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The growing necessity to develop more productive agriculture has encouraged the expansion of new irri-
gated lands. However, water use in agriculture may affect the natural regimes of water systems. This study
aims to analyze, for the first time, water use and its dynamics during the creation of a newly irrigated land.
Water use was studied through the development of water balances and subsequent application of quality
indices for irrigation in two unirrigated years (2004-2005) and three years of gradual implementation
of irrigation (2006, 2007 and 2008) in the Lerma basin (752 ha, Spain). Increases in evapotranspiration,
drainage and water content in the aquifer were verified during the gradual transformation into irrigated
land. Water balances closed adequately, giving consistency to the results and enabling the application of
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Water use
Ebro basin quality indices for irrigation. Irrigation quality analysis showed a use of available water resources equal
Lerma basin to 84%. However, the estimated irrigation efficiency presented lower values, mainly due to irrigation

drainage (15%) and combined losses by both evaporation and wind drift of sprinkler irrigation systems
(13%). The results indicate that the use of water in the Lerma basin is at the same management level
of other modern irrigation systems in the Ebro basin, although there is still margin for improvement in
irrigation management, such as reducing the irrigation drainage fraction and the evaporation and wind

drift losses of sprinkler irrigation systems.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In many areas of the world, especially in arid and semi-arid
regions, irrigated agriculture is essential to achieve the desired pro-
duction. Forty percent of global agrarian production is obtained
from the 20% of cultivated areas that are irrigated (FAO, 2003a).
Currently, over 250 million hectares are irrigated throughout the
world, which is more than five times the area irrigated in the
early twentieth century (Rosegrant et al., 2002). Because of the
higher yields from irrigated agriculture compared to unirrigated
agriculture, it is expected that this proportion of irrigated areas
will continue to increase in the future.

The introduction of irrigation in an agricultural area involves
a major change in water use. Irrigation water in many cases
exceeds the total volume of all other inputs of water to the system
(Charbonneau and Kondolf, 1993) and is added to the previously
available water resources (precipitation and natural flows).

Due to the large amount of water used in irrigation activities
(70% of the total water extracted from natural resources (FAO,
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2003b)) and potential negative impact resulting from drainage,
there is growing interest in studying and quantifying irrigation
management (Clemmens and Burt, 1997). However, it is essen-
tial to develop water balances to check the level of accuracy of
the measured and estimated components of the water cycle (Burt
et al., 1997). Accuracy is crucial to further validate the irrigation
management assessment.

Among the several existing irrigation quality indices, those eval-
uating the use of water resources and the volume of water applied
that is not used for crops stand out. It is also important to ascertain
the degree with which irrigation is meeting the needs of crops, so
as to balance high water productivity (i.e. high crop yield per unit
of applied water) and low environmental impacts.

The assessment of water use and quality of irrigation has been
the subject of several studies conducted in hydrological basins or
experimental plots (Chaudhry, 1978; Zalidis et al., 1997; Faci et al.,
2000; Al-Jamal et al., 2001; Tanji and Kielen, 2002; Causapé et al.,
2004; Isidoro et al., 2004; Lecina et al., 2005; Garcia-Garizabal
et al,, 2009). However, until the present date, no study has had the
opportunity to start an agroenvironmental monitoring in an area
before its transition into irrigated land (i.e. monitoring drainage
flow, water use, crops implementation, agricultural management,
etc.). This was the objective of the work reported in this paper.
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Fig. 1. Geomorphology (Beltran, 1986) and fields of the Lerma basin, with the loca-
tion of the gully network, irrigation canal, piezometer and gauging station.

2. Description of study area

The study area corresponds to the Lerma hydrological basin
(752 ha), located on the left side of the Ebro river valley in North-
east Spain (Fig. 1). The transition project delimited 405 ha of the
Lerma basin to be irrigated, divided into 55 fields (irrigable area of
the basin). The agroenvironmental monitoring of the basin began
in the hydrological year 2004, before transformation of the area.
The first fields were irrigated in 2006, with a gradual increase in
irrigated area until reaching 85% of irrigated land in 2008, the last
year included in this study.

Fifty nine percent of the soils in the Lerma basin are underlain
by two layers (Fig. 1): the first layer is quaternary glacis consisting
of layers of gravel with loamy matrix and a maximum thickness of
10 m; below are layers of tertiary materials consisting of limestone,
clay and gypsum. The remaining 41% of the land area consists of
emerged tertiary materials.

The gravel layers provide excellent pathways for subsurface
drainage. The drainage water feeds into lower areas through a net-
work of intermittent streams that flow through, and on top of, the
tertiary layers. Before irrigation, flows in these streams occurred
mainly during fall and spring, as a consequence of rainfall.

The soils developed on the glacis (Calcixerollic Xerochrepts, Soil
Survey Staff, 1992) display loamy textures, with an effective depth
of 60-90 cm. The low salinity (electrical conductivity of the satura-
tion extract: ECe <4dS/m) and small risk of erosion (slope <3%) of
the soils developed on the glacis allowed for identifying these zones
as suitable for conversion into irrigated land (Beltran, 1986), and
therefore most of the irrigation occurs in these zones. In contrast,
soils developed in the valleys of the Lerma gullies (Typic Xeroflu-
vent, Soil Survey Staff, 1992) have a much lower effective depth
(between 30 and 45 cm), limited by limestone or tabular gypsum
levels, which confers slow drainage. Salinity (EC. between 4 and
8dS/m) and steep slopes (>10%) are the reasons why these zones
are classified as not appropriate for irrigation (Beltran, 1986).

According to the agro-climatic stations of the Inte-
grated  Irrigation  Advisory  Service  (SIAR  Network:
http://oficinaregante.aragon.es), average rainfall for the five
study years (hydrological years 2004-2008) was 408 mm/year
with a high annual variability as can be seen in Fig. 2 (coefficient
of variation: CV=37%). The average reference evapotranspiration
(ETp) calculated by Penman-Monteith (Allen et al.,, 1998) was
three times higher (1261 mm/year) than rainfall and was much
less variable (CV=6%). A typical year consists of two dry seasons
(summer and winter) and two wet seasons (spring and autumn).

Before irrigation, wheat and barley were grown in winter. After
irrigation was established, the typical cropping pattern (Table 1)

for 82% of the irrigated fields consists of maize (April to October),
winter cereals (November to July), and tomato (May to September).
The area under irrigation increased from 124 ha in 2006 to 346 ha
in 2008. Sprinkler irrigation accounts for 86% of the applied water
withdripirrigation used for the rest of the area (Table 1). The imple-
mentation of irrigation not only resulted in a progressive increase
of irrigated area, but also in an increase in the amount of water
applied annually per hectare, mainly due to double cropping prac-
tices (Table 1). Finally, the salinity of the irrigation water, 0.3 dS/m,
does not pose any limitations on to the type of cultivated crops.

3. Methodology
3.1. Water balances

Annual water balances were calculated for the irrigable area of
the Lerma basin for 2004 through 2008 using EMR 2.0 (Irrigation
Land Environmental Evaluation Tool - in Spanish, EMR: Causapé,
20009).

3.1.1. Soil water balance

Data on precipitation (P), irrigation (I), combined losses by both
evaporation and wind drift (EWDL), and potential evapotranspira-
tion (ETy) were utilized by EMR to develop daily water soil balances
to estimate actual evapotranspiration (ET,), soil drainage (Ds) and
soil water storage (AS)in each of the 55 irrigated fields in the Lerma
basin:

(P +1)— (ET, + Ds + EWDL) = AS (1)

The daily weather data necessary to calculate the water balances
was obtained from two agro-climatic stations of the SIAR Network
(Tauste and Ejea). EMR software interpolates the climatic variables
of the different stations to obtain a daily value for Lerma using the
inverse square distance technique (Isaaks and Srivastava, 1989).
Irrigation volumes were measured daily with flow meters installed
by the Irrigation District Authority in the 55 irrigated fields of the
basin.

The percentage of losses, calculated by EMR in accordance with
Playan et al. (2005), was applied to the volume of irrigation to quan-
tify the combined losses by both evaporation and wind drift of
sprinkler irrigation, using the following equation:

EWDL = 20.34 + 0.214WS? — 2.29 x 10~>RH? (2)

The wind speed 2m above the surface (WS, m/s) and relative
humidity 1.5m above ground level (RH, %) were also provided
by the SIAR Network. The last dataset obtained from the SIAR
Network was the reference evapotranspiration (ETg), which was
derived according to Penman-Monteith (Allen et al., 1998). With
ETo and the monthly crop coefficients (k.) obtained from Martinez-
Cob (2004) for the study zone, the daily crop evapotranspiration
(ET¢) was calculated according to the methodology proposed by
Allen et al. (1998):

ETc = ET x ke (3)

The water holding capacity in the soil (WHC, mm) available for
plants was estimated from the average apparent electrical con-
ductivity of the soil (EC;, dS/m) of each field, which depends on
soil water content. EC; was derived from 43,433 measurements
taken in about two weeks, after rainfall (soil at field capacity). A
mobile geo-referenced electromagnetic sensing system (Urdanoz
et al., 2008) was used for these measurements and the WHC of 10
soil samples (representative of the EC; range of Lerma soils) was
analyzed in the laboratory according to the methodology of the Soil
Survey Laboratory (1995) (WHC=field capacity at 0.33 bar minus
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Table 1
Dynamics of the transition into irrigated land of the Lerma basin, irrigation systems implemented, established crops, double cropping and irrigation volumes applied.
2004 2005 2006 2007 2008 Average?

Irrigated area
ha - - 124 274 346 -
% - - 31 68 85 -
Irrigation system
Sprinkler (%) - - 90 92 79 86
Drip (%) - - 10 8 21 14
Crops
Maize (%) - - 61 63 40 52
Winter cereal (%) - - - 25 23 20
Tomato (%) - - 10 4 14 10
Broccoli (%) - - 24 4 2 6
Pea (%) - - - - 10 5
Sunflower (%) - - 4 - 5 3
Onion (%) - - - 4 3 3
Sorghum (%) - - - - 2 <1
Double cropping (%) - - - 4 24 13
Irrigation
m?3/ha irrigated - - 4790 5870 6180 5839

2 Weighted average considering the transformed area.

wilting point at 15bar). The statistically significant relationship
established between EC,; and WHC was:

WHC = 415.7EC, +2.42; R*=0.91; n=10; p<0.001 (4)

Therefore, starting from an initial volume of available water
for plants in the soil (AW), EMR adds the daily inputs by
net irrigation (I—EWDL) and precipitation (P), and ET¢ is
subtracted only if there is sufficient AW in the soil. EMR
considers that ET,=ET¢ if AWjyjia +P+1—EWDL>ETc, but oth-
erwise ET; =AWipitia + P+1— EWDL—hence, the soil has a wilting
point level of humidity at the end of each day (AW=0).
On the other hand, if AWyt +P+1—EWDL—ET,>WHC, the
program interprets that the field soil capacity has been sur-
passed, and drainage (Dswg) occurs in amounts equal to

B Effective precipitation

B Non-effective precipitation

Dswp = AWipitia + P+1— EWDL — ET; — WHC, leaving the soil at the
termination of each day at field capacity (maximum AW = WHC).

In order to obtain an approximate value of the water content
in the soil at the beginning of the study (October 1, 2003), the cal-
culation of water balances was started one year before (October 1,
2002), assuming the water content was equal to ¥2 WHC.

With the information generated by the soil water balance
(SWB), EMR estimates the direct components of the water bal-
ance in the basin (ET; and AS) and soil drainage (Ds). Using
the information provided by the SWB, the effective precipita-
tion (Pgf, portion of precipitation that contributes to crop water
requirements) was estimated for each day and each field, con-
sidering that if P<WHC+ET, — AW then Pe=P, and otherwise
Po=WHC+ET,; — AW. This estimate does not consider the exis-
tence of preferential flows or the runoff that could be generated.

O Irrigation

mm/month

mm/month

oct jan apr ju oct jan apr ju oct jan

Fig. 2. Monthly dynamics of inputs (effective precipitation, non-effective precipitation and irrigation) and outputs (irrigation drainage, precipitation drainage, evapotran-
spiration and combined losses by both evaporation and wind drift-EWDL) obtained from water balances in the soil during the five study years (2004-2008).
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Nevertheless, it is considered to be a quite valid estimate as the
fields in the study area are terraced and intense rain is needed to
generate runoff.

The drainage volume proceeding from irrigation (D;) was esti-
mated by considering for the days and fields with drainage
that if AW+P—ET,>WHC then D;=I—-EWDL and otherwise
Dy =[I-EWDL] - [WHC — (AW + P — ET,)]. The interpretation of this
calculation is that, on any given day, rainfall will always occur
before irrigation and thereby irrigation drainage takes priority over
rainfall drainage. It is assumed in this study that a farmer takes
rainfall into account when deciding whether to irrigate, although
evidently weather forecasting is by no means infallible.

3.1.2. Water balances in the basin

Annual water balances were obtained for the irrigable area
included in the Lerma basin considering also the incoming water
flows from the unirrigable area included in the basin (IWF), water
drained through the Lerma gully (LG) and the increase of water in
the aquifer (AA) to complete a basin water balance.

Inputs — Outputs — Storage = Balance error (5)
(P +1+IWF) — (ET, + LG + EWDL) — (AS + AA) = Balance error
The water evacuated from the basin via drainage was quantified by
the gauging station (Fig. 1) equipped with an electronic limnigraph
(Thalimedes, OTT), which allowed for the registration of water
height (h, m) measurements every 15 min. These measurements
were converted into flow (Q, m3/s) according to the equations pro-
vided by the software Winflume (Wahl, 2000):

Q =1.73 x (h +0.00347)""%%* forh <0.5m (6)
Q =10.28 x (h+0.01125)"7%  forh > 0.5m (7)

From the beginning of the study (October 1, 2003) up to when the
gauging station was operational (August, 2005), the flow of Lerma
gully was estimated from precipitation data and based on a runoff
coefficient of 0.087. The coefficient was obtained from the rela-
tionship precipitation-flow in the period before the introduction of
irrigation (Critchley and Siegert, 1991). Based on the entire dataset
available from the gauging station and rainfall data, it was veri-
fied that heavy rains yielded a higher runoff coefficient (0.313),
which was then applied to daily rainfall events exceeding 25 mm.
These runoff coefficients were also applied to estimate the incom-
ing water flows from the unirrigable areas included in the Lerma
basin (IWF).

Finally, the annual water storage in the aquifer was estimated
based on the aquifer area (310 ha), the saturated thickness of a
representative piezometer of the aquifer (Fig. 1), and an effective
porosity of 25% corresponding to the average value provided by
Custodio and Llamas (1983) to the lithology of the aquifer. As the
piezometer was not built until March 2008, the saturated thickness
at the end of each hydrological year was estimated from the sta-
tistically significant relationship between the saturated thickness
(ST, cm) and the flow measured at the Lerma gully (Q;¢, m3/day)
between March and September 2008:

ST = 0.046Q¢ +29.78; R>=0.92; n=10; p < 0.001 (8)

3.1.3. Calculation of errors

The difference between inputs (In), outputs (O) and storage (S)
constituted the balance error, which in percentage terms was eval-
uated as

(9)

Balance error [%] = 200 x {w}

In+0+S

Once the water balance was verified to be satisfactory, the drainage
associated with the irrigable area of the Lerma basin was be calcu-
lated as

D =LG - IWF (10)

Drainage (D) should be equal to the estimated soil drainage (Ds)
minus the storage in the aquifer and the final validation of the
developed balances was made by calculating the drainage error as

DS—D—AA}

Ds+D+ AA (an

Drainage error [%] = 200 x [

3.2. Water use and irrigation quality indices

The water use index (WUI) proposed by Causapé (2009) was
utilized to quantify the use of water in the irrigable area of the
Lerma basin:

_ D+EWDL
P+1

This index, obtained mainly from measured data, quantifies the per-
centage of water resources (irrigation and precipitation) that were
utilized in evapotranspiration.

In order to better analyze the irrigation quality, net hydric needs
(HNn) and indices evaluating the irrigation efficiency (IE), irriga-
tion drainage fraction (IDF), and water deficit (WD) were utilized.
These indices were calculated for each field and during annual crop
period, according to the criteria proposed by Causapé (2009) and
starting from data provided by water balances in the soil.

WUI = [1 « 100 (12)

HNn = (ETc + AWgna1) — (AWipitial + Per) (13)

IE = {1 _ (Wﬂ « 100 (14)

IDF = % « 100 (15)
_ ETc —ET,

WD = == 100 (16)

The HNn estimates the volume of irrigation water necessary to
avoid crop yield losses due to water stress. In the presence of crops,
the net water requirements divided by the irrigation efficiency
would estimate the gross amount of irrigation applied. Irrigation
efficiency quantifies the percentage of irrigation that has not left
the system, being used to meet the water requirements of the crops
or accumulated as soil water storage. The irrigation drainage frac-
tion quantifies the percentage of irrigation lost in drainage and
is influenced by the irrigation volume applied and the soil water
content when irrigation occurs. Finally, the water deficit evaluates
the extent to which irrigation has been unable to satisfy the water
requirements of crops.

High quality irrigation is experienced when the WD and the IDF
are nil and the IE approaches 100%. It must be noted that there are
irrigation events not intended to meet water requirements, but to
optimize humidity in the soil for specific agrarian activities (e.g.
tillage). Conversely, it may be necessary to apply excessive irriga-
tion in certain circumstances to promote the leaching of salts with
the subsequent generation of drainage and irrigation efficiency loss
(Tanji and Kielen, 2002). Furthermore, controlled deficit irrigation
techniques might be applied to cause an intended water deficit
(Doorenbos and Kassam, 1979; Farré and Faci, 2009).

4. Results and discussion
4.1. Water balances

The volume of water involved in the balances of the Lerma basin
progressively increased with the introduction of irrigation. After
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Table 2

101

In: inputs [precipitation (P), irrigation (I), incoming water flows (IWF) from the unirrigable area]; O: outputs [actual evapotranspiration (ET,), water drained through the
Lerma Gully (LG), combined losses by both evaporation and wind drift of sprinkler irrigation (EWDL)]; S: storage [in the soil (AS) and in the aquifer (AA)] and balance errors

(In— 0 - S and percentage) for the years 2004-2008.

Year Inputs (mm/year) Outputs (mmy/year) Storage (mm/year) Balance error
P 1 IWF YIn ET, LG EWDL X0 AS AA xS In— O - S (mm/year) %3

2004 628 0 78 706 318 169 0 487 20 - 20 199 32.7
2005 212 0 16 228 237 36 0 273 —42 - —42 -2 -1.1
2006 426 144 56 626 425 123 20 568 48 9 57 1 0.2
2007 411 397 31 839 643 106 57 806 -36 68 32 1 0.2
2008 361 519 27 907 656 118 59 832 7 69 77 -2 -0.3
2004-2008 408 212 41 661 456 110 27 593 -1 29 29 39 6.1

3 Balance error [%] =200 x [(In— 0 —S)/(In+0+S)].

the rainy year of 2004, the volume of water reached a low 230 mm
in 2005 and increased with the implementation of irrigation until
approximately 900 mm in 2008 (Table 2).

Seasonally, the water involved in the balance shifted from an
initial distribution according to precipitation (mainly during spring
and autumn) to a distribution according to irrigation patterns. With
the transition of the basin, the distribution was centered on the
irrigation months, when highest input and output water volumes
were registered due to irrigation, evapotranspiration and drainage
(Fig. 2)—although the latter was partially regulated by the aquifer.

Precipitation was the main water input component in the
Lerma basin, except in 2008, when it was surpassed by irri-
gation. The highest (628 mm in 2004) and lowest (212mm in
2005) volumes of water introduced by precipitation occurred in
unirrigated conditions. During the transition into irrigated land,
less extreme annual precipitations were recorded, which were
closer to the average historical records for the area (460 mm)/year;
http://oficinaregante.aragon.es).

The effective precipitation for the entire study period was 75%
of total precipitation, similar to the theoretical value used in other
studies (Cuenca, 1989). However, throughout the studied years, this
value varied considerably from 54% in the rainy year of 2004 to
92% in the dry year of 2005, indicating the importance of not con-
sidering the effective precipitation as a fixed percentage value of
total precipitation. The effective precipitation fluctuated less dur-
ing the irrigation years, ranging between 79% (in 2007) and 86% (in
2006). The greatest non-effective precipitations occurred after sat-
uration of the soil, especially during the spring months. Specifically,
in April 2007, the wettest month of the entire irrigation period,
non-effective precipitation (73 mm) was 57% of the total (127 mm).

Irrigation was the second greatest input component in the water
balance. Its importance increased gradually since its implementa-
tion in 2006. In fact, in 2008, when 85% of the area became irrigated,
irrigation represented the main component of total water inputs
(519 mm, 57% of inputs).

Water flows from unirrigable areas of the Lerma basin (mostly
valley zones) accounted for only 6% of the total inputs in the bal-
ance. These flows varied temporally according to precipitation,
reaching a high of 11% of total inputs in 2004. This component
became less significant with the transformation of Lerma into

Table 3

irrigation land, as the contribution of these flows to the total inputs
decreased proportionally from 11% in 2004 to 3% in 2008.

In terms of outputs, the ET, (Table 2) was the main compo-
nent throughout the entire study period, accounting for 77% of the
total outputs. Although the highest ETy (1334 mm) was recorded
in 2005, lack of irrigation and an intense drought led to a low ET,
(237 mm) during this year. As expected, ET¢ increased with the
expansion of irrigation, from 564 in 2006, to 736 mm in 2007 and
852 mm in 2008. The last year included the greatest irrigated area
and widespread presence of double cropping. The increase in ETc
led to progressive increases in ET, with the implementation of irri-
gation, although ET, never equaled the ET¢ due to lack of available
water in the soil during certain periods of time.

The water drained through the Lerma gully corresponded to 19%
of the outputs in the entire study period (Table 2). The lowest value
was recorded in the dry year of 2005 (36 mm, 13% of outputs), while
the highest occurred in the rainy year of 2004 (169 mm, 35% of out-
puts). Drainage gradually changed over the transition years from
an intermittent pattern solely due to precipitation in 2004/2005
to a continuous flow with a clear influence of irrigation thereafter.
With the transformation into irrigated land, the median of daily
flow at the Lerma gully increased significantly from 4.3 1/s in 2006,
to 7.61/sin 2007 and up t0 9.41/sin 2008 (p < 0.05, Mann-Whitney).
The percentage of the total drainage due to irrigation was 22% in
2006, increasing to 39% in 2007 and reaching 63% in 2008. Sea-
sonally, 66% of the water evacuation by the Lerma gully occurred
between April and September, during which 97% of irrigation was
applied.

The losses due to evaporation and wind drift from sprinkler irri-
gation, absent in the unirrigated period, accounted for between 4%
(2006) and 7% (2007 and 2008) of the outputs during the years
under irrigation. Although seemingly small volumes in the bal-
ance, these values are significant from an agronomic perspective,
corresponding to 11-14% of total irrigation and 14-16% of applied
sprinkler irrigation. These values were similar to those found in
experimental trials in areas with weather conditions similar to
those of the Lerma basin (Playan et al., 2005).

Storage in the soil varied with the annual regime and seasonality
of irrigation and rain, such that some years were offset by oth-
ers. Gradual implementation of irrigation progressively increased

Soil drainage volume (Ds), drainage of irrigated area (D), water storage in the aquifer (AA) and drainage error associated with water balances.

Year Ds (mm/year) D (mm/year) AA (mm/year) Error? (%)
2004 290 91 - 104.4
2005 18 20 - -12.8
2006 78 68 9 14
2007 144 76 68 0.9
2008 158 91 69 -1.6
2004-2008 137 69 29 333

2 Drainage error [%] =200 x [(Ds — D — AA)/(Ds + D+ AA)].
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Table 4

Net hydric needs (HNn), irrigation (I), irrigation efficiency (IE), irrigation drainage fraction (IDF), combined losses by both evaporation and wind drift of sprinkler irrigation

(EWDL) and water deficit (WD) during the period 2006-2008 in the Lerma basin.

Year HNn (hm?3/year) I (hm?3 Jyear) IE (%) IDF (%) EWDL (%)? WD (%)
2006 0.54 0.58 74.5 11.8 13.7 153
2007 133 1.61 72.1 135 144 11.6
2008 1.90 2.10 70.3 183 113 19.5
2006-2008 1.26 143 721 14.7 131 15.6

2 Percentage expressed with respect to the total irrigation volume.

Table 5

Area percentage, net hydric needs (HNn), irrigation (I), irrigation efficiency (IE), irrigation drainage fraction (IDF), combined losses by both evaporation and wind drift of
sprinkler irrigation (EWDL) and water deficit (WD) during the period 2006-2008 for the three main crops of the Lerma basin.

Crop Area (%) HNn (m?3/hayear) I (m3/hayear) IE (%) IDF (%) EWDL (%) WD (%)
Maize 52 5950 7400 71.6 133 15.1 10.0
Winter cereal 20 2510 1535 70.8 15.4 13.8 26.9
Tomatoes 10 5550 5520 86.6 134 0.0 14.4

storage in the aquifer (Tables 2 and 3), and, at the end of the study,
it could not be verified that the system was in equilibrium.

Water storage in the aquifer is not considered in many studies
due to a claimed periodicity of irrigation and rainfall. However, in
Lerma basin, water storage in the aquifer accounted for up to 8% of
the water involved in the balance of 2007 and 2008, and explains
the high balance error in 2004 (32.7%) when it could not be quanti-
fied. For the rest of study years, and in particular for the last three in
which the water storage in the aquifer was quantified, the balances
closed properly.

The precipitation events in 2004 influenced the balance estima-
tion of soil drainage to a high 290 mm, while the measured drainage
of the irrigated area itself was only 91 mm (Table 3). This would
imply a theoretical storage in the aquifer of 199 mm, which when
not considered leads to an unacceptable drainage error (104.4%).
Once the storage in the aquifer was considered, annual errors fell
below +£2%, giving consistency to the results of the balance and
enabling the implementation of irrigation quality indices based on
those results.

4.2. Water use and irrigation quality indices

In unirrigated conditions, the quantity of water drained through
the gully ranged from 14% of precipitation in the rainy year of 2004
to 9% in the dry year of 2005 (which also could have drained previ-
ous rainfalls). With the transformation into irrigated area, the water
use index was 84%, ranging from 85% in 2006 to 83% in 2008. This
translates into only 16% of the available water resources (rainfall
plus irrigation) leaving the basin in the form of drainage or wind
drift and evaporation losses (thus unused by crops).

The volume of irrigation applied was 13% higher than the net
hydric needs (Table 4), a proportion that is not considered excessive
because anirrigation efficiency of 87% would have been sufficient to
meet the crop requirements. However, the calculated efficiency of
Lerma stood at only 72%, producing a crop water deficit of 16%. The
latter value might be an overestimation though, since the growth
stages of the crops did not always coincide with the average values
of the region of Ejea de los Caballeros (used by EMR). According to
information provided by farmers, production yields did not corre-
spond to the maximum potential of the area, which could in part
be justified by a possible water deficit.

The irrigation efficiency is within the range verified in irriga-
tion lands around the world (between 54 and 80%: Zalidis et al.,
1997; Al-Jamal et al., 2001). However, it differs from what was
quantified in other pressurized irrigation lands of the middle Ebro
valley. Tedeschi et al. (2001) and Cavero et al. (2003) quantified

efficiencies above 90% in irrigation areas of the Ebro river basin,
although it is important to note that those authors do not discount
the losses by evaporation and wind drift, which, as indicated by
Playan et al. (2005), may account for 8-15% of sprinkler irrigation
applied in the climatic conditions of the Ebro valley.

According to Tanji and Kielen (2002), a well managed sprinkler
irrigation system can achieve a maximum application efficiency of
90%. The loss of irrigation efficiency in Lerma was divided between
drainage losses and combined losses by both evaporation and wind
drift (sprinklerirrigation). Thus, the irrigation drainage fraction was
15%, while the wind drift and evaporation losses were 13% of the
total irrigation applied.

The increase in irrigated area resulted in increases in the net
hydric requirements of the basin, which nearly quadrupled in three
years (from 0.54 hm?3 in 2006 to 1.90 hm3 in 2008) (Table 4). The
unit net hydric needs increased from 4401 m3/ha irrigated in 2006
to 4910 m3/ha irrigated in 2007 and 5509 m3/ha irrigated in 2008,
showing that as irrigation is implemented, farmers opt for more
profitable crops or double crops, which in turn have higher water
requirements.

The annual performance of the irrigation quality indices shows
a continuous decline in irrigation efficiency (from 74% in 2006 to
70% in 2008), which is mainly due to increasing irrigation drainage
fraction (from 12% in 2006 to 18% in 2008). Season-wise, April reg-
istered irrigation efficiencies of approximately 80%, decreasing to
62% in May as a result of irrigation in the rainy season (Fig. 3). In
other sprinkler-irrigated areas of the Ebro river basin, Tedeschi et al.
(2001) found lower irrigation efficiencies in the months of April and
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Fig. 3. Monthly dynamics of irrigation efficiency (IE), water deficit (WD), and net
hydric needs (HNn) between April and September of the period 2006-2008 in the
Lerma basin.
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May as aresult of precipitation and frequent irrigation applied after
planting maize in an attempt to stimulate emergence and reduce
crust formation in soils. Planting maize, which in general occurs
later in the Lerma basin, caused this effect in May. After May, as
water requirements continued to increase, irrigation efficiency val-
ues also increased to approximately 80%. Efficiency only began to
decrease in September when the water needs decreased and rainfall
increased (Fig. 3). Water deficit, which significantly increases dur-
ing the summer months in flood irrigation systems (Causapé et al.,
2004; Garcia-Garizabal et al., 2011), remained practically constant
in the Lerma basin as there was the possibility of more frequent
application of pressurized systems to meet water requirements
over this period.

Among the three main crops in the basin (82% of the irrigated
area), tomatoes presented anirrigation efficiency of 87%, 15% higher
than that of maize and winter cereal (72 and 71%, respectively).
The fraction of irrigation drainage was similar among these three
crops (between 13 and 15%), indicating that differences between
the efficiencies were mainly due to wind drift and evaporation
losses from sprinkler irrigation, which ultimately demonstrates the
higher efficiency of drip irrigation systems (Table 5).

The lower hydric needs of winter cereal did not prevent it from
suffering the greatest water deficit (27%), which was due to longer
intervals between irrigation applications—similar management to
that of flood irrigation with high irrigation applications sparsely
divided.

Theresults indicate that an increase in irrigation efficiency could
be achieved by better planning around timetables and schedules of
irrigation application, so as to reduce drainage and minimize com-
bined losses by evaporation and wind drift. A greater fractioning of
irrigation according to the hydric needs of crops and consideration
of precipitation would reduce irrigation drainage.

With regard to wind drift and evaporation losses, switching to
drip irrigation wherever possible would nullify these losses. But
knowing that for many crops this switch is not possible, some
authors suggest the possibility of reducing these losses with a rigor-
ous schedule of irrigation (Dechmi et al., 2003). In this sense, Playan
et al. (2005) show that wind drift and evaporation losses of noc-
turnal irrigation can become almost half of those occurring during
diurnal irrigation, and Zapata et al. (2007, 2009) suggest the use of
programmable irrigation with built in wind speed sensors, making
it possible to choose the ideal time for irrigation. Therefore, dur-
ing the next years of consolidation of irrigation in the basin, there
is the possibility of an improvement in water use in addition to
higher crop yields.

5. Conclusions

The results indicate that the use of water in the Lerma basin is
at the same level of other modern irrigation systems in the Ebro
basin, although there is still margin for improvement in irrigation
management. For instance, adjusting the doses and schedules of
irrigation can have substantial impact on maximizing efficiency and
minimizing water deficit.
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