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Abstract An irrigation performance analysis has been carried out in a horticultural green-
house area located in the BCampo de Níjar^ (Southern Spain) in order to assess its irrigation
productivity. Irrigation water productivity indicators were calculated for a wide sample of
crops over the course of two different study periods. These productivity indices were similar in
average to those reported in other nearby greenhouse irrigation districts although their
variability was very high. The overall productivity ratio (CYR) was 73.9 %. The low values
for CYR were expected as irrigation water in this area has high salinity levels and low irrigation
leaching fractions were applied. The influence of type of crop, greenhouse technology and
agricultural season in the CYR values was analyzed. None of these factors had a statistically
significant influence. A multivariate regression analysis was performed to model the crop yield
as a function of several quantitative variables. The results showed that the most significant
variable was the relative irrigation supply (RIS). Other variables that had an influence of the
productivity were the length of the growing cycle in the case of tomato and the number of
greenhouses per farm in the case of watermelon. Results of this work are useful as they
highlight the weaknesses of the system and suggest possible measures in order to improve its
productivity and sustainability.

Keywords Greenhouse . Irrigation districts . Irrigationmanagement . Irrigation productivity .

Salinity

1 Introduction

Agriculture is the largest water consumer in the world. More than two thirds of total water use
is devoted to the irrigation of agricultural lands. The land area of greenhouses in the world
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exceeds 700,000 ha, mainly concentrated in Asia, in the Mediterranean Basin and in central
and northern Europe.

Sustainability, in many productive irrigated areas, is threatened by the limited availability of
water resources. This is the case of many irrigation areas that use groundwater resources
(Clemens 2006; Ahmad et al. 2014), and more particularly, of greenhouse irrigation areas in
the Mediterranean Basin.

Proper irrigation management is essential to improve crop production and irrigation
productivity. However, many factors are involved in the efficient use of water, such as crop
type, irrigation method, soil or substrate type, weather conditions, agricultural prices and
markets, and farmers’ management decisions, among others.

The concept of ‘efficient use of water’ applied to irrigation is complex and can be defined in
different ways (Howell 2001). Classic irrigation efficiency concepts were defined in terms of awater
balance in the different parts of an irrigation system: conveyance, distribution or application (Wolters
1992). However, Irrigation performance indices that take into account the productive or economic
results of thewater devoted to irrigation are increasingly gaining interest. This is the case of thewater
productivity lindex proposed by Perry (2007) The irrigation water productivity can be expressed
either in terms of yield (kg/m3) or in terms of economic returns (€/m3) (Malano et al. 2004; Pande
et al. 2012; Yihun et al. 2013; Martínez and Reca 2014).

Different sets of indicators have been proposed to evaluate the performance of irrigation
systems (Bos et al. 1994). The use of these performance indicators together with benchmarking
techniques and data envelopment analysis has proved to be a good tool for improving the
water management in irrigation districts (Malano et al. 2004; Rodríguez et al. 2004; Córcoles
et al. 2012; Ali and Klein 2014). Other recent studies have introduced the concept of Bvirtual
water^ and Bwater footprint^ and have applied these concepts for water planning and
allocation at a regional scale (Hoekstra and Chapagain 2007; Aldaya et al. 2010; Montesinos
et al. 2011; Su et al. 2014)

The purpose of this study is to evaluate the irrigation water productivity in a greenhouse
irrigation district in the southeast of Spain with increasing problems regarding the irrigation
water availability and quality (The BCampo de Níjar^ area). This research work tries to fill the
gap of irrigation performance and productivity assessment studies in Mediterranean
greenhouse districts as there are few previous studies regarding this issue. Perhaps, one of
the most comprehensive and specific studies is that conducted by Fernández et al. (2007) in a
nearby greenhouse area in southern Spain, although it was performed in an area with much less
severe water scarcity and salinity problems.

A previous study was conducted by our research group in order to analyze the adequacy of
the irrigation practices of the main greenhouse crops in this area (Sánchez et al. 2015). This
study showed that the irrigation water supply was slightly greater than the crop net irrigation
water requirements. The overall mean relative irrigation supply (RIS) value, defined as the ratio
of the total irrigation water applied over the net crop irrigation requirements, for all crops was
1.12. This value indicates that the crop water needs were satisfied on average. However, a high
RIS variability was observed. There were significant differences in the irrigation performance
among farmers depending on their individual management decisions and irrigation skills.

Farmers in this area irrigate with water withdrawn from saline aquifers. The mean value of
the electrical conductivity of the irrigation water was around 3.5 dS/m during the study period.
The use of water with such a high salinity level is expected to reduce crop yields (Ayers and
Westcot 1985) unless sufficient leaching fractions are applied. However, the results of the
study by Sánchez et al. (2015) showed that the experimentally observed leaching fractions

5396 J.A. Sánchez et al.



were lower than those expected to attain a maximum crop yield. On the other hand, the
selection of relatively salt tolerant crops (like tomato and watermelon) and the use of drip
irrigation systems may ease the effect of salinization on crop yield. In addition, farmers apply
high efficiency pre-planting leaching irrigations and they usually prioritize improving taste and
quality over achieving a maximum or potential yield, especially for crops like tomato.

For these reasons, in this paper, a performance evaluation study is going to be performed
with the aim of assessing the farmers’ irrigation water management and productivity. Appro-
priate irrigation water productivity indices are going to be calculated for a wide and represen-
tative sample of farms and crops in the area. A statistical methodology is going to be applied to
explain the variability of the productivity indices and to assess the effect of the most significant
factors conditioning the irrigation water management and productivity in this specific area.
This study is very important to investigate how these variables could be improved with the aim
of achieving not only a maximum productivity of the scarce irrigation water but also of
contributing to save water, preserve the environment and reinforce the sustainability of the
agricultural system

2 Material and Methods

2.1 Description of the Study Area

The Campo de Níjar Area, where this study was conducted, is located in the eastern part of the
Province of Almería (Spain). It is the second most important greenhouse production area in
this province with a total surface of 3850 ha of greenhouses, which represents 14 % of the total
province greenhouse area (Sanjuán 2007). Southeast Spain is one of the most arid regions in
Europe. It has a semi-arid Mediterranean climate, characterized by mild winter temperatures
(18 °C annual average temperature), high solar radiation (from 3000 to 3600 sunlight hours per
year) and scarce and variable precipitations with an average annual rainfall lower than 300 mm
per year.

Greenhouses are built with a light structure and covered with a plastic film. In this area, two
groups of greenhouse can be distinguished: low and medium technology greenhouses. The
typical soil in this area is an artificial layered soil called ‘enarenado’, which utilizes a thin layer
of sand on the top (Fernández et al. 2007).

Water resources are very limited in the area, especially surface water resources. The
increasing withdrawals of irrigation water from the aquifer system are causing severe overex-
ploitation and a drop in groundwater levels. In addition to the water resources shortage, there
are also serious concerns regarding the quality of the irrigation water in the area. An increasing
salinisation of the aquifer is taking place due to the saline irrigation return flows (Thompson
et al. 2007). The average electrical conductivity in the irrigation district where this study was
conducted was approximately 3.5 dS/m.

This research is focused on the BSAT N°. 2130. Campo de Níjar^ irrigation district. It is the
widest irrigation district in the area and supplies water to a total of 690 farmers and 1334 ha.
Water is stored in three regulating reservoirs with a total storage capacity of 250,000 m3 and is
distributed to the farmers through a pressurized, on-demand, looped pipeline network. The
water distribution system is fed with water withdrawn from the BCampo de Níjar^ aquifer
through a total of 15 wells with dynamic ground water levels at a depth exceeding 100 m. As a
result, the cost of pumping water is high in this area (Reca et al. 2014).
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Drip irrigation is the main irrigation method used in greenhouses. Farmers usually have
water ponds in order to guarantee water availability. From there, the water is pumped into the
on-farm irrigation distribution system.

2.2 Crops

The horticultural crops in this area are limited to the crops most tolerant to salinity, such as
tomato and watermelon. Tomato is the most widespread crop (55 % of the total area). The
second one is watermelon (20 %), followed by cherry tomato (16 %) (Valera et al. 2014). In
this study, we have focused on these three crops: tomato, watermelon and cherry tomato as
they represent more than 90 % of the area.

2.2.1 Tomato

There are different varieties of tomato in the area: long-life, pear, cluster, etc. Planting dates
ranges from late July-August (early cycles) to late August-September (late cycles), although
crops are usually planted during August. Two different types of growing cycles can be
distinguished depending on their length: short cycles (5–6 months) and long cycles (10–
11 months). The most commonly used planting density is 2 plants/m2 (0.5×1). We have
focused our study on autumn short-cycle pear tomatoes.

2.2.2 Cherry Tomato

The main difference between tomato and cherry tomato lies in their planting densities. Plant
separation is shorter than in other tomato varieties. The planting densities range from 2.5 to 4
plants/m2. However, cherry tomato plants have more than 1 stem (between 2 and 3 on
average), so the planting density is higher if the number of stems per square meter is
considered.

2.2.3 Watermelon

Watermelon crops are more homogeneous than those of tomato. They are exclusively spring
cycle crops. However, planting dates range from late December-January (early cycles) until
March or April (late cycles). The duration of the growing cycle ranges from 3.5 to 4 months
depending on the plantation date and growing conditions. Plant density is considerably lower
than tomato. The most usual layout is 1 m×4 m (0.25 plants/m2).

Agricultural season in this area is considered to begin on August 1st (when the autumn
cycles begin) and it lasts until July 31th of the next year. The typical crop rotation is composed
of two crops per year: tomato (autumn cycle) - watermelon (spring cycle), tomato (autumn
cycle) - tomato (spring cycle). Nevertheless, some farmers choose to grow one long tomato
cycle.

2.3 Experimental Set-Up

In order to evaluate irrigation productivity, its possible evolution over time, and the most
important limiting factors contributing to the irrigation productivity achieved in this area, two
different study periods were considered:
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2.3.1 First Study Period (2005/06 to 2008/09 Agricultural Seasons)

This first period includes four consecutive agricultural seasons for which overall statistical data
on irrigation water consumptions and yields were collected for a wide sample of farms. With
the aim of being representative of the whole area, farms with different technology levels and
types of crop were selected.

The sample was composed of a total of 125 different plots. The area covered by this sample
was 119.54 ha. A total of 34 out of these 125 plots were pear tomato (24.31 ha), 38 were
cherry tomato (44.73 ha) and 53 were watermelon (50.50 ha). The temporal distribution of the
sample was 28, 32, 38 and 27 plots in each season from 2005/06 to 2008/09, respectively.

Cropping data records were collected for the study period for the selected sample of farms.
These data include crop distribution, planting and harvesting dates for each crop and cropping
techniques. These data were provided by the main commercialization cooperative in the area
and were also gathered from surveys of farmers and agronomists.

The irrigation water used by farmers during this period came only from the aquifer and was
supplied by the BSAT n° 2130 Campo de Níjar^ irrigation distribution network. Data on
irrigation water consumption for each farm were provided by this irrigation water supply
institution. Data were obtained from the readings of the water meters installed in the hydrants
of the water distribution network. The contribution of rainfall water can be considered
negligible and no desalinated water was available during this period. Marketable yields and
the prices of the products for the data sample were provided by the main commercialization
cooperative in the area.

2.3.2 Second Study Period (2011/12 to 2012/13 Agricultural Seasons)

In the second period comprising two agricultural seasons, an in-depth field survey was carried
out for a reduced sample of farms (12 plots). The irrigation water balance and the most
important crop and yield variables were monitored on a daily basis for the whole irrigation
season of each crop in this reduced sample. The aim of this study was to review the results
obtained in the previous period and analyze the possible changes in the irrigation water
management and productivity.

The amount of irrigation water applied was measured daily from the data provided
by the on-farm drip irrigation system controller. The electrical conductivity of the
irrigation water discharged by the emitters was measured weekly. In this second
period, irrigation water quality was slightly improved by using desalinated water
supplied by the Carboneras desalination plant mixed with the brackish water with-
drawn from the aquifer. Marketable yields and the prices of the harvest were provided
by the main commercialization cooperative in the area.

2.4 Crop Water Requirements Calculation

The crop evapotranspiration (ETc) was calculated by the model developed by Orgaz et al.
(2005), which is locally calibrated and adapted to the greenhouse climatic conditions. It
follows the methodology proposed by the Food and Agriculture Organisation of the United
Nations (FAO) (Allen et al. 1998), based on separately considering the effects of climate
(reference evapotranspiration, ETo) and plant canopy (crop coefficient, Kc) on crop
water consumption.
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ETc ¼ ETo⋅Kc ð1Þ

In order to calculate ETo, an adjusted FAO-Radiation equation proposed by Bonachela et al.
(2006) has been used.

The Kc values for horticultural crops grown under greenhouse climatic conditions in
Southern Spain were calculated following the methodology proposed by Orgaz et al. (2005)
and Bonachela et al. (2006).

In order to consider the variability in the study area among farms and crops, in this work,
the crop water needs are going to be calculated for every individual plot in the studied sample
as a function of its growing cycle and type of greenhouse.

For the first period, indoor climate data for every single greenhouse were not available. To
overcome this limitation, these data were derived from outdoor climate measurements taken
from the Nijar agroclimatic station belonging to the network of agroclimatic stations of the
Government of Andalusia (Spain). Regressions equations for all the required climate variables
(radiation and temperature) for every specific type of greenhouse and crop cycle were
performed (Sánchez et al. 2015).

For the second period, required climate variables were measured inside every greenhouse
using HOBO U30 weather stations, with temperature, relative humidity and radiation sensors.

Outdoor climate data for both study periods are shown in Table 1. The higher variability among
agricultural seasons was experienced in the annual rainfall (C.V equal to 20 %). However, the
coefficient of variation of the outdoor reference evapotranspiration was equal to 5 %.

2.5 Productivity Indices

With the aim of analyzing the water productivity, several productivity indices have been used in this
study. The values of these indices have been calculated for the greenhouse data sample described in
the previous section. The set of indicators selected is the following (Molden and Sakthivadivel 1999):

& Crop Water Productivity (CWP, kg/m3) is defined as the ratio between the marketable crop
yield (kg·m−2) and the irrigation water supply to the crop (IWS, m3/m2). CWP is a relevant
irrigation performance indicator, especially for areas with limited water (Howell 2001)

Table 1 Outdoor climate data for both study periods

Season T. Max
(°C)

T. Min
(°C)

T. Mean
(°C)

Wind speed
(m/s)

Radiation
(MJ/m2/day)

Rainfall
(mm/year)

ETo
(mm/year)

2005/06 23.1 13.4 18.1 1.84 17.2 255.6 1358.8

2006/07 23.4 13.4 18.2 1.76 17.7 164.6 1233.2

2007/08 22.8 13.4 17.9 1.90 18.1 246.4 1358.7

2008/09 22.5 12.9 17.5 1.90 18.2 242.4 1366.6

2011/12 23.6 13.1 18.2 1.77 19.0 159.0 1415.1

2012/13 23.2 12.8 17.7 1.77 18.8 203.6 1328.8

Averag. 23.1 13.2 17.9 1.82 18.2 211.9 1343.5

Max. 23.6 13.4 18.2 1.90 19.0 255.6 1415.1

Min. 22.5 12.8 17.5 1.76 17.2 159.0 1233.2

C.V. 1.7 % 2.3 % 1.5 % 3.5 % 3.5 % 20.2 % 4.5 %
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& Economic Water Productivity (EWP, €/m3): is defined as the ratio between economic
return produced by the crop (€/m2) and the irrigation water supply (IWS, m3/m2).

& Productivity index (Bos et al. 1994) (CYR) is defined as the ratio between the crop yield
attained in actual conditions (kg/m2) and a reference yield that could be attained under
appropriate water supply and management for local crop growing conditions (kg/m2). This
dimensionless index has the advantage of making it possible to compare productivity
levels among different crops.

2.6 Assessment of the Reference Yield of the Crops

In order to estimate the productivity index (CYR), it is necessary to assess a reference yield for
each crop. This assessment is quite complex as potential yields depend on many factors: local
climatic conditions under plastic greenhouses, soil type, irrigation and cropping management
techniques, etc.

One of the first approaches to estimate the crop yield response to water was that proposed
by Doorenbos and Kassam (1979). Different procedures for estimating potential yields are
recommended in this paper, either from available local data for maximum crop yields or based
on the calculation of maximum biomass and a corresponding harvest index. The recent
advances in agronomy and crop physiology allow for the use of increasingly precise methods
to estimate maximum yields. For example, the Aquacrop model can be used to calculate these
variables (Steduto et al. 2012). However, this procedure requires a local calibration of the
model parameters.

For this reason, we preferred to estimate these reference potential yield values from the
broad sample of marketable yield data available for the three types of crops studied during the
first period of study. A statistical analysis was performed to test whether these three samples of
data fitted to different commonly used statistical distribution functions. The Weibull distribu-
tion was found to be the most appropriate statistical function. The potential reference yield
adopted in this work was the yield value with a probability of being exceeded less than 1 %.
This reference potential yield cannot be considered an absolute maximum yield value but a
reasonable reference yield that could be attained provided the irrigation water applied and the
crop management conditions are appropriate.

2.7 Statistical Analysis

Two different statistical analyses were performed in this work. A multifactor analysis of
variance was carried out with the aim of evaluating factors that may influence the productivity
of irrigation water. In this analysis, the productivity index was taken as independent variable
and three possible factors were considered: type of crop, type of greenhouse and the cropping
season. The crop type was used in order to detect possible differences in the irrigation
management among crops. The type of greenhouse is associated with its technological level,
and the agricultural season encompasses the climatic variability.

In addition, a multivariate regression analysis has been performed to model the yield of the
crop as a function the irrigation water supply (RIS) and other possible quantitative predictor
variables such as the length of the growing cycle of the crop, the planting date and the size of
the farm. A stepwise regression procedure was used to select the most significant dependent
variables. Stepwise regression is a selection technique that makes it possible to differentiate the
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variables that really have a significant effect on the crop yield from the proposed set of possible
independent or predictive variables.

All the statistical analyses in this work were performed with the Statgraphics statistical
package (Statgraphics 2010).

3 Results and Discussion

3.1 Reference Crop Yield

The results showed a good agreement of the crop yield data sample to a Weibull distribution
function for the three crops analyzedwith 90%or higher confidence. (P-values greater than 0.10),

The Weibull cumulative distribution function is given in Eq. 2 and it depends on two
parameters: α, the shape parameter of the distribution, and β called the scale parameter.

F Xð Þ ¼ 1−e−
x
βð Þα ð2Þ

Figure 1 depicts the experimental data and the fitted Weibull function for the three crops.
The shape and scale parameters of the distribution for each crop and the resulting reference
yields are also illustrated in this figure.

The reference yields for pear tomato, cherry tomato and watermelon were 8.85 kg/m2,
6.20 kg/m2 and 6.85 kg/m2, respectively. The comparison of these values with other similar
greenhouse areas is not easy as yields data available in the literature are scarce and refer mostly
to average values rather than potential ones. These values are lower than those that can be
attained in other similar greenhouse areas with a better irrigation water quality and a more
precise climate control. For example, Valera et al. (2014) reported a potential yield for a tomato
grown in a Venlo type greenhouse in The Netherlands equal to 56.5 kg/m2, considerably
higher than the potential yields in Mediterranean greenhouses. These authors found an average
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yield for an autumn cycle tomato crop in the study area equal to 8.72 kg/m2, close to yield
found in this work, whereas the average tomato yield in the Campo de Dalías area (close to the
study area but with slightly better quality and climate conditions) reaches 10.56 kg/m2.
Fernández et al. (2007) found an average yield for watermelon equal to 6 kg/m2 in
the Campo de Dalías area, slightly higher than the average yield obtained in this
study (around 5 kg/m2).

Reference yield values must be locally calibrated so they take into account local growing
conditions. However, if local growing conditions change, potential yield values may also vary.
It is important to point out that the watermelon yields increased in the second study period with
respect to those obtained in the first period. The average yield during the second period was
6.6 kg/m2. This increase can be attributed to the improvement of the irrigation water quality
caused by the mixing of the water withdrawn from the aquifer with desalinated water provided
by the Carboneras desalination plant. The average water salinity supplied to the farmers during
the first study period was around 3.5 dS/m (the salinity increase due to fertigation is not
included in this value) whereas the irrigation water quality obtained in the second period from
the water sampling taken from the dripper discharge was around 3.0 dS/m (with fertigation
included). The tomato yields did not change significantly in the second period as the farmers
tended to prioritize fruit quality over quantity and the irrigation water salinity applied to the
tomato crops did not vary substantially from that applied in the first study period (3.5 dS/m in
average for the tomato crops).

3.2 Overall Productivity and Limiting Factor Analysis

The average productivity ratio for all the crops was 73.9 %, with a coefficient of variation of
17.5 %. This result was expected considering the variability of the RIS values. It is important to
point out that less than only 10 % of crop cycles achieved a productivity index greater than
90 %. These limited crop yields are consistent with the poor quality of the irrigation water and
the relatively low leaching fractions applied.

With the aim of analyzing possible factors contributing to the high variability of the CYR
values, a multifactor analysis of variance was performed. The effect of three potential factors
was considered: crop type, type of greenhouse and agricultural season. None of the three
factors, nor their interactions, had a statistically significant effect on CYR at the 95.0 %
confidence level as the P-values were greater than 0.05 in all cases. However, the result of
the mean comparison procedure showed that that pear tomato was significantly more produc-
tive than the other two crops at the 95.0 % confidence level. The method used to discriminate
among the means was the Fisher’s least significant difference (LSD) procedure. Cherry tomato
was less productive than pear tomato with similar RIS value. Watermelon was also less
productive but its RIS value was higher. This shows that the watermelon crop was more
sensitive to the water and salinity stress.

There were no significant differences in CYR values between low and high technology
greenhouses.

3.3 Single Crop Productivity Analysis

Table 2 summarizes the mean values of the irrigation water supply (IWS), relative irrigation
supply (RIS), marketable yield (MY) and the productivity performance indices (CWP, EWP and
CYR) for the three crops analyzed during both study periods.
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Average RIS values were slightly higher than the unity in all the crops. The average RIS
values fulfill the net crop irrigation water needs and to provide an additional amount of water
for leaching. However, these leaching fractions seem to be insufficient to achieve yields close
to the reference yields values in most of the cases. Watermelon was the crop with a higher
average RIS value (1.16) whereas pear tomato had the lower (1.07) in the first study period. In
the second study period, RIS values for tomato were similar to those found in the first period
whereas the RIS values for watermelon decreased close to the unity.

The averageMY of the pear type tomato cycles analyzed was about 7 kg/m2 and near 5 kg/
m2 in the case of cherry tomato and watermelon. These values are slightly lower than the
average values obtained in similar nearby areas. The improvement of the water quality has
increased the MY values of the watermelon in the second period.

The highest averageCWP value was achieved by watermelon crops (23 kg/m3), although pear
tomato reached similar values (approximately 22 kg/m3). The lowest average CWP value was
obtained by cherry tomato (13.6 kg/m3). The crops showed fairly good average CWP values,
although in general, vegetables grown under greenhouses usually have higher water productivities
than those grown outdoors. In the case of pear tomato, Carreño et al. (2000) found values ranging
between 21 and 23 kg/m3. However, Fernández et al. (2007) found a higher CWP value for the
watermelon grown in the Campo de Dalías area (35.6 kg/m3). It is important to highlight the
significant increase of the CWP for the watermelon in the second study period.

The higher EWP value was obtained for cherry tomato (14.9 €/m3) due to its higher price,
followed by pear tomato (9.4 €/m3) and the last one was watermelon (8 €/m3). However, in the
second period, the productivity of the watermelon (10.64 €/m3) surpassed that of the pear
tomato. Carreño et al. (2000) reported a value of 8.8 €/m3 for tomato crops in this area.

Table 2 Performance indicators for all the crops

Performance index Stats. 2005–2009 2011–13

Pear tomato Cherry tomato Watermelon Pear tomato Watermelon

IWS (mm) Averag. 326 339 226 369 221

Median 313 333 220 360 208

C.V (%) 24 22 26 13 15

RIS Averag. 1.07 1.13 1.16 1.05 1.01

Median 1.04 1.1 1.15 1.04 0.99

C.V (%) 23 25 30 7 25

MY (kg/m2) Averag. 6.94 4.48 4.94 6.82 6.60

Median 7.27 4.57 4.85 6.71 6.3

C.V (%) 15 17 19 8 10

CWP (kg/m3) Averag. 21.85 13.68 23.05 18.74 30.56

Median 21.55 13.51 22.83 18.87 30.86

C.V (%) 16 22 26 14 20

EWP (€/m3) Averag. 9.4 14.92 8.07 7.76 10.64

Median 9.27 14.73 7.99 7.39 9.57

C.V (%) 16 22 26 24 26

CYR Averag. 0.78 0.72 0.73 0.77 0.96

Median 0.82 0.74 0.72 0.76 0.92

C.V (%) 15 17 19 24 10
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With respect to the CYR, the maximum average value was obtained for pear tomato
with a value of 0.78 while the lowest was found for cherry tomato (0.72). In the
second study period, CYR values for each crop were calculated considering the
reference potential yield estimated for the first period. However, as the crop yields
increased in the case of the sample of watermelon crops, the CYR values calculated
were significantly higher. Average CYR value was 0.96 and there were several crops
with CYR values greater than the unity. The CYR value for tomato did not change in
the second period while the watermelon increased in the second

The histograms of the CWP and MY for the first study period depicted in Fig. 2 show the
significant differences in the values of these variables among farmers.

As the productivity index values are relatively low in many plots, further improvements in
the irrigation water management and in the irrigation water quality might very well be needed
in order to maximize the crop yield and productivity.

3.4 Relationship Between Productivity and Irrigation

Figure 3 shows the relationship between RIS and CWP and between RIS and the marketable
yields (MY) for all the studied crops during the first study period.

Experimental data for both variables fitted well to second degree polynomial functions for
all the crops (P-value less than 5 % in all cases). In the case of pear tomato, the coefficient of
determination between MY and RIS was 0.69. It can be concluded that there is a clear
relationship between both variables as the irrigation water applied explains 69 % of the
marketable yield variability for pear tomato crops in this area. Marketable yield increases as
RIS does until a maximum is achieved. This maximum yield occurs for RIS values of 1.45
according to the fitted curve. MY decreases for RIS values exceeding this value. The leaching
fraction (LF) can be estimated as a function of RIS by means of Eq. 3.

LF ¼ RIS−1
RIS

ð3Þ

This result indicates that maximum MY values were achieved for an average leaching
fraction approximately equal to 31 %. This is consistent with the salinity of the irrigation water
applied, considering that tomato is moderately sensitive to salinity and the irrigation water
salinity threshold for long-term use on sandy soils is about 3.5 dS/m (Steduto et al. 2012).

In the case of cherry tomato, the coefficient of determination was 0.5 for the RIS-CWP
relationship. There is also a clear relationship between RIS and MY, although in this case data
show a greater variability than that observed in the case of pear tomato. Here, the maximum
MY values occur for RIS values close to 1.30 (23 % leaching fraction on average).

For watermelon, a coefficient of determination was also close to 0.5. The MY reaches a
maximum RIS value of 1.30 for the fitted curve (23 % leaching fraction). After this maximum
value, the MY values decrease with increasing RIS values.

Regarding the RIS-CWP relationship, the fitted curve has a maximum for a RIS value of
0.75 in the case of pear tomato and 0.8 for cherry tomato. However, for these RIS values, the
expected yields would be equal to 5.6 kg/m2 for pear tomato and 5.9 kg/m2 for cherry tomato.
Both yield values are quite lower than the maximum attainable yield for these crops. For RIS
values higher than the aforementioned maximum RIS the CWP values decrease indicating that
the marginal profitability of the applied water becomes lower. For watermelon, the CWP
showed a continuous decreasing trend for all RIS values.
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The relationships found between theMY and the RIS for the studied crops show that theMY
is highly related to the RIS. However, there is still a relatively high variability of the MY that
remains unexplained. With the aim of explaining this MY variability more in depth, a
multivariate regression analysis has been performed to model the MY as a function of other
possible predictor variables. The following variables have been considered in this study: the
relative irrigation water supply (RIS), the length of the growing cycle of the crop (GCL) as the
larger the growing cycle the greater number of harvests in tomato (although not in
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Fig. 2 Histograms of the CWP (a) andMY (b) values for all the studied crops in the Campo de Níjar area for the
first study period (2005–2009)
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watermelon), the planting date (PD) as it may affect the development of the crop, and farm
area (FA) and number of greenhouses of the farm (NG) as both are related to the size of the
farm and, indirectly, they are likely related to the technological level of the farmer and the
training of the workers.

A stepwise regression procedure was used to select the most significant independent
variables. At each step of the stepwise procedure, a new variable is entered or removed from

MY  = - 4.9 RIS 2 + 14.2 RIS  - 2.3
R2 = 0.69

MY  = -5.9 RIS 2 + 14.5 RIS  - 3.9
R2 = 0.51

MY  = -4.1 RIS 2 + 10.4 RIS  - 1.15
R2 = 0.48
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Fig. 3 RIS-MY (a) and RIS-CWP (b) relationships for all the crops (first period)
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the model based on the values of the partial F-test (F-value to enter or remove were equal to 4).
The regressions coefficients and the independent variables selected by the stepwise regression
procedure are shown in Table 3, along with the values of the goodness of fit statistics.

The stepwise analysis showed that the length of the growing cycle was also a significant
predictor variable along with the quadratic relationship betweenMY and RIS. If this variable is
added, the variability explained by the model increases from 69 to 75 %. The rest of variables
considered in the analysis were not significant according to the stepwise procedure. These
results can be explained taking into account that tomato fruits are harvested several times, so
the larger the length of the cycle, the more likely that the number of harvests increases and thus
the greater the yield is. Similar behaviour would be expected for the cherry tomato. However,
in this case, neither the length of the growing cycle nor any other independent variables except
the RIS resulted significant according to the stepwise regression procedure. The statistical
variabilility of the MY explained in the case of the cherry tomato is considerably lower than in
the pear tomato (51 %).

For watermelon crops, it is usual that the fruits are picked up only once, so the length of the
growing cycle is not expected to be a significant variable. The stepwise regression has included
the number of greenhouses of the farm as a significant predictor variable in this case. The
variability explained by the model is equal to 55 %.

The variability that remains unexplained can be due to other factors that could not be
considered in this study. One significant variable may be the salinity of the irrigation water
supplied to every individual farmer. However, distributed values of salinity were not available
in this study.

The distribution uniformity of the applied water does not seem a significant factor to
explain the variability. On-farm irrigation performance evaluations for a sample of irrigation
systems were carried out by the authors in a previous research work (Sánchez et al. 2015) and
the irrigation uniformity was high in the majority of on-farm drip irrigation systems. The
resulting average value of the Statistical Uniformity (US) (Bralts and Edwards 1986) was 0.91
with a coefficient of variation equal to 5 %.

Other factors that may contribute to the variability and that have not been included in this
analysis are: the different crop varieties of crop with different performance and adaptation to
the greenhouse environmental conditions, physical, chemical and pathological characteristics

Table 3 Multivariate stepwise regression results

Parameter Pear tomato Cherry tomato Watermelon

Regression
coefficients

RIS 13.2055 (±2.9071) 14.535 (±2.4229) 8.3567 (±1.6189)

RIS2 −4.4807 (±1.3035) −5.9183 (±1.0088) −3.2902 (±0.6401)

PD – – –

FA – – –

GCL 0.0196 (±0.0074) – –

NG 0.3179 (±0.1149)

CONSTANT −5.10803 (±1.8938) −3.9334 (±1.4008) 0.0239 (±0.8846)

Statistics R2

(Adj R2)
74.44
(71.88)

−50.92
(48.11)

54.92
(52.16)

F-Ratio 29.13 18.15 19.90

P-Value < 0.0001 < 0.0001 < 0.0001
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of the soils, different planting patterns and densities, different cropping techniques, different
climate control management, nutrient management, and the incidence of pests and diseases.
External factors than may affect productivity as well are the cultivation costs, the price of the
products and state of the markets.

4 Conclusions

In this paper, an irrigation performance analysis was carried out in a greenhouse horticultural
production area in the BCampo de Níjar^ (Southern Spain). The aim of this study was to assess
the productivity of the irrigation water and analyze possible limiting factors. Appropriate
productivity performance indicators were calculated from data taken from a wide sample of
crops in the area over the course of two different study periods.

Maximum marketable yields (MY) were achieved for relatively high RIS values. This fact
indicates that higher leaching fractions were required due to the high irrigation water salinity.
Pear tomato was the crop that required the highest RIS value (1.45) to obtain a maximum yield
while cherry tomato and watermelon required slightly lower values (approximately 1.30).

The overall productivity ratio (CYR), defined as the proportion of the potential yield
expected under optimal conditions that has actually been attained, was 73.9 % with a
17.5 % coefficient of variation. The low values of the CYR value were somewhat expected
considering irrigation water in this area has high salinity levels and relatively low irrigation
average leaching fractions applied. The crop that showed the best productivity ratio was pear
tomato with a CYR value of 0.77.

The most productive crop was watermelon, which had a mean CWP value of 23 kg/m3.
However, regarding the productivity of the crop in terms of economic income, the most
efficient crop was cherry type tomato, with a EWP value of approximately 15 €/m3 due to
its higher market price.

The better irrigation water quality observed in the second study period produced an increase
of the crop productivity indices values for watermelon. However, the productivity of the
tomato crops did not change significantly.

The influence of different factors was analyzed in this study. The type of crop, greenhouse
technology level and agricultural season did not have a significant influence on the produc-
tivity indices.

The results of the study showed that the most significant variable affecting the productivity
indices was the relative irrigation supply (RIS) to the crop. Other variables that had an
influence on the productivity were the length of the growing cycle in the case of tomato and
the number of greenhouses per farm in the case of watermelon. The variability explained by
these variables was 75 % in the case of pear tomato, 50.5 % in the case of cherry tomato and
55 % in the case of watermelon. However, as a high percentage of the variability still remains
unexplained, it can be concluded that other factors related to farmers’ own management
decisions affect crop yield and productivity. The experimental production functions (market-
able yield versus relative irrigation supply) derived in this work can be useful to advise farmers
on the optimum RIS values that maximize their expected marketable yields and economic
returns.

Results of this work can be used to detect factors conditioning the irrigation management
and can highlight possible weaknesses of the system. This is a primary step to suggest
measures contributing to improve its productivity and sustainability.
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