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a b s t r a c t

Considerable NO3
� contamination of underlying aquifers is associated with greenhouse-

based vegetable production in south-eastern Spain, where 80% of cropping occurs in soil. To

identify management factors likely to contribute to NO3
� leaching from soil-based cropping,

a survey of irrigation and N management practices was conducted in 53 commercial

greenhouses. For each greenhouse: (i) a questionnaire of general irrigation and N manage-

ment practices was completed, (ii) amounts of N applied in manure were estimated; and for

one crop in each greenhouse: (a) irrigation volume was compared with ETc calculated using

a mathematical model and (b) total amount of applied fertiliser N was compared with crop N

uptake. Total irrigation during the first 6 weeks after transplanting/sowing was generally

excessive, being >150 and >200% of modelled ETc in, respectively, 68 and 60% of green-

houses. During the subsequent period, applied irrigation was generally similar to modelled

ETc, with only 12% of greenhouses applying>150% of modelled ETc. Large irrigations prior to

transplanting/sowing were applied in 92% of greenhouses to leach salts and moisten soil.

Volumes applied were >20 and >40 mm in, respectively, 69 and 42% of greenhouses.

Chemical soil disinfectants had been recently applied in 43% of greenhouses; associated

irrigation volumes were >20 and >40 mm in, respectively, 78 and 48% of greenhouses

conducting disinfection. Nitrogen and irrigation management were generally based on

experience, with very little use of soil or plant analysis. Large manure applications were

made at greenhouse construction in 98% of greenhouse, average manure and N application

rates were, respectively, 432 m3 ha�1 and 3046 kg N ha�1. Periodic manure applications were

made in 68% of greenhouses, average application rates for farmyard and pelleted manures

were, respectively, 157 and 13 m3 ha�1 (in 55 and 13% of greenhouses); the average N rate

was 947 kg N ha�1. Manure N was not considered in N fertiliser programs in 74% of green-

houses. On average, 75% of fertiliser N was applied as NO3
�. Applied fertiliser N was>1.5 and

>2 times crop N uptake in, respectively, 42 and 21% of crops surveyed. The survey identified

various management practices likely to contribute to NO3
� leaching loss. Large manure

applications and experiential mineral N management practices, based on NO3
� application,
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are likely to cause accumulation of soil NO3
�. Drainage associated with: (i) the combined effect

of large irrigations immediately prior to and excessive irrigations for several weeks following

transplanting/sowing and (ii) large irrigations for salt leaching and soil disinfection, is likely to

leach accumulated NO3
� from the root zone. This study demonstrated that surveys can be very

useful diagnostic tools for identifying crop management practices, on commercial farms, that

are likely to contribute to appreciable NO3
� leaching.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Appreciable nitrate (NO3
�) leaching loss is commonly measured

from intensive vegetable production systems (e.g. Guimerá

et al., 1995; Ramos, 1996; Ramos et al., 2002; Vázquez et al., 2005,

2006). These systems have a high potential for NO3
� leaching

loss because of high nitrogen (N) inputs and the common

occurrence of excessive irrigation (Pratt, 1984). Within the

European Union (EU), the Nitrate Directive (Anon., 1991) applies

a limit of 50 mg NO3
� L�1 to groundwater because of public

health concerns of methemoglobinemia. This legislation

designates affected areas as ‘‘Nitrate Vulnerable Zones’’

(NVZ) which are required to implement improved management

practices as part of ‘‘Action Plans’’ to reduce NO3
� contamina-

tion. Furthermore, the EU Water Directive (Anon., 2000) aims to

ensure that all water bodies within the EU, including sub-

terranean water, are minimally contaminated by the year 2015.

The greenhouse-based intensive vegetable production

system located on the Mediterranean coast of south-eastern

Spain, is the largest concentration of greenhouses, within a

particular region, in the world (Castilla and Hernández, 2005).

In the province of Almeria, 27,000 ha of simple plastic

greenhouses are used for intensive vegetable production

(Sanjuán, 2004), with an estimated additional 10,000 ha in

adjoining coastal provinces (Castilla and Hernández, 2005).

The expanse and concentration of greenhouses in this region

is clearly apparent in photographs taken from space (ISAL,

2004). The rapid development of this system since the 1970s

has been a major contributor to a recent dramatic increase in

per capita income in this region (Sánchez, 2005). Currently,

this system is being copied in regions with similar initial

conditions of favourable climate, low labour costs and access

to large export markets, particularly in Central and South

America. Additionally, this system can be considered as a case

study of a recently developed intensive vegetable production

system, of which there are numerous current examples in

areas such as the Mediterranean Basin.

Large areas of shallow aquifers, beneath the principal areas

of greenhouse production in the province of Almeria have

NO3
� concentrations of >100 mg NO3

� L�1 with some areas

having concentrations of >300 mg NO3
� L�1 (Jiménez-Espi-

nosa et al., 1996, 1997; Pulido-Bosch et al., 1997, 2000; Pulido-

Bosch, 2005). Aquifer NO3
� concentrations have risen con-

tinuously since the initial development of this industry in the

1970s (Jiménez-Espinosa et al., 1996; Pulido-Bosch et al., 1997;

Pulido-Bosch, 2005), demonstrating appreciable on-going

NO3
� contamination from this vegetable production system.

Most of the areas where the greenhouses are concentrated

have been classified as NVZs in accordance with the EU Nitrate

Directive and consequently are required to develop and
implement crop management practices that reduce NO3
�

contamination. Research studies have demonstrated appreci-

able NO3
� leaching loss and drainage from soil-based cropping

in this system (Granados et al., 2005; Gallardo et al., 2006;

Thompson et al., 2006).

The major crops grown in greenhouses in Almeria are:

tomato, pepper, melon, watermelon, cucumber, eggplant

(aubergine), zucchini (courgette), and green beans (Castilla

and Hernández, 2005). Generally, crops are transplanted as 6–

8-week-old seedlings, except for green beans, which are

commonly grown from seed. Cropping cycles are most

commonly: (i) through autumn/winter following transplant-

ing in late July to early October with growth until January–

March for most species and possibly until June for tomato and

(ii) through spring following transplanting/sowing in Decem-

ber–February with growth until March–June.

Eighty percent of cropping occurs in soil, the other 20% in

‘‘open’’ hydroponic systems (Pérez-Parra and Céspedes, 2001).

Nearly all of the cropped soil has an 8–12 cm layer of coarse

sand mulch on the soil surface (Wittwer and Castilla, 1995;

Pérez-Parra and Céspedes, 2001; Castilla and Hernández,

2005); these mulched soils are known locally as ‘‘enarenado’’.

Approximately 80% of ‘‘enarenado’’ soils consist of artificial

soil systems in which 20–30 cm of sub-soil, normally of

medium to heavy texture, imported from a local quarry, is

placed over the indigenous soil, and the sand mulch is placed

over the imported soil. In the other 20% of ‘‘enarenado’’ soils,

the sand mulch is placed directly over the indigenous soil

(Pérez-Parra and Céspedes, 2001). Generally, when green-

houses are constructed, manure is mixed into the upper

portion (5–10 cm) of the soil (excluding sand mulch) and an

additional 1–2 cm layer of manure is placed over the soil

(Bretones, 1999). Additionally, manure is commonly added

every several years to the soil under the mulch, primarily to

reduce soil compaction (Bretones, 1999).

Drip irrigation (above-ground tape) with fertigation is used

on all farms (Pérez-Parra and Céspedes, 2001). Two systems of

fertigation are commonly used for soil-based farming (Carreño

and Magan, 1999; Pérez-Parra and Céspedes, 2001): (i) simple

fertiliser tanks to which fertiliser is added manually and

irrigation water is manually directed through the tank and (ii)

automatic systems consisting of computer-controlled pro-

grammers and multiple tanks (generally three to six) of

concentrated fertiliser solutions, as commonly used with

modern hydroponic cropping systems. The second system

which enables programmed control of the timing and

amounts of irrigation and of nutrient addition, is being rapidly

adopted (Pérez-Parra and Céspedes, 2001), and offers the

technical capacity for precise irrigation and nutrient manage-

ment. A notable feature of this industry is the very active role
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of farm advisors who are employed by the co-operatives and

auction houses that sell the farmers’ produce, and by the local

suppliers of farm products (Pérez-Parra and Céspedes, 2001).

The advisors are essentially a source of accumulated local

knowledge; the ready availability of this information has

enabled the successful entry of many first generation growers

into this farming system.

To reduce NO3
� leaching from commercial farms in a

particular cropping system, it is very useful to firstly identify

and characterise the crop management practices that are

mostly responsible. Such information enables the develop-

ment of improved management practices that specifically

target the responsible practices. For individual cropping

systems, associated with appreciable NO3
� contamination

of underlying aquifers, surveys are an effective method for

identifying and characterising the responsible crop manage-

ment practices on commercial farms. For soil-based cropping,

in the vegetable production system of Almeria, there is very

little published information describing or evaluating irrigation

and N management practices on commercial farms. This

paper describes a comprehensive survey that was conducted

to provide: (i) an overall characterisation of relevant manage-

ment practices relevant to the risk of NO3
� leaching and (ii) a

quantitative evaluation of irrigation and N management

practices to assess their likely contribution to NO3
� leaching,

on commercial farms in this cropping system. Additional

objectives were to: (a) use the survey results to suggest

improved management practices, as required by EU Nitrate

Directive (Anon., 1991) or, at least to identify research

requirements and (b) to assess the utility of this as a general

methodology for identifying crop management practices most

likely to contribute to NO3
� leaching loss from commercial

farms in individual cropping systems.
2. Materials and methods

2.1. General description of survey

A survey to characterise irrigation and N management

practices in the greenhouse-based vegetable production
Table 1a – Number of greenhouses participating in the survey

Crop species No. of greenhouses
surveyed, and initially

selected (in parentheses)

No. of green
and ini

(in parenthes
fertigati

Tomato 9 (9)

Pepper 8 (9)

Cucumber 6 (8)

Zuccini 5 (6)

Eggplant 4 (6)

For each species: (i) the number that participated, (ii) the number that wer

greenhouses with either ‘‘simple’’ or ‘‘advanced’’ technology for fertigat

refers to a manually operated simple fertiliser tank and manually ope

controlled programmer for irrigation and fertigation combined with mu
a Includes one greenhouse that used venturi systems with one to two

irrigation.
b Includes two greenhouses that used venturi systems with one to two fer
system of Almeria, Spain was conducted in 53 different

commercial greenhouses during the period July 1999 to June

2000. The survey was conducted within the regions known as

‘‘Campo de Dalias’’ and ‘‘Bajo Andarax’’ which are located

within 60 km of the city of Almeria in south-east Spain. These

two areas contain approximately 75 and 8% of the greenhouse

cropping area in the province of Almeria (Sanjuán, 2004). Each

greenhouse belonged to a different farm and owner. The

survey consisted of several components related to general

aspects of each greenhouse, being: (i) completion of a

questionnaire that characterised general features of each

greenhouse, and farm management practices associated with

irrigation and N management, (ii) measurement of selected

soil characteristics, and (iii) estimation of the amounts of N

added in manure applications, and several components

related to one individual crop in each greenhouse, being: (a)

evaluation of irrigation using a mathematical model devel-

oped locally to calculate crop water requirements, (b)

calculation of the total amounts of fertiliser N applied as

NO3
�-N, NH4

+-N and organic N, and (c) estimation of crop N

uptake.

Initially, 62 greenhouses were surveyed, but 9 were

subsequently excluded because of problems with disease or

co-operation. At least four greenhouses were initially selected

for each of the nine major combinations of vegetable species

and cropping cycles (autumn/winter grown pepper, tomato,

cucumber, zucchini, eggplant, and spring grown tomato,

melon, watermelon and green beans), and the numbers for

each species and cropping cycle broadly reflected their

distribution within the local industry (Tables 1a and 1b). All

crops were transplanted as seedlings, except for green bean

crops, which were grown from seed.

For each crop/cropping cycle, 50% of the greenhouses

initially selected had either ‘‘simple’’ or ‘‘advanced’’ technol-

ogy for irrigation and nutrient management (Tables 1a and 1b).

‘‘Simple’’ technology consisted of manual application of

irrigation and nutrients, using manually operated valves for

irrigation and simple manually operated fertiliser tanks.

‘‘Advanced’’ systems were mostly fertigation systems with

computer-controlled programmers combined with injectors

or venturi valves to add concentrated fertiliser solutions from
with autumn/winter cropping cycles, for individual species

houses surveyed,
tially selected
es), with ‘‘simple’’

on technology

No. of greenhouses surveyed,
and initially selected

(in parentheses), with ‘‘advanced’’
fertigation technology

4 (4) 5 (5)

4 (4) 4a (5)a

2 (4) 4a (4)a

2 (3) 3 (3)

3b (3)b 1 (3)

e initially selected, and (iii) the numbers of participating and selected

ion management. Unless otherwise indicated, ‘‘simple’’ technology

rated irrigation, and ‘‘advanced’’ technology refers to a computer-

ltiple tanks of fertiliser solutions.

fertiliser tanks to apply fertiliser, that had automatically operated

tiliser tanks to apply fertiliser, that had manually operated irrigation.



Table 1b – Number of greenhouses participating in the survey with spring cropping cycles, for individual species

Crop species No. of greenhouses
surveyed, and initially

selected (in parentheses)

No. of greenhouses surveyed,
and initially selected
(in parentheses), with

‘‘simple’’ fertigation technology

No. of greenhouses surveyed,
and initially selected (in parentheses),

with ‘‘advanced’’ fertigation technology

Tomato 5 (6) 3 (3) 2 (3)

Melon 6 (6) 3 (3) 3 (3)

Watermelon 5 (6) 3 (3) 2 (3)

Green bean 5 (6) 4 (4) 1 (2)

For each species: (i) the number that participated, (ii) the number that were initially selected, and (iii) the numbers of participating and selected

greenhouses with either ‘‘simple’’ or ‘‘advanced’’ technology for fertigation management. Unless otherwise indicated, ‘‘simple’’ technology

refers to a manually operated simple fertiliser tank and manually operated irrigation, and ‘‘advanced’’ technology refers to a computer-

controlled programmer for irrigation and fertigation combined with multiple tanks of fertiliser solutions.
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multiple storage tanks. With these ‘‘advanced’’ systems, both

the timing and amounts of irrigation and nutrients are

automatically controlled having been previously pro-

grammed. A small number of greenhouses with venturi

systems in combination with one or two fertiliser tanks,

without fertigation programmers, were also included; these

were classified as ‘‘simple’’ or ‘‘advanced’’ technology on the

basis of manual or automatic control of irrigation. In the 53

greenhouses surveyed, 26 had simple fertiliser tanks and

manual irrigation, 23 had programmers and multiple tank

systems, and 4 had manual venturi systems with 1–2 tanks; 2
Table 2 – Selected questions from questionnaire

Question

Characteristics of crop

Crop species, variety n

Transplant date; final date of crop n

Distances b/w plants within line and b/w lines n

Training of crop 1

Characteristics of irrigation system

Type of irrigation system D

Distances b/w drippers within lines, and b/w drip-lines n

Flow rate of drippers n

Measured uniformity of application? If yes, what was? n

Management of irrigation

Control of irrigation A

Criteria for irrigation management G

t

a

Salt management irrigations

Criteria used for leaching salts from soil I

a

Volume applied to leach salts n

Management of soil disinfection

Was the soil disinfected in relation to current crop? n

When B

Disinfectant used S

s

Volume of water applied n

Crop yield

Total commercial production from crop (t ha�1) n

Total production of non-commercial fruit (t ha�1) n

Questions, and where appropriate the optional answers that were provide

the study: general characteristics of the greenhouse and crop, the irriga

salt management and soil disinfection, and crop yield. n.p.a.: no provide
of these venturi systems had automatic control of irrigation

and 2 had manual control.

Technical advisors from four local marketing organisa-

tions, two co-operatives, Casur S. Coop and S.A.T. Agromurgi,

and two auction houses Agroponiente S:A. and Agrupaejido

S.A. participated in the survey by identifying suitable growers

and greenhouses on the basis of: (i) disposition of growers to

participate, (ii) that the greenhouses were representative of

the horticultural system, (iii) physical access to the green-

houses, (iv) use of representative crop varieties, and (v) the

technological level of the fertigation systems.
Provided possible answers

.p.a.

.p.a.

.p.a.

, 2, 3 or 4 arms; horizontal wires; no support

rip; flood; both

.p.a.

.p.a.

.p.a.

utomatic; manual

rower experience; technical advisor; combination of both;

ensiometers; tensiometers combined with grower experience

nd/or technical advisor

rrigations at end of crop; at beginning; at both beginning and end;

dditional volume with each irrigation; not done

.p.a.

.p.a.

efore crop; after crop; both before and after

odium metham; potassium metham; telone; methyl bromide;

olarisation

.p.a.

.p.a.

.p.a.

d, to characterise for each of the individual greenhouses and crops in

tion system used, the management of irrigation, irrigations used for

d answers.
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2.2. Questionnaire

Participating growers were personally interviewed to complete

a questionnaire, which characterised irrigation, N and asso-

ciated crop management practices, relevant farm equipment,

and general characteristics of the greenhouse. Selected ques-

tions from the questionnaire are presented in Tables 2 and 3.

Participating growers kept records of irrigations and N fertiliser

additions of the individual crop being followed for the survey.

2.3. Determination of selected soil characteristics

Soil texture and total N were characterised for the upper 20 cm

of the soil (not considering the sand mulch layer) of all

greenhouses. Soil samples were oven-dried at 65 8C and sieved
Table 3 – Selected questions from questionnaire

Question

Characteristics of fertiliser addition equipment

Type of technology used to apply mineral fertilisers?

Have tanks for concentrated fertiliser solutions?

If so, how many?

General nature of fertiliser program

Criteria used to design fertiliser program?

Was a standard solution or series of standard solutions

used to design the fertiliser program?

Source of the standard solution/s?

Basal fertiliser application before crop?

If so, form of fertiliser used?

If so, rate applied?

Was N irrigation water considered in designing

N fertiliser program?

Was N content of applied manure considered in

designing N fertiliser program?

Analyses made to assist with nutrient management

Had soil been analysed?

Had irrigation water been analysed?

Had plant samples been analysed?

Application of mineral N fertiliser in fertigation

Type of mineral N fertiliser used?

Frequency of fertiliser application in relation to irrigation?

Other fertiliser products applied?

Application of manure at greenhouse construction

Was manure applied at greenhouse construction?

If so: rate (m3 ha�1) of application?

If so: type of manure applied?

Time (years) since initial manure application?

Periodic application of manure since greenhouse construction

Have there been periodic manure applications

since greenhouse construction?

Manner of manure application?

Type of manure applied?

Time since last periodic manure application?

Questions, and where appropriate the optional answers that were provide

the study: aspects of management and equipment characteristics related
(2 mm). Texture was measured using a hydrometer following

dispersion in sodium hexametaphosphate and sodium carbo-

nate buffered to pH 8.3, and interpreted using the USDA

classification. Total N was determined using a N analyser

system (model FP-428, LECO Corporation, St. Joseph, MI, USA).

2.4. Evaluation of irrigation

Applied irrigation volumes, for each crop in the survey, were

calculated from the: (i) length of time of irrigation, (ii) flow rate

of drippers, (iii) and distribution of drippers. A mathematical

model (PrHo), developed to calculate crop water requirements,

as crop evapotranspiration (ETc), for greenhouse crops in

Almeria (Fernández et al., 2001a), was used to calculate ETc, on

a daily basis, for each crop. The mathematical relationships
Provided possible answers

Simple fertiliser tank (FT); venturis; injectors; programmer;

FT and venturis; FT and injectors

Yes; no

n.p.a.

Grower experience; technical advisor; grower experience

and technical advisor

Yes; no

Grower; technical advisor; book

Yes; no

n.p.a.

n.p.a.

Yes; no

Yes; no

Yes; no

Yes; no

Yes; no

NH4NO3; Ca(NO3)2; KNO3; NH4HPO4; NH4SO4; urea; composite

All irrigations; not in initial irrigation; not in initial and latter;

not in latter; alternate with–without

Amino acids; humic acids

Yes; no

n.p.a.

Farmyard manure; granulated manure

n.p.a.

Yes; no

Application to complete area; application in bands or lines

corresponding to drip-lines; spot application corresponding

to drippers

Farmyard manure; granulated manure

n.p.a.

d, to characterise for each of the individual greenhouses and crops in

to nitrogen and manure management. n.p.a.: no provided answers.
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used to calculate reference evapotranspiration and crop

coefficient values from climatic data are described by

Fernández et al. (2001b) and Orgaz et al. (2005). The total

volumes applied until 6 weeks after transplanting/sowing and

until final harvest were compared with the corresponding

modelled ETc values. Model simulations used daily climatic

data for the period of the survey obtained from a local weather

station, and assumed: (i) different monthly values for the

transmissivity of solar radiation through the greenhouse

plastic cover within the range of 0.596–0.682, (ii) fixed dates of

30 September 1999 and 1 March 2000, respectively, for the

removal and addition of whitewash (CaCO3), which is used to

reduce daytime temperatures inside greenhouses, and (iii)

that whitewash was prepared with a concentration of

25 kg(CaCO3) 100 L�1, which further reduced incoming solar

radiation by 30%. It was assumed that whitewash was used

with all crops except for melon and watermelon. The

simulations considered the growing period, planting densities

and general training of each crop. Irrigation was considered to

be excessive when accumulated volumes of applied irrigation

were more than 50% larger than modelled ETc.

2.5. Estimation of N added in manure applications

To estimate the N added in manure applications, farmers’

records or recollections of the rate of application and standard

values for manure N and manure dry matter (DM) content

were used. The records and recollections took various forms,

such as receipts or recollections of the thickness of the

application, and of the width where applications were made in

bands rather than to the entire soil surface. Standard values

for N and DM contents were the average values determined for

farmyard manure (FYM) from seven samples and for pelleted

manure from three samples; these standard values were used

to calculate N application rates for all greenhouses. Dry matter

was determined by drying at 105 8C to constant dry weight.

Nitrogen content was determined using a total N analyser

system (model FP-428, LECO Corporation, St. Joesph, MI, USA)

on samples previously dried to constant dry weight at 65 8C;

results were adjusted to DM content determined at 105 8C. The

seven samples of FYM had DM contents of 57–70% with an

average value of 63%, and the N contents of DM of 1.4–1.9%

with an average value of 1.6%. The pelleted manures had

average DM and N contents of 90 and 3.3%, respectively. Bulk

density values for FYM and pelleted manure were 0.7 and

0.5 g cm�3, respectively.

2.6. Assessment of forms and amounts of fertiliser N
applied

For each crop, the amounts of N added as NO3
�, NH4

+ and

organic N were calculated for each period of fertigation and

then summed for the entire cropping period. Records of N

fertiliser addition and irrigation were used to calculate N

additions by fertigation. Where relevant, pre-plant N fertiliser

applications were included. Nitrogen applied as nitric acid to

adjust the pH of the nutrient solution was also considered. For

greenhouses with manually operated simple fertiliser tanks

and manually operated venturi systems with one to two tanks,

all individual N applications to the tanks were summed.
Where computer-controlled programmers with multiple

tanks were used, the calculations for each form of N fertiliser

added were as follows. Recommendations to growers were

mostly given as: (i) the relative percentages of flow from

individual tanks of concentrated fertiliser solution in relation

to the combined total flow from the tanks and (ii) the electrical

conductivity (EC) of the applied nutrient solution. Growers

provided ECfert values (increase in EC due to fertiliser addition),

the contents and concentrations of fertiliser solutions in

individual tanks, and Ptank-period values (defined for Eq. (3), see

below) for each period of fertigation:

Qfert-period ¼
ECfert � 6:4� 10�4 � V

A
(1)

where Qfert-period is the quantity of all types of fertiliser added

(kg ha�1) during a given period, ECfert the increase in EC of

nutrient solution due to fertiliser addition (dS m�1), V the

volume of nutrient solution applied during a given period

(L) and A is the area of greenhouse receiving fertigation (ha):

FRtotal-period ¼
Qfert-period

Cave: applic: tanks
(2)

where FRtotal-period is the combined flow rate from tanks for

period (L h�1), and Cave. applic. tanks is the average concentration

of the combined fertiliser solution obtained from the tanks for

the period (g L�1); this was calculated using data of the con-

centration of individual tanks and of the relative proportions

derived from each tank for the period (see below):
FRtank-period ¼ FRtotal-period � Ptank-period (3)

where FRtank-period is the flow rate from individual tank and

Ptank-period is the proportion of total combined flow rate from

fertiliser tanks, from each individual tank.

Where recommendations/records for nutrient manage-

ment of programmer/multiple tank systems consisted of

applied concentrations (in mM), the calculations were

straightforward. The NO3
�-N content of irrigation water

(without fertiliser addition) was determined on several

occasions for each crop.

2.7. Estimation of crop N uptake

Crop N uptake was estimated for each crop examined (one

crop per each greenhouse) by considering three components

of crop biomass: (i) harvested fruit, (ii) ‘‘standing’’ biomass,

after final harvest, and (iii) leaf and stem material removed by

pruning. For each component, the amount of N was

determined from the amount of dry matter (DM) and the N

content of DM. Total fresh fruit production was determined

from growers’ records. Final standing biomass was deter-

mined in each greenhouse, after final harvest, by cutting four

representative plants, at ground level; leaves and stems were

separated, and DM and N contents were determined. Data for

the percentage of ‘‘standing’’ crop biomass DM removed in

prunings, the DM and N contents of pruned material, and the

DM and N contents of fruit were obtained from 1 to 2

‘‘controlled’’ greenhouses, which were designated for each

species/cropping cycle. In ‘‘controlled’’ greenhouses, all



Table 4 – Criteria used for irrigation management

Criteria used Percentage of
greenhouses

Grower’s experience 15

Technical advisers 25

Grower’s experience and technical advisers 47

Grower’s experience, technical

advisers and tensiometers

9

Grower’s experience and tensiometers 2

Technical advisers and tensiometers 2
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pruned material throughout the cropping period was collected

on four marked representative plants. For each plant, the

pruned material from the duration of the crop cycle was

bulked, and the DM and N contents of the bulked material

determined. The ratio of pruned DM to standing biomass DM

was determined for ‘‘controlled’’ greenhouses, and then

applied to all other greenhouses of the same species or

species/cropping cycle to provide an estimate of pruned DM in

each greenhouse. Where the amount of N in pruned material

represented <10% of the N in standing biomass (approxi-

mately <5% of crop N), the N in pruned material was not

considered. Dry matter percentage was determined by drying

in a forced air oven at 65 8C until constant dry weight, and N

content determined using a total N analyser system (model FP-

428, LECO Corporation, St. Joseph, MI, USA). In this system, all

crop residues are removed; therefore, all N taken up by crops is

removed from the cropping location.
Table 5 – Irrigation practices used to prevent salt
accumulation in soil

Irrigation practice used Percentage of
greenhouses

Irrigation after current crop 2

Irrigation immediately before current crop 58

Irrigation immediately before and after crop 34

Extra volume in each irrigation 0

Irrigation used to apply soil disinfectant 2

Irrigation at end of previous crop 2

Did not make an irrigation to leach salts 2

Table 6 – Volume of water applied in individual salt
leaching irrigations (mm)

Volume irrigation
applied (mm)

Percentage of
greenhouses

0–20 31

21–40 27

41–60 9

61–80 17

>80 16
3. Results

3.1. General description of greenhouses and soils

The relative distribution of the surface area for cropping in the

greenhouses was: 30% were 0.1–0.4 ha, 32% were 0.4–0.8 ha,

24% were 0.8–1.2 ha, and 14% were >1.2 ha. The ages of the

greenhouses were: 3% were <5 years, 22% were 5–10 years,

21% were 10–15 years, 12% were 15–20 years, and 12% were>20

years. There was one crop per year in 36% and two per year in

64%.

Fifty-five percent of the greenhouses surveyed cropped in

soil that had been imported onto the farm (see Section 1)

and 45% in the original soil. In greenhouses where imported

soil was cropped, the predominant soil texture classes for

the 0–20 cm soil (excluding the superficial sand mulch layer)

were loam in 40%, and sandy loam in 18%; the texture

classes ranged from loamy sand to clay. Where the original

soil was cropped, the predominant soil texture classes for

the 0–20 cm depth were sandy loam in 62% and loamy sand

in 14%; the texture classes ranged from loamy sand to clay

loam. Soil total N contents in 0–10 cm soil (excluding sand

mulch) were 0.02–0.21%, with 95% being <0.2% and 63%

being <0.1%.

3.2. Characteristics of irrigation system

All greenhouses used drip irrigation (surface tape). Only 45% of

greenhouses had volume meters to measure applied irrigation

volumes. Uniformity of irrigation had been determined in only

40% of greenhouses, of which in only 48% could the results be

located or recalled.

3.3. Characteristics of irrigation management

The most common criteria for irrigation management was the

combination of the grower’s experience and advice of

technical advisors, which was used in 47% of the greenhouses;

in 25% it was solely advice from technical advisors, and in 15%

the growers relied on their own experience (Table 4). Alto-

gether, in 87% of the greenhouses, irrigation management was
based on the grower’s experience and/or the advice of local

technical advisors, and in 72% the advice of the technical

advisors was very influential. In 13%, tensiometers were used

in combination with the grower’s experience and/or the

advice of local technical advisors (Table 4).

3.4. Soil management irrigations

In 98% of greenhouses, additional irrigations were applied to

soil, outside of the cropping period, to leach salts (Table 5);

none of the greenhouses applied additional volumes to the

normal irrigations in the form of leaching fractions during the

crop (Table 5). Fifty-eight percent of the greenhouses surveyed

applied one irrigation prior to transplanting/sowing to leach

salts, 34% applied additional single irrigations both before

transplanting/sowing and after cropping, and 4% applied a

single irrigation after either the current or previous crop.

Altogether, in 92% of greenhouses surveyed, a salt leaching

irrigation was applied prior to transplanting/sowing, these

irrigations also serve to wet the soil profile prior to

transplanting/sowing. A total of 38% applied a salt leaching

irrigation after a crop. The reported volumes applied in

individual salt leaching irrigations were >20 and >40 mm, in

respectively, 69 and 42% of greenhouses (Table 6). There was

considerable variation in the reported volumes of irrigation



Table 7 – Volume of irrigation used to apply chemical soil
disinfectants

Volume irrigation
applied (mm)

Percentage of
greenhouses

0–20 22

21–40 26

41–60 44

>60 8

Fig. 1 – (a) Comparison of total volumes of irrigation and

modelled ETc for duration of the crop, for each crop

surveyed. The dashed line represents the 1:1 line. (b)

Comparison of volumes of irrigation and modelled ETc for

the first 6 weeks following transplanting or sowing, for

each crop surveyed. The dashed line represents the 1:1

line. (c) Comparison of volumes of irrigation and modelled

ETc for the period from 6 weeks after transplanting or

sowing until the end of the crop, for each crop surveyed.

The dashed line represents the 1:1 line.
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applied to leach salts, with 31% of growers applying �20 mm,

and 16% applying >80 mm (Table 6).

Soil disinfection had been conducted in 43% of the

greenhouses, in relation to the crop being surveyed, either

shortly before or after the crop. In all cases, chemical

disinfectants were applied with water. Only 39% of the

growers who had disinfected their soil could identify the

disinfectant used; the most common were 1,3-dichloropro-

pene (‘‘Telone-21’’, in 26%), metham sodium (9%) and metham

potassium (5%). Pure solarisation was not used by any of the

growers. The volumes of water used to apply disinfectants

were >20 mm in 78% and >40 mm in 48% of the greenhouses

that had conducted disinfection (Table 7). In practice, these

volumes are commonly split between two irrigations, the first

to moisten the soil profile, and a second, several days later, to

apply the product.

3.5. Evaluation of irrigation

Comparison of total amounts of irrigation applied to each crop

with total values of ETc calculated with the PrHo model, using

>150% of modelled ETc as an indicator of clearly excessive

irrigation, suggested that when considering the entire crop-

ping period, only a minority of crops (19%) were clearly over-

irrigating (Fig. 1a; Table 8). However, separate consideration of

the period of establishment during the 6 weeks after

transplanting/sowing and the subsequent period from 6

weeks until final harvest indicated that there were two

distinct phases of irrigation management (Fig. 1b and c;

Table 8). During the first 6 weeks after transplanting/sowing,

there was a clear general tendency to apply irrigation in excess

of ETc; irrigation exceeded modelled ETc in 89% of crops, and

was >150% of ETc in 68%, >200% in 60%, >300% in 39% and

>400% in 26% of crops (Fig. 1b; Table 8). In the subsequent

period, applied irrigation was generally similar to or less than

modelled ETc (Fig. 1c; Table 8); irrigation exceeded >150% of

modelled ETc in only 12%, and was <100% modelled ETc in

52%.

Average values of the ratio of applied irrigation to modelled

ETc, for the 53 greenhouses, were 339% for the first 6 weeks,

106% for the period from 6 weeks until final harvest, and 125%

for the entire crop (Fig. 1; Table 8). Irrigation volumes, relative

to modelled ETc, were similar for manual (27 greenhouses) and

automatic (26 greenhouses) irrigation systems for the first 6

weeks; thereafter, larger relative volumes were applied with

automatic systems. Average ratios of irrigation volume to

modelled ETc for the first 6 weeks, from 6 weeks until final

harvest and for the total crop were, respectively, 345, 95 and

108% for manual systems, and, respectively, 333, 118 and 143%

for automatic systems (data not presented).
3.6. Assessment of N added in manure applications

In 98% (52 of 53) of greenhouses, manure was applied at

greenhouse construction. In all cases, the manure used was

farmyard manure. The range of amounts applied at construc-

tion was 115–800 m3 ha�1 (Table 9a), with average and median

values of 432 and 480 m3 ha�1, respectively. In 80% of green-

houses, manure applications at greenhouse construction were

>200 m3 ha�1, and in 52% were >400 m3 ha�1 (Table 9a). The

estimated amounts of N applied in manure applications at

greenhouse construction were 811–5645 kg N ha�1 (Table 9b),



Table 8 – Relationship between volumes of applied irrigation water and modelled ETc calculated using the PrHo model
during the duration of the crop, during the first 6 weeks and during the period from 6 weeks until the end of the crop, for
all crops surveyed

Relationship of volume of
applied irrigation to modeled ETc

Percentage of greenhouses pertaining to specified relationship between
applied irrigation and modelled ETc

Duration of crop First 6 weeks of crop From 6 weeks until end of crop

<100% of modelled ETc 34 11 52

101–150% of modelled ETc 47 21 36

151–200% of modelled ETc 9 8 8

201–300% of modelled ETc 8 21 2

301–400% of modelled ETc 2 13 2

>400% of modelled ETc 0 26 0

Data are expressed as the frequency distribution of the ratio of applied irrigation to modelled ETc calculated as a percentage of modelled ETc.
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with average and median values of 3046 and 3387 kg N ha�1,

respectively. In 80% of greenhouses, manure applications at

greenhouse construction provided>2000 kg N ha�1 and in 52%

>3000 kg N ha�1 (Table 9b).

Sixty-eight percent of the greenhouses surveyed had

received periodic manure applications since greenhouse

construction. Farmyard manure (FYM) and pelleted manure,

both of varied origin, were applied to 55 and 13%, respectively,

of participating greenhouses. Of the greenhouses making

periodic manure applications, 75% applied manure in broad

bands (normally 30–60 cm width), 11% in lines (normally 10–

20 cm width), 11% applied manure only to the locations of the

drippers, and 3% applied to the entire soil surface. Applica-

tions in bands and lines were centred on lines occupied by drip

tape.

For the periodic applications of farmyard manure, applica-

tion rates were 10–300 m3 ha�1, with average and median

values of 157 and 188 m3 ha�1, respectively (Table 10); with

65% of these applications being >100 m3 ha�1 (Table 10). For

the periodic applications of pelleted manure, application rates

were 1–40 m3 ha�1, with average and median values of 13 and

10 m3 ha�1, respectively. The amounts of N applied in periodic

manure applications (both FYM and pelleted) were estimated

to be 17–2117 kg N ha�1, with average and median values of

947 and 1094 kg N ha�1, respectively (Table 11). The amounts

of applied manure N were >200, >500 and >1000 kg N ha�1 in,

respectively, 81, 70 and 53% of the greenhouses making these

applications (Table 11).

Where periodic manure applications had been made, 36

and 33% of those applications were made, respectively, within

the previous year or between 1 and 2 years previously.
Table 9a – Rate of farmyard manure added (volume basis)
at greenhouse construction

Volume of manure
applied (m3 ha�1)

Percentage of
greenhouses

0–100 0

101–200 20

201–300 8

301–400 20

401–500 28

501–600 16

601–700 0

701–800 8
Therefore, 69% of the periodic manure applications had been

made within the previous 2 years, and >90% within the

previous 5 years. In only 26% of the greenhouses, was the N

added in manure applications considered when developing

the N fertiliser program.

3.7. Characteristics of system for fertiliser addition

In the greenhouses surveyed, fertiliser was added to irrigation

water using simple manually operated fertiliser tanks in 49%,

computer-controlled automatic programmers with multiple

tanks of concentrated nutrient solution in 43%, and using

manually controlled venturi systems in combination with one

or two fertiliser tanks in 8%. The relative distribution of

fertiliser addition systems in participating greenhouses was

influenced by the selection of greenhouses (see Section 2). Of

the 43% reporting multiple tank systems, the respective

relative percentages with 3, 4, 5 and 6 tanks were 4, 30, 61

and 4%; therefore nearly all of those greenhouses with

programmers/multiple tank systems had 4–6 tanks.

3.8. Fertiliser management practices

Fertiliser management was based on the combination of

recommendations of technical advisors and the grower’s

experience in 50% of greenhouses, solely on the recommenda-

tions of technical advisors in 42%, and on the grower’s own

experience in 8%. Therefore, in 92% of the greenhouses

examined, the recommendations of the technical advisors

were very influential in the design of the program of fertiliser

management. Eighty-one percent of growers used standard

programs, which are essentially a series of recipes, for
Table 9b – Rate of N added in farmyard manure
applications at greenhouse construction

Rate of N applied in
manure (kg N ha�1)

Percentage of
greenhouses

0–1000 4

1001–2000 16

2001–3000 28

3001–4000 28

4001–5000 16

5001–6000 8



Table 10 – Rate of farmyard manure (FYM) added (volume
basis) in periodic manure applications, in the 55% of
participating greenhouses making such applications

Volume of manure
applied (m3 ha�1)

Percentage of
greenhouses

0–50 17

51–100 18

101–150 7

151–200 34

201–250 14

251–300 10
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fertiliser management. In 86% of these cases, this standard

program was obtained from technical advisors, and in 14% the

grower developed his own standard program. With respect to

mineral N fertilisers used, the growers showed a clear

preference for nitrate (NO3
�) based fertilisers; 98% had used

both calcium nitrate and potassium nitrate, 62% ammonium

nitrate, 40% ammonium sulphate, 38% mono-ammonium

sulphate and 0% had used urea.

Only 19% reported making pre-transplant mineral fertiliser

applications, which were mostly superphosphate and com-

pound fertilisers; therefore in 81% of greenhouses, all fertiliser

addition was by fertigation during the crop. Additional sources

of N were provided by the use of nitric acid to adjust the pH of

nutrient solutions (in 95% of greenhouses), and the application

of amino acids (in 87%). The amounts of N applied as amino

acids are discussed subsequently.

Ninety-two percent of greenhouses applied nutrients,

including N, in each irrigation during the main period of crop

growth. Different practices were followed during the periods

of the first weeks shortly after transplanting (during plantlet

establishment) and during the final weeks of the crop (fruit

maturity); with 19% applying nutrients in all irrigations, 58% in

all but the initial irrigations, 17% in all irrigations except

during the initial and final periods, and 4% in all irrigations

except the final period; 2% applied nutrients in alternate

irrigations.

Soil analysis was used in only 19% of greenhouses, and

plant analysis was not used in any. Thirty-eight percent had

used analysis of irrigation water, and 43% reported taking the

N content of irrigation water into account when planning their

fertiliser programs.
Table 11 – Rate of N added in periodic manure applica-
tions, in the 68% of participating greenhouses that made
such applications, 55% as farmyard manure, and 13% as
granulated manure

Rate of N applied in
manure (kg N ha�1)

Percentage of
greenhouses

0–200 19

201–500 11

501–1000 17

1001–1500 33

1501–2000 17

2001–2500 3

Combined data are presented for both farmyard and granulated

manure.
3.9. N applied as fertiliser and in irrigation water

Nitrate was clearly the predominant form of fertiliser N

applied (Table 12). Average values for all participating

greenhouses were that 75, 23 and 2% of N added as fertiliser

was added as, respectively, NO3
�, ammonium (NH4

+) and

organic N (mostly as amino acids) (Table 12). There was

appreciable variation between greenhouses in the relative

proportions of N applied as NO3
� or NH4

+; nevertheless, the

overall preference for NO3
�-N was very clear with 96 and

73% of all participating greenhouses applying, respectively,

>50 and >70% of N fertiliser as NO3
� (Table 12). Ammonium

N represented >50% of applied N in only 4% of the

greenhouses (Table 12). Organic N was <10% of applied N

in 96% of greenhouses, and <5% in 88% (Table 12). While

amino acids were applied in 87% of greenhouses, their

relative contribution to the amount of N applied was very

small.

While maintaining a clear preference for NO3
�, propor-

tionately more NH4
+ and less NO3

� were applied using

simple fertiliser tanks than with the programmer/multiple

tank systems. With simple fertiliser tanks, 70% of green-

houses applied 20–50% of N as NH4
+ and 50–80% of N as

NO3
� (data not presented). With programmer/multiple tank

systems, 73% of greenhouses applied <20% of N as NH4
+ and

>80% of N as NO3
� (data not presented). Therefore, the

increasing adoption of programmer/multiple tank

systems (see Section 1) favours the application of most N

as NO3
�.

The contribution of N in irrigation water (prior to

fertiliser addition) to the total amounts of N applied in

fertigation was generally small, but in a small number of

greenhouses, appreciable amounts of N were applied in

irrigation water. Less than 20 kg N ha�1 was added in water

in 65% of greenhouses, and >40 and >80 kg N ha�1, were

applied in water in, respectively, 26 and 19% of greenhouses

(data not presented). Larger amounts of N added in water

were generally associated with tomato crops grown in the

Bajo Andarax region where moderately saline water and

water from a waste water plant are used with tomato

production.
Table 12 – Frequency distribution of forms of N added as
fertiliser, in the 53 participating greenhouses

Relative percentage (%) Form of applied N

NO3
�-N NH4

+-N Organic N

0–10 0 26 96

11–20 0 23 2

21–30 2 28 0

31–40 2 9 0

41–50 4 9 2

51–60 9 0 0

61–70 19 2 0

71–80 28 2 0

81–90 21 0 0

91–100 15 0 0

The data presented are the relative proportions of N fertiliser

applied as NO3
�-N, NH4

+-N and organic N.



Fig. 2 – (a) N applied to (as fertiliser and in irrigation water)

and N uptake for all crop in greenhouses using simple

fertiliser tanks to apply fertiliser. The dashed line

represents the 1:1 line. (b) N applied to (as fertiliser and in

irrigation water) and N uptake for all crop in greenhouses

using combined computer-controlled programmers and

multiple fertiliser tank systems to apply fertiliser. The

dashed line represents the 1:1 line.
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3.10. Relationship between N applied and N in crop
removal

In 70% of greenhouses, the amount of applied N (as fertiliser

and in irrigation) exceeded crop removal. In 42 and 21% of

greenhouses, applied N was, respectively, 1.5 and 2 times crop

N removal. However, there was appreciable variation in this

relationship, for example in 30% of greenhouses, applied N

was less than crop removal. There was a notable difference in

this relationship between greenhouses using simple fertiliser

tanks and programmer/multiple tank systems (Fig. 2a and b).

Where simple fertiliser tanks were used, 81% applied more N

than was removed by the crop; in the remaining cases either

the difference was very small, or the amounts applied and

recovered were both low (Fig. 2a). Where programmer/multi-

ple tank systems were used, there was more similarity

between applied and recovered N, with 56% applying more

N than was removed by the crop (Fig. 2b).
4. Discussion

The survey identified a number of individual management

factors likely to contribute to appreciable NO3
� leaching from

soil-grown crops in the greenhouse-based vegetable production
system of south-eastern Spain. These were: (i) irrigation and N

management based on experience with very little use of testing

or monitoring, (ii) irrigation considerably in excess of ETc during

crop establishment, (iii) use of large irrigations for soil

disinfection and salt management, (iv) very large manure

applications, (v) N fertiliser management based on standard

formulas that generally do not consider other sources of N, and

(vi) a strong preference for NO3
�-based N fertilisers. These

management practices are certain to result in both the

accumulation of soil NO3
� and drainage, the two prerequisites

for NO3
� leaching loss. The general nature of the crop

management practices characterised by this survey is of

practices that have been pragmatically developed to ensure

profitable crop production, without consideration of possible

environmental impacts.

Irrigation management was almost completely based on

experience (either that of advisors and/or of the growers). The

evaluation of irrigation volumes and the time course of

irrigation using the PrHo model indicated that in most

greenhouses, irrigation during the first 6 weeks following

transplanting/sowing was considerably in excess of ETc.

Thereafter, applied irrigation volumes were generally similar

to ETc. Excessive irrigation during the first 6 weeks is

consistent with the local practice of maintaining the soil

consistently very moist during the period following trans-

planting of seedlings to ensure the survival of plantlets. The

initial very small root volume and initial slow rate of growth of

the plantlets require the maintenance of relatively high levels

of soil moisture. Furthermore, transplanting for a number of

crops occurs during periods of high evaporative demand in the

period late July to late September in southern Spain.

Nearly all growers used large single irrigations during the

non-cropping period to leach salts. The vast majority made

these applications immediately prior to cropping; an impor-

tant function of these applications is to moisten the soil profile

prior to transplanting, as part of the procedure to ensure

plantlet survival. Approximately 40% of growers applied an

additional salt leaching irrigation after cropping; these were

generally applied after crops such as tomato and melon where,

during fruit maturity, the salinity of the applied nutrient

solution is increased to concentrate sugars in fruit. The salt

leaching irrigations are applied through the drip system by

irrigating for prolonged periods, e.g. 6–8 h. The combination of

large single irrigations immediately prior to transplanting and

irrigation in excess of ETc during the first weeks after

transplanting, creates the potential for appreciable drainage

during crop establishment, which has been observed in

experimental work using drainage lysimeters with soil-grown

crops in this system (Granados et al., 2005; Gallardo et al., 2006;

Thompson et al., 2006). Where NO3
� is present in the soil

profile at transplanting/sowing, for example as residual

mineral N from a previous crop, some of this is likely to be

leached during the early phase of the subsequent crop.

Approximately half of the greenhouses surveyed had

recently conducted soil disinfection, which in most cases

were applied using large irrigation volumes. From a survey of

461 greenhouses in Almeria, Pérez-Parra and Céspedes (2001)

reported that 88% were routinely disinfected, of which 92%

used chemical disinfection (other than methyl bromide)

applied with irrigation. Disinfections are conducted in
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summer between the spring and autumn cropping cycles, and

will wash NO3
� present in the soil, after cropping, deeper into

the profile. Commonly, soil disinfection is conducted every 2

years. Generally, the irrigation volume is split between two

irrigations 1 week apart, the first to moisten the soil profile,

and second to apply the product.

Very large amounts of manure were applied at greenhouse

construction and in periodic applications. Manure applica-

tions were made in all but one greenhouse at construction,

and 68% reported making periodic applications. Manure

application at greenhouse construction is a standard practice,

used in nearly all greenhouses in this system (Bretones, 1999;

Pérez-Parra and Céspedes, 2001). Periodic applications are also

common; Pérez-Parra and Céspedes (2001) reported that from

a survey of 461 greenhouses, 86% made periodic manure

applications. Manure applications are made because they are

perceived to overcome the very low organic matter contents of

the soils used, particularly those imported from quarries to

make the artificial soil system (Bretones, 1999; Pérez-Parra and

Céspedes, 2001). Perceived benefits are primarily improved soil

physical properties, particularly reduced compaction (Bre-

tones, 1999; Pérez-Parra and Céspedes, 2001), which is a

consequence of constant foot traffic above continuously moist

soil, in a very labour intensive system.

In the present survey, the average amounts of FYM applied

(mass basis) were 300 t ha�1 at greenhouse construction and

120 t ha�1 in periodic manure applications. The application

rates, reported in the present survey, are larger than suggested

by local references (Bretones, 1999; Pérez-Parra and Céspedes,

2001) which refer to rates of 100 t ha�1 at greenhouse construc-

tion, and rates of 40–70 t ha�1 (Pérez-Parra and Céspedes, 2001)

and 100 t ha�1 (Bretones, 1999) for periodic applications.

However, these authors presented general observations rather

than assessments based on information obtained from indivi-

dual farms. The average amounts of manure N added, in this

survey, were 3050 and 950 kg N ha�1, at greenhouse construc-

tion and in individual periodic applications, respectively. The

manures used have relatively low N contents of approximately

1.6% (using criteria of Schepers and Mosier, 1991) and have

generally been stored for some time under warm climatic

conditions. Consequently, they are unlikely to rapidly miner-

alise large amounts of N shortly after application, being more

likely to mineralise N slowly over prolonged periods of time.

Although the soils generally had low total N contents, the large

amounts of manure N are likely to give these soils an enhanced

and prolonged N mineralisation potential. Given that generally

no allowance is made for N derived from manure applications

when developing mineral N fertiliser programs, it is likely that

anappreciableportionofthemineralisedNwillbesusceptibleto

being leached in drainage events.

With respect to N management, the present survey showed

that the application of N fertiliser is almost completely based

on experience, and generally consists of standard programs

provided by technical advisers in the form of recipes. Very few

growers used soil or plant testing, or adjusted their fertiliser

program to consider other sources of N such as manure or soil

mineral N. An appreciable number of growers considered the

NO3
� concentration of irrigation water because this informa-

tion is commonly provided by water suppliers and the values

are stored in computers used with fertigation systems.
There was considerable variation, between greenhouses, in

the relationship between the amounts of applied N (through

fertiliser and irrigation water) and that removed by the crop.

Mineral N fertiliser was considered to be excessive when

applied mineral N was twice crop N uptake. Only 21% of

greenhouses were above this value, suggesting that in most

greenhouses, applied N (as fertiliser and in irrigation water)

alone was unlikely to be a major source of leached N. However,

when mineral N derived from the very large manure

applications is also considered, there appears to be an

appreciable potential for the accumulation of excess soil

mineral N. There was a clear tendency to apply more N in

relation to crop N removal when using simple fertiliser tanks

than with programmer/multiple tank systems.

A notable feature of mineral N fertiliser application was the

high proportion of N applied as NO3
�. When the available N

supply (from all sources) exceeds crop requirements, applied

NO3
� will be very susceptible to being leached. Appreciably

higher proportions of mineral N were applied as NO3
� using

programmer/multiple tank systems than with simple fertiliser

tanks. These advanced systems irrigation/fertigation are

identical to those used with hydroponic crops. Nutrient

solutions that were developed for use with hydroponic crops,

where NO3
� is the preferred form of N for pH control (Adams,

2002), are being used with soil-grown crops with little

modification.

The comprehensive nature of the survey, reported here,

enabled a thorough and detailed analysis of the crop manage-

ment practices relevant to NO3
� leaching loss. The survey was

used as a diagnostic tool that specifically identified various

components of the production system that most likely

contribute to NO3
� leaching. By identifying and characterising

the various crop management practices most likely respon-

sible for NO3
� leaching loss, it was then possible to develop a

suite of suggested improvements to those practices.

The very large manure applications should cease as

required by the EU limit of 170 kg N ha�1 in Nitrate Vulnerable

Zones (Anon., 1991). Well-matured compost would be an

alternative source of added organic material with a much

lower potential to mineralise N. The likelihood of appreciable

on-going N mineralisation from previous large manure

applications requires assessment of soil mineral N at

transplanting/sowing and an allowance for N mineralisation

during a crop. The latter can most simply be estimated by

mineralisation factors for soil organic N or manure N added,

such as in Schepers and Mosier (1991). The use of monitoring

techniques of plant and/or soil N status would be of

considerable value to adjust mineral N fertiliser applications

to consider N mineralised from organic sources. Examples of

monitoring techniques that may be suitable include regular

analysis of soil solution NO3
�, plant sap analysis, and leaf

chlorophyll measurement. Fertigation systems enable N to be

applied as required by the crop; predicted uptake curves using

reasonable fertiliser N efficiency factors, could be used as the

basis of N fertiliser addition. Combining such a N fertiliser plan

with someorall of thefollowing: (i) anallowancefor soil mineral

N at planting, (ii) an allowance for N mineralised during

cropping, and (iii) monitoring of soil or crop N status, would

reduce the accumulation of soil mineral N. Applying mineral N

fertiliser N mostly as NH4
+-N rather than as NO3

�-N is a logical
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step, which would require the formulation for nutrient

solutions for soil-grown crops, rather than using formulations

developed for hydroponically grown crops.

The application of an appreciable excess of irrigation

during the crop establishment period could possibly be

reduced by more frequent and smaller irrigations, and the

use of small tensiometers located close to seedlings. Irrigation

after crop establishment could be optimised by on-farm use of

the PrHo program (Fernández et al., 2001a) to calculate a

provisional irrigation plan, based on historical climatic data

(Bonachela et al., 2006), combined with the use of manual

tensiometers to determine irrigation frequency and adjust

volumes. The number of large irrigations for soil chemical

disinfection could be reduced by replacing routine disinfection

with disinfection when suggested by results of analysis for

indicator organisms. Determination of the most appropriate

water application rates for applying chemical disinfectants,

rather than current arbitrary practices, may also reduce

drainage. Alternative soil disinfection techniques that require

less water, such as solarisation or biofumigation, would result

in less drainage. Appropriate research is required to adapt

these approaches to this system. Appropriate salinity manage-

ment during crops would result in smaller pre-transplant

irrigations. The volumes of pre-transplant irrigations could be

controlled by monitoring soil moisture and salinity to remove

the arbitrary nature of the volumes used. With respect to

moistening soil to receive seedlings, smaller areas of soil could

be moistened, with smaller, more frequent irrigations.

The previous two paragraphs demonstrate how, by

identifying particular management practices that most likely

contribute to NO3
� leaching loss, that information can then be

used to develop a suite of relevant improved management

practices or at least to identify relevant research require-

ments. Additionally, the survey identified that the technical

advisors, employed by co-operatives, auction houses, and

suppliers are the primary sources of information on irrigation

and fertiliser practices. Therefore, the survey has also

identified the means by which improved practices can be

most effectively transmitted to growers.

The use of a comprehensive survey, as described in the

present work, enables a thorough systems analysis of crop

production practices in commercial farms within a cropping

system. Given that NO3
� contamination of aquifers originates

from commercial farms, this approach is effective at both

identifying and characterising the particular management

practices mostly responsible for NO3
� leaching loss from a

cropping system. The results of the survey reported here,

demonstrate the diagnostic value of surveys as an initial

procedure in the development of improved management

practices to overcome particular environmental problems

associated with commercial crop production.
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