al. 2011). The effect of the different

irrigation systems on drainage flows has been

described elsewhere (Hurtado et al. 2011). Abril

et al. (2008) estimated, based on PG-associated
226Ra enrichment, that the soil has received six

phosphogypsum applications at a rate of 25 Mg ha-1

since its reclamation started.

The mean temperature ranges from 10.0�C in

January to 25.5�C in August. The annual total rainfall

was 694 and 407 for years 2003 and 2004, with

corresponding potential evapotranspiration of 1,423

and 1,444 mm.

Experimental design

A randomised block design with three replications,

each one corresponding to 250 m 9 20 m plots, was

performed during two consecutive growing seasons,

2003–2004, with four different amendment treat-

ments: (1) control without amendment application,

(2) phosphogypsum (PG) generated in a phosphate-

industry in Huelva (SW Spain), (3) manure obtained

from a commercial dairy farm, and (4) sugar factory

refuse lime (SFRL), a Ca-rich by-product essentially

composed of CaCO3 also used in acid soils. Amend-

ments were applied at the beginning of the first

growing season (in April 2003) at 25 Mg ha-1 after

sun dried, and following current practices in this area:

spreading them over a previously tilled soil, with

additional deep tillage after their application, what

provoked dilution of the amendment in a soil horizon

down to 40 cm depth. Treatments were intended to

evaluate the usual practice in the area, where in a

typical crop rotation cotton-sugar beet there is more

time to apply and to improve soil properties before

cotton sowing in spring than before sugar beet.

The drain system consisted of ceramic drainage

pipe-lines spaced 5 m apart that were placed at a depth

of ca. 1 m. Tile drains were originally spaced 10 m

when the reclamation of the area started. However,

drain spacing was reduced in the nineties to increase

drainage intensity. Each plot was longitudinally

crossed by three pipe-lines. The two longest sides of

the plots (East and West sides) corresponded to

drainage lines that were not included in the study to

prevent cross-contamination among different plots.

The drainage flow was monitored in 2 of the 3 central

tile-drains of each plot which were connected

by a pipe. This drainage system controls the water

table level, which remains at a depth of approximately

0.9 m. The electrical conductivity of the water table

is [80 dS m-1 (Moreno et al. 1995; Hurtado et al.

2011).

The South side of all plots was adjacent to a small

channel that removed the drainage water to the

Guadalquivir River. Drain lines had a 0.15% slope

towards the channel in such a way that the long axis of

the plot ran slopewise. Also, the surface of the plots

had a 0.1% slope towards the channel in order to

facilitate furrow irrigation and to avoid flooding in

rainy years, without allowing surface runoff in normal

years. The North side of the plots corresponded to the

boundary with another commercial farm. In order to

minimize the potential influence of such a farm on the

experimental plot, a 5 m non-cropped border was

inserted. On the other farm, the surface and tile-drain

slope were towards another drainage channel running

in the opposite direction. Crop management had to be

adapted to commercial use of the farm, so that dose

and frequency of irrigation, fertilizer rate and other

practices was common in the area for these crops. In

the 2003 season, cotton (Gossypium hirsutum L.) was

grown under sprinkler the first irrigation, at

10 mm h-1, and after, under furrow irrigation with

furrows parallel to the longest side of each plot at a rate

of 7.5 mm h-1. Due to limitations in the availability of

irrigation water under the furrow system, only one-

third of the experimental site was irrigated at the same

time; thus, irrigation was organized in three shifts.



(SAR); Na was determined by flame photometry and

Ca and Mg by atomic absorption spectroscopy after

filtering through a 0.22 lm membrane filter. With

samples taken after the first and the second growing

season, only nitrate- and ammonium-N was deter-

mined as described above.

Organic matter in amendments was determined by

loss weight after combustion, total N by the Kjeldahl

method, total P, S, Ca, Mg, K, and Na by emission

spectroscopy coupled with inductively coupled

plasma (ICP-OES) after nitric acid digestion in

microwave, and pH and electrical conductivity in a

1:5 amendment:water ratio.

At the end o each growing season, biomass

production (aboveground in the case of cotton) and

N concentration of plants were determined. Biomass

production of cotton was evaluated by harvesting

30 m2 of crop in each plot. After this, from collected

plants, 5 plants of cotton were randomised sampled

and divided in stems, leaves and fruits/seeds. Plant

material was dried in a forced-air oven at 65�C until

constant weight and mill to pass a 1-mm screen. After

that, total N in samples was determined by the

salicilate modified Kjeldahl method to include

nitrates. Sugar beet production was evaluated by

harvesting 20 m2 (two subplots of 10 m2) from each

plot. Plants were divided in leaves and roots. A

representative sample of leaves and roots was taken

and processed for N analysis as described above.

Drainage monitoring and water analysis

Rainfall and sprinkler irrigation were recorded with

pluviometers; furrow irrigation was measured by flow

meters installed in the furrow heads. Drain flow was

monitored by manually measuring the discharge in all

pairs of drains studied continuously from the begin-

ning to the end of each irrigation and rainfall event;

drain flow rates were measured through the time

required to fill up a known volume. With these data,

the drainage hydrograph for each rain/irrigation event

was constructed. The total drainage during the season

was estimated by integrating the drainage hydrographs

during the crop season. Regular sampling of drainage

water was done manually in each rain or irrigation

event during the growing season. At least five samples

per event and plot were taken. After sampling,

drainage water was stored at 4�C before analysis.

Cotton was sown in April (11th) after amendment 
application and harvested in October—a typical cycle 
in Mediterranean region. During this growing season, 
total rainfall accounted for 76 mm, and irrigation 
applied for 1,096 mm. Fertilizer applications were 
done following usual recommendations in the area: 
52 kg N ha-1, 68 kg P ha-1, and 43 kg K ha-1 were 
applied at pre-plant as a mixture of (NH4)H2PO4, urea, 
and KNO3, and 268 kg N ha-1 at sidedress as 
NH4NO3 in two applications (31st May and 28th 
July). In the 2004 season, sugar beet (Beta vulgaris L.) 
was grown under sprinkler irrigation at 5 mm h-1 

from January (sown 13th) to the end of June 2004, 
which is a typical cycle in South Spain. The total 
rainfall in this season was 491 mm and irrigation 
399 mm. Pre-plant fertilizer rates for sugar beet were 
41 kg N ha-1,  54 kg P ha-1, and 34 kg K ha-1; 
besides this, 100 kg N ha-1 at sidedress (18th Febru-

ary) as NH4NO3 were applied. Cotton residues were 
burnt and sugar beet residues removed; thus non-

significant release or immobilization of N due to 
residue incorporation to soil could be expected.

Soil, amendment, and plant analysis

Soil in the experimental site was sampled taking 
twelve soil cores at three different depths (from 0 to 
30, 30 to 60 and 60 to 90 cm) from each plot. All the 
cores from each plot and same depth were mixed to 
make a single sample per plot and depth. Samples 
were taken before amendment and fertilizer applica-

tion in the first growing season in January 2003, after 
the first growing season in November 2003, and after 
the second growing season in September 2004. Soil 
samples were air dried and ground to pass a 2 mm 
screen. With the samples taken at the beginning of the 
first growing season, a complete soil characterization 
was done, involving: particle size analyses by using 
the hydrometer method (Gee and Bauder 1986), 
organic carbon by dichromate oxidation (Walkley 
and Black 1934), total N by the Kjeldahl method in the 
surface horizon, pH in 1:5 soil:water extracts, nitrate-

and ammonium–N after extraction with 2 M KCl 
according to Mulvaney (1996), and P availability 
index according to the Olsen method (Olsen et al. 
1954). In the soil saturation extract obtained using the 
method of Rhoades (1996), electrical conductivity 
(EC), and Na, Ca and Mg concentrations were 
determined to calculate the Na adsorption ratio



Nitrate–N in drainage water samples was deter-

mined by the ultraviolet absorbance at 220 nm

corrected by the absorbance at 275 to avoid organic

matter interferences (APHA et al. 1985). In all the

cases, the low organic matter of water allowed to apply

this method. Ammonium- and nitrite-N was negligible

in drainage water in comparison with nitrate–N

concentrations. Instantaneous nitrate–N flow from

soil was determined by multiplying the measured

nitrate–N concentration and its corresponding mea-

sured drain flow rate at the time of sampling. The

nitrate–N loss during the time interval Dt between two

consecutive samplings was calculated as:

½Nitrate-N loss tð Þ þ Nitrate-N lossðt þ DtÞ�Dt=2

For each plot, the total nitrate–N loss during the

season was calculated as the sum of losses during each

time interval between samplings during the season.

Statistical analysis

The analysis was intended to expose the effects of the

amendment application on drainage and nitrogen

losses, and nitrogen balance components. To this

end, the General Linear Model procedure in Stat-

graphics Plus 5.1 (StatPoint 2000) was used. This

software was also used for regressions analyses.

Nitrate–N concentration is expected to change

during the experiment. Thus, in order to compare

the effect of the different treatments on nitrate–N

concentration, flow-weighted (FW) nitrate–N con-

centrations is usually estimated for each treatment as

the nitrate–N load divided by the corresponding

drainage volumes (Goswami et al. 2009). In this

work, we have calculated the FW nitrate–N con-

centration as the slope of the linear regression of the

instantaneous nitrate–N flow (NF, calculated for a

time t as the product nitrate–N 9 drain flow rate at

this time) as a function of drain flow rate, including

the data of the three replicates of each treatment for

each irrigation event. This provided a representative

nitrate–N concentration of each treatment and irri-

gation event. Figure 1 represents regressions for two

drainage events after the first and the fifth furrow

irrigation in control plots in the 2003—cotton—

season. Interception points and slopes (FW nitrate–

N concentrations) were compared using Statgraphics

Plus 5.1 (StatPoint 2000). Slope comparison allows

one to establish significant differences in FW

nitrate–N concentration between treatments for each

drainage event.

Results and discussion

Properties of the soil were in the usual range described

for soils of the area (Domı́nguez et al. 2001). Physico-

chemical soil properties were fairly homogeneous

between plots involved in the experiment (Table 1),

with relative standard errors under 12% (except sand

content). Electrical conductivity (EC) and Na adsorp-

tion ratio (SAR) in soil increased with depth (Table 1)

due to reclamation practices, which reduced the salt

content and Na saturation in the upper horizons. Also,

the saline watertable can be a source of soluble salt for

the deeper horizons, thus contributing to the gradient

in EC and SAR observed. Amendments applied had

very different properties. Phosphogypsum composi-

tion was essentially determined by its high content in

gypsum, and SFRL by the high content in CaCO3

(Table 2). The properties of manure revealed that it

was a fairly mineralized product.

Drainage discharges from soils of the area have

been described in previous works (Andreu et al. 1994;

Moreno et al. 1995; Delgado et al. 2006), and more

detailed in the experimental site by Hurtado et al.

(2011), who demonstrated that drainage discharge was

affected by irrigation methods, with higher drainage to
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irrigation volume ratios for furrow than for sprinkler

irrigation. In agreement with these evidences, in the

present work, the drainage to irrigation ? rain ratio

was greater in the 2003 season than in the 2004

(Table 3). However, no significant effects of amend-

ments on drainage volumes were observed within each

growing season (Table 3). As it can be deducted from

the slope of the cumulative drainage as a function of

time (Fig. 2), the drainage to irrigation ? rain ratio in

each drainage event was higher at the beginning of

both seasons than at the end, despite the lower water

supply at the beginning. Different factors can contrib-

ute to explain this observation, such as lower crop

evapotranspiration and the initial dryness of the soil

and the consequent presence of cracks at the beginning

of crop season (Hurtado et al. 2011).

Mean values of nitrate–N concentrations in samples

ranged from 22 (PG) to 26 mg L-1 (SFRL) in the

2003 season, and from 14 (PG) to 28 mg L-1 (SFRL)

in the 2004 season (Table 3). Nitrate–N concentra-

tions tended to decrease along each growing season,

such as it can be observed in Fig. 3 which shows data

from two drainage events, one from an irrigation at the

beginning of the season, and other from an irrigation at

the end.

Nitrate–N concentration increased at increased

drain flow rates at the beginning of both seasons

(Fig. 3a shows an example for the 2003 season—

cotton—, and Fig. 3b for 2004—sugar beet—); this

was particularly evident at drain flow rates lower than

0.1 mm h-1 in the 2003 season. These positive

relationships can be the results of a rapid non-

equilibrium water movement through macropores

(root or earthworm channels, desiccation cracks)

(Luxmoore et al. 1990; Stamm et al. 1998; Kladivko

et al. 1999). Also, the relative capacity of the different

sources of water contributing to drain discharge, such

as irrigation or rain, soil water, and watertable

discharge (particularly at peaks in drain discharge;

de Vos et al. 2000; de Vos 2001) and their nitrate–N

concentrations can explain different relationships

between nitrate–N concentration in drainwater and

drain flow rate (Evans and Davies 1998; Chanat et al.

2002; Rose 2003). At the end of both seasons,

relationship between nitrate–N concentration and

drain flow rate was less evident; in some cases this

relationship was negative at the end of the 2003—

cotton—season (Fig. 3). These changes in the rela-

tionship between nitrate–N concentration and drainT
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flow during the season likely reveal changes in soil

conditions affecting drainage, such as depletion of

nitrate–N in the soil volume acting as source of

nitrate–N for drainage water, closing of cracks, or a

smaller contribution of the water table to drain

discharge at peaks flow.

The evolution of the slope of the relationship

between instantaneous N flow and drain flow rate, i.e.

flow-weighted nitrate–N concentration (Table 4, 5),

with time is determined by the change of nitrate–N

concentration in drainage water and by the different

relationship between this concentration and drain flow

rate along the season. In the 2003 season, PG and

manure showed significantly lower flow-weighted

(FW) nitrate–N concentration than control in some

events: two at the middle of the season in PG, and in

the last event in PG and manure; on the contrary,

SFRL showed a higher FW nitrate–N concentration

than control in one event (Table 4). Differences could

be explained at least partially by the effect of soil

factors affecting water movement. According to Yu

et al. (2003), PG improves soil aggregation even in

non-sodic soils. This effect can promote an increased

flow through macropores (Jarvis et al. 2007), which

can contribute to an increased bypass of nitrate present

in smaller pores, and thus to lower FW nitrate–N

Table 2 Properties of applied amendments

Product OM

(g kg-1)

Total N

(g kg-1)

P

(g kg-1)

S

(g kg-1)

K

(g kg-1)

Ca

(g kg-1)

Mg

(g kg-1)

Na

(g kg-1)

pHa ECa

(dS m-1)

Phosphogypsum ND ND 3.5 150 ND 229 ND 0.3 2.9 2.6

Manure 300 10 3.1 23 18 100 10 5.8 6.6 8.3

SFRL 90 4 6.2 16 3 214 11 1.3 7.9 3.5

Data expressed over dry matter basis

OM organic matter, SFRL sugar factory refuse lime, EC electrical conductivity, ND not detectable
a Determined in the 1:5 extract

Table 3 Effect of the different soil amendments on drainage, drainage to irrigation ? rain ratio and components of the N balance in

soil for each growing season

Amendment Drainage

(mm)

Drain to

irrigation ? rain

ratio (%)

NO3–N

concentration

in watera

(mg L-1)

Change in soil

NO3–N

(0–90 cm)

(kg ha-1)

Change in soil

NH4–N

(0–90 cm)

(kg ha-1)

N crop

exportationb

(kg ha-1)

NO3–N lost

by drainage

(kg ha-1)

Cotton (2003)

Control 80 ± 8 7 ± 1 26 ± 12 169 ± 19 18 ± 15 100 ± 22 24.9 ± 1.4

Phosphogypsum 93 ± 10 8 ± 1 22 ± 13 164 ± 79 1 ± 11 126 ± 41 20.3 ± 0.3

Manure 82 ± 8 7 ± 1 24 ± 12 223 ± 8 21 ± 5 103 ± 5 23.7 ± 2.5

SFRL 60 ± 9 5 ± 1 26 ± 12 216 ± 29 9 ± 9 61 ± 2 19.3 ± 1.5

Sugar beet (2004)

Control 13 ± 2 1 ± 0.1 25 ± 23 -209 ± 16 -25 ± 12 345 ± 6 6.0 ± 0.9

Phosphogypsum 15 ± 1 2 ± 0.1 14 ± 18 -239 ± 69 -8 ± 12 327 ± 17 5.5 ± 1.1

Manure 15 ± 2 2 ± 0.1 20 ± 18 -280 ± 8 -24 ± 12 411 ± 38 4.0 ± 1

SFRL 13 ± 3 1 ± 0.1 28 ± 15 -243 ± 25 -11 ± 15 378 ± 23 5.1 ± 1.4

Mean ± standard error; non-significant differences between treatments were observed

According to Delgado et al. (2006), a bulk density of 1.25 kg L-1 has been considered
a Mean ± standard deviation of all the observations during the season

SFRL sugar factory refuse lime
b N in aerial parts of cotton, and N in aerial parts and roots of sugar beet



volume and that there is a depletion of nitrate only in

the soil volume through which drainage water pro-

motes nitrate leaching. The risk of nitrate leaching in

each drainage event can be estimated by taking into

account the FW nitrate–N concentration and the

drainage volume in each event. In the 2003 season,

this risk increased along the four first drainage events

due to the increasing FW nitrate–N concentrations

(three first events) and to the increasing drainage

volumes (Fig. 4).

In the 2004—sugar beet—season, significant dif-

ferences in FW nitrate–N concentration were also

observed. Phosphogypsum tended to decrease FW

nitrate-concentration at the end of the season (four last

drainage events) when compared with control

(Table 5). This was probably a consequence of its
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drainage event after the first and the eight irrigation in the 2004

(sugar beet) season (b). ***Significant at P \ 0.001

Date

Fig. 2 Irrigation ? rain and cumulative drainage in each 
treatment; a for 2003 (cotton) season, and b for 2004 (sugar 
beet) season; SFRL sugar factory refuse lime. Error bars 
indicate one standard error

concentrations. However, these differences did not 
account for significant differences in total nitrate–N 
losses between treatments at the end of the season 
(Table 3). In general terms, considering mean for all 
the treatments in the 2003 season, maximum FW 
nitrate–N concentration was observed in the third 
event, before the two sidedress N fertilization, which 
accounted for 85% of the applied N (Fig. 4). The 
initial increase in FW nitrate–N concentrations was 
promoted at least partially by the dissolution of pre-

plant N fertilizer. Crop extractions were much lower 
than applied N rate and a significant increase in soil 
nitrate–N was observed during the 2003—cotton—

season (Table 3). Thus, the decrease in FW nitrate–N 
concentration after the third drainage event was not the 
consequence of the depletion of total soil nitrate 
because the amount of mineral N in soil increased 
during the season (Table 3). This reveals probably that 
nitrate–N leaching is restricted to part of the soil



effect on soil structure as discussed above for the

previous season which is more evident at the end of the

season with less nitrate in the soil. On the contrary, in

the same drainage events, SFRL promoted higher FW

nitrate–N concentrations than control (Table 5),

probably due to the contribution of N present in this

material, most of it in organic form (Sims et al. 2010)

with a higher mineralization rate at the end of the

season with higher temperatures. Increased FW

nitrate–N concentration with SFRL was observed in

Table 4 Linear regressions of instantaneous nitrate–N flux, NF (mg m-2 h-1) as a function of drain flow, F (mm h-1)

(NF = mF ? b) for the cotton (2003) season

Irrigation/rain

(date of start)

Control Phosphogypsum Manure SFRL

b m R2 b m R2 b m R2 b m R2

11-04-2003 0.0 16.9 0.67 0.0 19.9 1.00 0.0 16.6 0.99 0.0 19.1 0.99

24-04-2003 -0.25 46.6 0.99 -0.12b 36.0a 0.99 -0.35 49.2 0.98 -0.20 44.1 0.98

16-05-2003� -0.35 49.7 0.97 -0.88 50.9 0.93 -0.55 50.8 0.98 -0.30 48.1 0.99

12-06-2003 0.85 33.3 0.88 -0.08 34.2 0.87 0.44 35.8 0.97 0.66 34.8 0.98

03-07-2003 0.21 22.8 0.98 -0.08a 19.4a 0.96 -0.08 23.3 0.98 0.04 24.2 0.99

18-07-2003 0.09 13.9 0.97 0.57c 6.2b 0.43 0.07 14.7 0.98 0.04a 17.3a 0.99

29-07-2003� 0.04 17.8 0.96 -0.02 16.0 0.91 0.22 19.6 0.74 -0.05 20.4 0.93

09-08-2003 0.80 9.3 0.41 0.67c 3.9 0.42 0.28 13.1 0.76 0.33 11.2 0.53

23-08-2003 0.17 12.6 0.94 0.19a 6.1a 0.86 0.30 9.7b 0.80 -0.10 16.5 0.89

The slope (m) of the linear regression is considered the flow-weighted nitrate–N concentration

All the linear fits are significants at P \ 0.01

SFRL sugar factory refuse lime
� Represented in Fig. 1
a,b,c Statistically significant differences at P \ 0.01, 0.05, and 0.1, respectively (in comparison to control in the same irrigation event)

Table 5 Linear regressions of instantaneous nitrate–N flux, NF (mg m-2 h-1) as a function of drain flow, F (mm h-1)

(NF = mF ? b) for the sugar beet (2004) season

Irrigation/rain

(date of start)

Control Phosphogypsum Manure SFRL

b m R2 b m R2 b m R2 b m R2

27-11-2003 0.01 55.2 0.77 -0.08b 39.7 0.76 -0.03 48.7 0.97 -0.16 56.1 0.95

11-12-2003 0.07 40.1 0.91 -0.02 40.3 0.99 -0.03 44.7 0.98 -0.08 46.8 0.97

18-01-2004 -0.01 48.4 0.88 -0.02 41.0 0.95 -0.03 44.8 0.99 -0.05 44.9 0.98

29-02-2004 -0.02 59.5 0.86 -0.09 55.0 0.92 -0.13c 55.3 0.99 -0.05 51.3 0.98

02-04-2004 0.00 52.9 0.75 -0.12 50.1 0.81 -0.09 51.9 0.97 -0.04 48.1 0.99

06-05-2004 0.00 28.7 0.85 0.00 11.5 0.76 0.00 21.0c 0.98 0.00 27.3 0.99

07-06-2004 0.01 7.85 0.84 0.00a 2.77a 0.74 0.01 9.20 0.50 0.04a 19.7a 0.95

14-06-2004 0.04 5.10 0.61 0.00a 2.25b 0.98 0.00 6.15 0.78 0.01a 15.9a 0.79

22-06-2004 -0.01 6.78 0.66 0.00a 2.02a 0.99 0.00 5.44 0.93 0.00a 16.1a 0.98

28-06-2004 0.02 4.42 0.75 0.00a 2.68a 0.97 -0.01 4.71 0.84 -0.04a 13.6a 0.97

The slope (m) of the linear regression is considered the flow-weighted nitrate–N concentration

All the linear fits are significants at P \ 0.01

SFRL sugar factory refuse lime
a,b,c Statistically significant differences at P \ 0.01, 0.05, and 0.1, respectively (in comparison to control in the same irrigation event)



change in FW nitrate–N concentration at the begin-

ning of the 2004 season could be the consequence not

only of the effect of the dissolution of preplant N

fertilizer, but also of the high content of nitrate–N in

soil before sowing which is mostly a residue N from

the previous crop (Table 3); this residual N was much

higher than in the previous season (Table 1). These

observations were in agreement with previous works

by Randall et al. (1997) and Kladivko et al. (1999) who

observed that a high amount of residual nitrate in soil

was a key factor explaining nitrate losses from soils.

Contrasting with the previous season, the high N

extractions by sugar beet and the subsequent decrease

in total soil nitrate–N (Table 3) can contribute to

explain the decrease of FW nitrate–N concentrations

along the 2004 season. This decrease contributes to

explain the drop in nitrate–N leaching risk along the

season more than the evolution of drainage volumes

(Fig. 4).

In the 2003 (cotton) season, nitrate–N losses

through drainage accounted for 16–32% of the crop

export (N in aboveground parts) and for 6–8% of the

fertilizer rate; in 2004 (sugar beet), however, losses

were less relevant, accounting for less than 2% of crop

uptake (Table 3) and for 3–4% of the applied N.

However, it should be taken into account that most of

the N present in the soil in the 2004 season was a

residue of the 2003 season (Table 3). Differences in

absolute nitrate–N losses between both seasons can be

explained by the different efficiency of irrigation

systems, with a ratio of drainage volume to water

supply ratio higher in the 2003 season (Table 3) than

in 2004, which promotes a greater nitrate leaching. In

the 2003 season, nitrate–N losses through drainage

accounted for a small portion of the mineral N

accumulated in soil during the season (Table 3). Thus,

although N was applied in excess when compared with

crop extraction, most of it was not lost through

drainage. This can be explained probably as stated

above by the leaching of nitrate only in part of the soil

volume. However, this accumulation of N in soil

during the first season contributes to high FW nitrate–

N concentration at the beginning of the second season,

thus increasing the risk of nitrate leaching as stated

above.

Results reveal that the N fertilizer rate applied to

cotton was excessive. This rate is usual in the area, and

it should be mentioned also that sustainable produc-

tion directives by regional government recommended
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Fig. 4 Flow weighted (FW) NO3-N concentrations and drain-
age volumes for each drainage event in the 2003 (cotton) season 
(a), and in the 2004 (sugar beet) season (b). Data indicates mean 
for all the treatments, and error bars one standard error. Arrows 
indicate N fertilizer applications

the previous season only in one drainage event 
(Table 4). The absence of this effect with manure 
could be explained by two opposite processes affect-

ing FW nitrate–N concentrations in drainage water: 
improvement of structure which contributes to 
decrease FW nitrate–N concentration as in PG, and 
N present in material which contributes to increase 
nitrate–N concentration. As in the 2003 season, these 
differences between treatments did not account for 
significant differences in total nitrate–N loss in the 
season due to the small contribution of the last four 
drainage events (lowest FW nitrate–N concentrations) 
to total nitrate–N loss (Table 3). Considering the mean 
of all the treatments, initial FW nitrate–N concentra-

tion in the 2004 season was much higher than in the 
2003 season, and no significant differences were 
observed between the four first drainage events, even 
after the sidedress N fertilization (Fig. 4). This small



rates until 280 kg N ha-1, much higher than our

measured crop exportations (Table 3). This high rate

resulted in a high amount of nitrate–N in soil after

cotton crop, which justifies the high N uptake by sugar

beet when compared with usual uptake of this crop for

optimum yields in the area (less than 260 kg N ha-1;

Bilbao et al. 2004). In fact, fertilizer applied to sugar

beet accounted for less than 50% of the total crop

uptake, thus indicating that most of this uptake was

covered by N present in soil. Thus, lower N fertilizer

rates in cotton could lead not only to smaller N losses

through tile drainage during cotton season, but also to

lower nitrate–N concentrations in drainage water at

the beginning of the sugar beet season, and thus, to

smaller N losses, with a likely increase of beet quality

for sugar production (Bilbao et al. 2004).

Conclusions

Phosphogypsum decreased flow-weighted (FW)

nitrate–N concentrations in drainage water in some

drainage events in the middle of the 2003 (cotton)

season and at the end of the 2004 (sugar beet) season

when compared with control without amendment.

This can be the result of the enhancement of macro-

pore flow, which can contribute to an increased bypass

of nitrate present in smaller pores resulting in

decreased FW nitrate–N concentrations. The

increased FW nitrate–N concentrations in drainage

from SFRL in comparison to control in a drainage

event of 2003 season, and in the four last events of

2004 can be explained by the contribution of N present

in the amendment. These differences did not account

for significant differences in nitrate–N loss in both

seasons, which ranged between 19.3 and 24.9 kg ha-1

in the 2003 (cotton) season, and between 4 and

6 kg ha-1 in the 2004 (sugar beet) season. The

evolution of FW nitrate–N concentration in drainage

waters along both seasons can be explained by the

depletion of nitrate only in part of the soil volume;

only in the 2004 (sugar beet) season, the depletion of

total soil nitrate–N by crop extraction contributed to

explain the decrease of FW nitrate–N concentration

along the season. Greater absolute nitrate–N loss in

2003 than in 2004 was explained by the lower

efficiency of the furrow irrigation when compared

with sprinkler irrigation. The traditional management

of N fertilizer was inadequate: rates applied to cotton

were excessive, increasing the risk of N losses not only

during the cotton season, but also at the beginning of

the following season.
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