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a b s t r a c t

The North American Monsoon is the principal source of fresh water in northwest Mexico, accounting for
almost 70% of annual precipitation and around 80% of surface runoff. In the northern regions above
w28�N, there is insufficient surface runoff to satisfy urban, industrial and agricultural users and large
coastal aquifers are used to supply water for irrigation. The lower part of the Rı́o Sonora watershed is
devoted to irrigated agriculture, where perennial cash crops account for 40% of the area. The major crops
are table grapes and pecan with cultivated areas of 100 km2 and 50 km2, respectively. Although efficient
drip irrigation systems have been installed for these crops, annual water use remains very high:
w1150 mm for grapes and w1700 mm for pecan. During the 2005–2006 growing seasons, eddy corre-
lation measurements of evapotranspiration (ET) were performed for two different grape varieties,
obtaining 680 mm for Perlette and 776 mm for Superior. During theses measurement periods, the
applied irrigation depths were 1121 mm and 1088 mm, respectively. For pecans, the ET measurement
was 1297 mm and the applied irrigation was 1459 mm. In other words, the applied irrigation is in excess
of the water consumed by the plants: about 50% for grapes and 10% for pecan. This conclusion is sup-
ported by soil humidity (qv) measurements for grapes, where the values of qv between depths of 10 cm
and 120 cm are larger than field capacity during most of the annual cycle. Therefore, it is proposed that
the irrigation depth should be gradually reduced to 800–900 mm, which would save w30 hm3 of fresh
water for other uses each year.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Water resources occupy a special place among natural
resources. During the past several decades water resources have
been overexploited, reducing water quality and limiting its avail-
ability (Shiklomanov, 2000). This impact is more evident in arid and
semi-arid regions and the majority of developing countries. In most
of these countries, agriculture is the main economic activity and
accounts for approximately 70% of the total water used (Cosgrove
and RijsBerman, 2000).

In the northwest region of Mexico, the main source of water is
the summer precipitation (July–September). Rainfall during this
ricultura y Ganaderı́a, Uni-
osillo, Sonora 83000, México.

ez).

ll rights reserved.
period accounts for 60–70% of the region’s annual precipitation
(Douglas et al., 1993). In the state of Sonora, surface runoff is stored
in several reservoirs, mainly within the Yaqui river system and
other small dams across the state. In the northwestern part of
Sonora, very little surface water is available and the main water
source for annual and perennial crop irrigation is groundwater
(CONAGUA, 2006).

This applies to the Costa de Hermosillo aquifer, which has
been overexploited for more than 50 years, causing extensive
seawater intrusion and aquifer contamination (Rangel-Medina
et al., 2004). Currently, the mean annual withdrawal is
w450 hm3, while the net annual ‘‘recharge’’ is w250 hm3, of
which only w150 hm3 is freshwater, the other w100 hm3 being
saline water (Oroz, 2001).

In this area, pecan and table grapes are the main perennial crops
and represent about 30% of the total cropped area. These crops
provide an important source of income from exports, as well as
a hundreds of thousands of days of labor for farm workers. These
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two crops consume more than 50% of the yearly aquifer recharge
requirements. Considering this unsustainable situation, the present
work focuses on analysis of irrigation depths, evapotranspiration
and soil moisture levels for these crops and addresses their impact
on the aquifer.

2. Materials and methods

2.1. Site description

The Costa de Hermosillo is the lower part of Sonora river
watershed in northwest Mexico (Fig. 1). This is mainly a flat agri-
cultural area of 169,593 ha, where the annual and perennial crops
occupy around 53,000 ha every year, irrigated using water from
some 500 deep wells. The climate is arid with an annual rainfall of
around 200 mm. The rainy season is from July to September
(representing about 70% of the total annual rainfall) and there is
virtually no rainfall from March to June. The mean daily
Fig. 1. Experimental sites, eddy correlation system on table grapes, eddy co
temperatures range from 22 �C to 24 �C, with sporadic frosts in the
winter and temperatures that are frequently above 45 �C from the
end of spring into summer.

2.2. Experimental sites

The study was conducted in 2005 and 2006 in two 10 ha table
grape vineyards (Vitis vinifera L., cvs. Perlette and Superior) and
a 50 ha pecan orchard (Carya illinoinensis (Wangenh.) K. Koch, cvs.

The soil texture classes, field capacity (FC) and wilting point
(WP) were determined in the Soil Survey Laboratory of the Colegio
de Posgraduados (http://www.colpos.mx). Soil textures were
obtained by the Bouyoucos hydrometer method, while FC and WP
were measured using the pressure membrane apparatus at
�30 kPa and �1.5 MPa, respectively. The soils of vineyard were
classified as sand clay loam ‘‘SCL’’ (64%, 22% and 14% sand, clay and
silt, respectively) and those for the pecan orchard as clay loam ‘‘CL’’
(43%, 34% and 23% sand, clay and silt, respectively). These soil
rrelation system on pecans and Sonora watershed location on Mexico.

http://www.colpos.mx


Table 1
Summary of sites instrumentation on Costa de Hermosillo, Mexico.

Sensor Variable Crops Height measure (m) Observations

Table grapes 05 Table grapes 06 Pecans 06

Sonic Anemometer u, v, w CSAT3 CSAT3 Young 81000 6.1, 6.1, 12.40 Campbell Sci
Hygrometer Humidity KH20 KH20 KH20 6.1 6.1, 12.0 Campbell Sci
Net Radiometer Net radiation Q7, Rnlite Rnlite Rnlite 4.0, 5.0, 10.0 K&Z, REBS
Hygrometer RH, air temperature HMP45C HMP45C HMP45C 6.0, 6.0, 10.0 Vaisla
Radiometer Incoming radiation CM6 CM6 CM3 4.0, 4.0, 12.0 K&Z
Radiometer Surface temperature IRT-Apogee IRT-Apogee IRT-Apogee 2.0, 2.5, 10.0 Apogee
REBS Soil heat flux HTF3 HTF3 HTF3 �0.01 REBS
Reflectometer Soil moisture TDR615 TDR616 TDR616 0.1–1.0 Campbell Sci
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analyses were performed on samples taken every 10 cm, from the
surface to a depth of 1.2 m.

2.3. Micrometeorological measurements and data processing

A complete eddy correlation (EC) system was installed at each
site in order to measure all components of the surface energy
budget (EB): net radiation Rn, latent heat flux LE, sensible heat flux
H, and soil heat flux G. Two soil heat flux plates were used in each
site: one between the rows and the other underneath the vines. The
EC in each site was installed so that the ‘‘fetch’’ in the dominant
downwind direction (southwest) were about 400 m for grapes and
800 m and for pecans. Additional sensors were installed to measure
incoming radiation, surface temperature, relative humidity, air
temperature, and soil water content (Table 1).

Flux components and ancillary meteorological data were
measured from January to December for each crop. The sampling
frequency for fluxes was 10 Hz and raw data was stored on compact
flash cards. Meteorological data was sampled at 10 s intervals and
averages were recorded every 30 min on a CR5000 datalogger
(Campbell Scientific Inc., USA). The raw flux data were subse-
quently reprocessed to produce a 30-min average of sensible and
latent heat fluxes. The reprocessing, using the ‘ECPACK’ software
package developed by the Meteorology and Air Quality Group of
Wageningen University (Netherlands), included planar fit correc-
tion, sonic temperature correction accounting for the presence of
humidity, oxygen correction for a Krypton hygrometer and Webb
correction (Webb et al., 1980; Wilczak et al., 2001; Van Dijk et al.,
2003). Energy balance close errors were similar to those observed
by Twine et al. (2000), for different surfaces. This energy balance
closure failure is very common for eddy covariance measurements
and remains a topic for research. Here we used the ‘‘Bowen ratio
closure method’’ recommended by Twine et al. (2000) to obtain the
evapotranspiration.

2.4. Plant and additional measurements

The vines were planted in rows, 1.0 m apart for the Perlette
vineyard and 1.8 m apart for the Superior vineyard. In both cases
the space between rows was 3.8 m. A ‘‘Y’’ trellis was utilized in both
the Perlette and Superior vineyards. The maximum ground cover
attained during the season was about 62% in both vineyards. In the
pecan orchard tree spacing was 6 m and spacing between rows was
12 m. Row orientation was north/south for both crops. The emitters
in the vineyards were installed every 0.8 m and the sprinklers in
the pecan orchard were placed between two adjacent trees in the
same row. The maximum water flow rate was of 2.6 l h�1 for grapes
and 60 l h�1 for pecans. Data for irrigation timing and duration
were obtained from grower/cooperator every week. To confirm
data quality the uniformity coefficient (CU) was determined for
drip and micro sprinkler in the crops dividing each plot in 16 sites
and taking measurements of flux and pressure at each one of them
(Valdez and Durón, 2004). The values of CU were between 90% and
95% for flux and pressure in both crops. For pecans, two rain gauges
were installed to estimate the water flux every 10 min in order to
check the information provided by the farmer. The wetted area
around each emitter/sprinkler was 2 m2 for grapes and 30–38 m2

for pecans.
A double girdling was performed in Perlette, the first on March

20th and the second on April 15th, while in Superior a single
girdling was performed on April 20th. For Perlette, two applications
of gibberellic acid (GA3) at a rate of 10 ppm were made at the end of
February for rachis elongation, with an interval of 4 days between
applications; while for berry sizing, six applications (at a rate of
60 ppm) were made at the end of March with intervals of 4 days
between applications. For berry sizing in Superior, five applications
at a rate of 40 ppm were made starting on April 20th, with intervals
of 4 days between applications.

In addition, weekly observations were made on both grapes and
pecans for the following: phenological stages (grapes: budbreak,
flowering, fruit set, veraison, harvest, leaf senescence, dormant;
and pecans: budbreak, flowering/pollination, nut set, shuck split,
leaf senescence, dormant), gravimetric soil moisture, fractional
cover, spectral reflectance in 16 visible and near infrared bands
(Radiometer, Cropscan MR16, USA) and leaf area index LAI
(Ceptometer, Acuppar, USA). Reflectance measurements were per-
formed following a transect of 100 m (perpendicular to the rows
and between two vines), and taking data every 5 m, with five
samples in each site. Bare soil measurements were included at each
site to obtain the radiometric characteristics of the soil line. Ground
cover was determined using a 1 m2 white plate, divided into 100
small squares of 100 cm2 each. These measurements were per-
formed at noon every week on sunny days, following the meth-
odology described by Williams and Ayars (2005b). Samples for soil
moisture were obtained prior to the start of irrigation, taking
samples at 10 cm intervals, from the surface to a depth of 1.2 m;
each soil sample was weighed and dried at 105 �C for 24 h. The soil
bulk density (rs) was obtained using a bulk density sampler model
0200 (ITC) for each depth. Volumetric water content (qv) was
determined using a gravimetric water content (qg) and rs. Degree-
days (DD) were calculated using daily maximum and minimum air
temperature from a nearby meteorological station (about 500 m
from the experimental site) and with low and high threshold
temperatures of 10 �C and 32 �C, respectively (Grageda-Grageda
et al., 2002). In this case a double sine model was used, which is
available online Pest Management (IPM) website of the University
of California (http://www.ipm.ucdavis.edu).
2.5. Reference evapotranspiration and crop coefficient

Reference daily evapotranspiration (ETo) was calculated by the
Penman–Monteith FAO56 method Allen et al. (1998), using the
following equation

http://www.ipm.ucdavis.edu


Table 2
Budbreak, cover stages and degree-days of table grapes for Costa de Hermosillo Mexico. First column CV Perlette, second column CV Superior date for start and finish events.

Start Finish Start Finish Days Degree-days

Budbreak Veg. Cover 10% 01/24/05, 02/05/06 02/08/05, 03/09/06 16, 30 97, 248
Veg. Cover 10% Effective full cover 02/09/05,03/10/06 04/27/05, 05/11/06 78, 63 703, 667
Effective full cover Start leaf senescence 04/28/05, 05/12/06 07/03/05, 07/19/06 67, 69 1098, 1303
Star leaf senescence Full leaf senescence 07/04/05, 07/20/06 10/20/05, 11/20/06 109, 124 2142, 2086
Budbreak Harvest 01/24/05, 02/08/06 05/23/05, 06/20/06 120, 132 1158, 1597

Note: Leaf senescence, the time when the measures of vegetation cover, and crop reflectance (VIS, IR) or vegetation index like NDVI started to decrease.
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ETo ¼
0:408DðRn � GÞ þ g 900

Tþ273 u2ðes � eaÞ
Dþ gð1þ 0:34u2Þ

(1)

where ETo is the reference evapotranspiration (mm day�1), Rn is the
net radiation at cropped surface (MJ m�2 day�1), G is the soil heat
flux (MJ m�2 day�1), T is the air temperature at 2 m above ground
level (AGL) (�C), u2 is the wind speed at 2 m AGL (m s�1), es is the
saturation vapor pressure (kPa), ea is the actual vapor pressure
(kPa), es � ea is the saturation vapor deficit (kPa), D is the slope of
the saturated vapor pressure curve (kPa �C�1), and g is the
psychrometric constant (kPa �C�1).

The crop coefficient (Kc) was calculated as follows:

Kc ¼
ETc

ETo
(2)

where ETc is the crop evapotranspiration (ET measured on EC in this
case) (mm day�1), ETo is reference evapotranspiration (mm day�1).
3. Results and discussion

The stage phenology for both grape varieties (Perlette and
Superior) are shown in Table 2. The period from budbreak to
harvest is 120 days (1158 DD) for Perlette and 132 days (1197 DD)
for Superior, and from budbreak to full leaf senescence were
268 day (4040 DD) for Perlette and 286 days (4304 DD) for Supe-
rior. In contrast, the period from budbreak to harvest for Thompson
seedless grapes in California (Williams et al., 2003; Williams and
Ayars, 2005a,b) was 175 day (mid March–September). This differ-
ence of 43–55 days signifies an increase of 1106 DD in California
Fig. 2. Daily data of evapotranspiration of reference (ETo), evapotranspiration (ETc) an
compared to the Mexican site, so that seasonal evapotranspiration
is larger and the period post-harvest shorter in California.

The vineyards were irrigated intermittently throughout the
year, with daily irrigation only commencing at full canopy
development. In Fig. 2, the daily evolution of ETo, ETc and irri-
gation for both table grapes cultivars is shown. Fig. 2a corre-
sponds to Perlette, where ETo exhibits a typical annual cycle with
maximum value of around 8 mm in summer, similar to values
observed on grapes by Williams et al. (2003), but somewhat
lower than those found by Barbosa et al. (2000). ETo of Superior
in 2006 (Fig. 2b) shows very similar behavior. However it can be
seen that daily ETc for Superior is generally greater than that for
Perlette, with maximum values of about 5 mm day�1 and 4 mm
day�1, respectively. These results are significantly lower than the
maximum values of 6.6 mm day�1 and 6.9 mm day�1 reported
by Williams et al. (2003) and Williams and Ayars (2005b) for
table grapes with similar ground cover (50–60%). The maximum
ETc for both cultivars corresponds to full crop development,
when around 9 mm day�1 of irrigation is supplied. Maximum
crop development occurs earlier for Perlette and later for Supe-
rior. Thus applied water exceeded ETo for both cultivars with
water was often observed on the soil surface in both vineyards
(Fig. 2). Between the period of maximum crop development and
harvest (which occurred on May 23rd for Perlette and on June
19th for Superior), irrigation frequency and duration were
reduced for both cultivars in order to enhance sugar concentra-
tion in the grapes. Although this reduction was greater for Per-
lette than for Superior, the impact on ETc was larger for Superior
than for Perlette (Fig. 2). The effect of the 2nd girdling in Perlette
was not a clear reduction in ETc like that observed by Williams
and Ayars (2005a), possibly because of the reduction in irrigation
d irrigation (Irrig) of table grapes. (a) Cv Perlette (2005), (b) Cv Superior (2006).
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applied and/or the effect of the AG3. For Superior the girdling
and AG3 application had no effect on water use, as was also
observed by Williams and Ayars (2005a).

The other crop evaluated in this study was a young Pecan stand,
with a maximum height of 6.5 m and maximum vegetation cover of
45%, during the period from spring to summer. Fig. 3 shows the
seasonal behavior of daily ETo and ETc for this perennial crop. The
annual ETo curve exhibits a maximum of w8 mm day�1 at the end
of spring and a minimum of w3 mm day�1 at the end of winter.
These values are similar to those presented above for table grapes
and also for other sites with similar climatic conditions (Barbosa
et al., 2000; Sammis et al., 2004). ETc values follow typical seasonal
behavior, with maximum values of 7–8 mm day�1 at full plant
development between mid May and mid September. These values
are similar to those obtained for adult pecans (8 mm day�1) in New
Mexico (Sammis et al., 2004). In the same figure, we observe that
the crop received flood irrigation at the end of its dormancy period
in February, producing a sudden increase in ETc from 1 mm day�1 to
3 mm day�1 as a consequence of soil evaporation. After about
10 days ETc returned to its initial value. This is a common effect for
sparse vegetation covers and is observed in other crops, e.g. cotton
(Garatuza-Payan et al., 1998). Before the pecans were harvested, ETc

is around w6 mm day�1 and starts to decline due to the beginning
of leaf senescence and reaches w1 mm day�1 at the end of
December. In this region, the period from budbreak to full leaf
senescence is approximately 1 month longer than that observed in
other pecan sites such as Las Cruces, New Mexico since the plant
retains its leaves and continues to transpire due to the relatively
high air temperature during the fall. We can conclude that applied
water to the pecan orchard was only slightly in excess of the
demand, so that it appears field application efficiency (FAE), that is
the rate of water transpired to the rate at which water is applied at
field level (Bos et al., 1993) is much higher for pecans than the FAE
observed for grapes.
Fig. 3. Soil moisture for perennial crops – Perlette, cv Superior and Pecans on Costa de Herm
depth and (d) 60 cm depth. Pecans: (e) 30 cm depth and (f) 60 cm depth. Circles (SM ¼ qv),
– $ – $ (saturation).
Another way to determine FAE for agricultural crops is to
measure soil water content (qv) at different depths. Volumetric soil
water content was measured from mid-April through December in
the Perlette vineyard (Figs. 3a,b). During April the vines were irri-
gated with 6–9 mm day�1 with ETo and ETc at full canopy devel-
opment calculated to be 6 mm day�1 and 4 mm day�1, respectively.
The qv was 24% at depths of both 0.3 m and 0.6 m on April 30th, and
then 14% at 0.3 m and 14.5% at 0.6 m on May 10th.

In Fig. 3 subplots (c) and (d), the qv sampling was carried out
from January through December. During this period, in May, the
plant received irrigation for 12 h every day, which corresponds to
9.1 mm day�1 while ETo and ETc at full plant development were
only about 7 mm day�1 and 5 mm day�1, respectively, with qv

reaching maximum values of 29% and 21% at 0.30 m and 0.60 m
depth on May 1st, and minimum value of around 11% both depths
on June 20th at the beginning of harvesting. These results for qv for
both cultivars are larger than those reported by Williams et al.
(2003) for similar plant cover and irrigation system, taking
account the readily available water (Allen et al., 1998). On the
other hand, qv was generally above the soil field capacity (FC)
during this critical growing period, so that soil water frequently
percolated down to lower soil layers. For instance, on May 6th qv

was 26% at a depth of 1.20 m where FC is only 25%. After har-
vesting, the soil water content remained near field capacity for
both cultivars. At the end of the growing season in the fall, both
cultivars were heavily irrigated in order to remove salts from the
root zone.

Measurements of soil moisture for pecans are shown in Fig. 3,
subplots (e) and (f). Prior to the first irrigation, qv was close to FC
and afterwards it increased, reaching values of 31% at 0.30 m and
25% at 0.60 m, i.e. near saturation. This excess water produced an
increase in soil evaporation (Fig. 4), although this was considerably
less than ETo, in contrast to the observations by Sammis et al.
(2004), because the water only covered about 50–60% of the total
osillo, Mexico. Cv Perlette: (a) 30 cm depth and (b) 60 cm depth. Cv Superior: (c) 30 cm
$ $ $ $ (wilting point at �1.5 MPa soil tension), – – (field capacity �30 kPa soil tension),



Fig. 4. Daily data of evapotranspiration of reference (ETo), evapotranspiration (ETc) on pecans on Costa de Hermosillo, Sonora, Mexico.
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area around the pecan rows. After the beginning of the active
growing season, the irrigation was applied regularly for about 60 h
per week, with the result that qv remained between FC and satu-
ration most of the time; sometimes water percolated down to
0.90 m but it did not reach a depth of 1.20 m. The combination of
irrigation and rainfall during the summer increased qv, so that in
July (the wettest month) it reached 31%. After the pecans were
harvested, a large precipitation event occurred (69 mm) that
produced an increase in soil moisture to above the field capacity
down to a depth of 0.9 m. The final irrigation, which was applied at
the end of fall, had very little effect on ETc but wetted the entire soil
profile (0–1.20 m) so that qv at 1.2 m was 24%, slightly above
FC ¼ 23%.

Table 3 shows a monthly summary of irrigation, ETo, ETc, rainfall
and Kc for table grapes and pecans at monthly and seasonal scales.
Average rainfall is generally less than 200 mm year�1. Rainfall was
below average (148 mm) in 2005 but above average (300 mm) in
2006. Rainfall affected ETc during the summer of these 2 years, with
more weeds in the wetter year (2006) and less in the drier year
(2005). For the grape cultivars, important events in their develop-
ment (shoot, roots and berry growth, veraison and harvest) occur
between March and June each year and irrigation, ETo and ETc
Table 3
Summary of irrigation, ET, ETo, Rainfall, Kc. For table grapes (P ¼ Perlette, S ¼ Superior, P

Variable Irrigation (mm) ETo (mm) ETc (mm

Month P S Pe P S Pe P

Jan 27 17 7 81 94 94 21
Feb 48 18 113 80 92 92 31
Mar 130 90 0 143 149 149 60
Apr 190 166 140 180 180 180 87
May 114 271 193 202 231 223 99
Jun 155 208 179 219 200 201 95
Jul 170 135 200 222 206 199 105
Aug 68 18 210 186 182 182 78
Sep 67 74 178 156 233 156 45
Oct 103 35 104 112 132 132 31
Nov 11 18 129 89 111 111 20
Dec 38 37 6 65 84 87 10

Sum 1121 1088 1459 1736 1892 1806 680
present their maximum values in this period. For the rest of the
year, irrigation and ETc are reduced, except for occasional heavy
irrigation for flushing down salts. Annual irrigation and ETc for both
cultivars are not significantly different and are comparable to the
results observed in mature Thompson seedless grapevines in Cal-
ifornia reported by Williams et al. (2003) and Williams and Ayars
(2005b). We note however, that the maximum value for Kc (0.59) is
much smaller here than that reported in California (see also Allen
et al., 1998), even though the fractional vegetation cover is similar.
In the Costa de Hermosillo, large areas of unshaded bare soil rea-
ches very high temperatures during the day (around 60�C) so that
a significant amount of energy is lost as heat and is therefore not
available to the plants for transpiration.

For young pecans stands (6 years old), the annual results for
irrigation, ETo, rainfall and ETc, are shown in Table 3 and corre-
spond to 1459 mm, 1806 mm, 300 mm and 1297 mm, respec-
tively. Comparing these results with those of Sammis et al. (2004)
for irrigation (1940 mm and 1870 mm) and ETc (1460 mm and
1370 mm) in 2001 and 2002, we conclude that while ETc was
only about 8% smaller in Sonora, the irrigation was about 30%
larger in New Mexico. After anthesis and pollination (June
through September) Kc values reach their maximum values close
e ¼ Pecan) on Costa de Hermosillo, Mexico.

) Rainfall (mm) Kc

S Pe P S Pe P S Pe

13 22 30.6 0.0 0.0 0.26 0.14 0.23
12 38 33.6 0.8 1.0 0.38 0.13 0.41
36 32 0.3 0.0 0.0 0.42 0.24 0.21
75 86 1.3 0.0 0.0 0.48 0.41 0.48

135 168 17.5 0.0 0.0 0.49 0.59 0.75
111 181 0.0 5.8 6.0 0.43 0.56 0.90
112 186 38.1 89.0 89.0 0.47 0.54 0.93

92 186 21.4 68.4 68.0 0.42 0.50 1.02
102 170 5.1 65.1 60.0 0.29 0.44 1.09

47 106 0.3 73.9 74.0 0.27 0.35 0.80
30 87 0.0 0.0 0.0 0.27 0.28 0.78
11 35 0.0 2.3 2.0 0.18 0.13 0.40

776 1297 148 305 300



Fig. 5. Water use and irrigation application efficiency of table grapes: (a) Cv Perlette, (b) Cv Superior, on Costa de Hermosillo, Mexico.
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to 1, similar to the observations by Simmons et al. (2007), for
adult trees.

Field application efficiency (FAE, ET/irrigation) is a convenient
way to assess water use by irrigated crops. Figs. 5a,b show both ET
and irrigation expressed in units of liters per square meter per day
(l m�2 d�1). The independent variable has been changed from time
to units of heat accumulation (degree-days DD) since this is a more
reliable measure of plant development. We immediately observe
differences introduced by the geometry of the planting scheme:
one plant every 3.8 m2 for Perlette and every 6.84 m2 for Superior.
In general, the irrigation applied per plant is about double the
measured ET. For both cultivars, the plant requires the largest
quantity of water during the period between budbreak and verai-
son, with maximum values of 15 l plant�1 d�1 for Perlette and 38 l
plant�1 d�1 for Superior. Nonetheless, in both cultivars these esti-
mates for maximum water demand are significantly less than those
observed in California of around 60 l plant�1 d�1 Williams and
Ayars (2005b), for grapes with comparable percent vegetation
cover and using similar irrigation systems.

In the case of pecans, most of the irrigation is applied in the
period from April to September, when ETc varied from 206 l plant�1

day�1 to 446 l plant�1 day�1 while the irrigation varied from 336 l
plant�1 day�1 to 504 l plant�1 day�1, which is lower than the
maximum value 616 l plant�1 day�1 observed in mature pecans
stand by Wang et al. (2007). If we consider FAE over an entire year,
we obtain values of 60% for Perlette, 71% for Superior and 89% for
Pecans. These results are about 10% larger than those found by
Sammis et al. (2004) for a mature stand of pecan. When precipi-
tation is taken into account for this estimation, then FAE decreases
to 53% for Perlette, 56% for Superior and 74% for Pecans. This last
estimate for efficiency in water use is not commonly used by
farmers in NW Mexico, because the relatively low precipitation
does not necessarily occur at time of maximum water requirement
in these crops in arid regions.
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Finally, since water is a scarce resource in the region and the
agricultural sector uses about 80% of all the fresh water available,
efficiency in the use of water should have a high priority. The
results presented here may be summarized as follows. The
average area dedicated to grapes is around 9000 ha and 99.5 hm3

of irrigation is applied annually to satisfy a crop requirement that
is estimated to be about 65.5 hm3. In the case of Pecans, the area
is 5000 ha the irrigation 72.9 hm3 and the estimated crop
requirement 64.8 hm3. So it can be concluded that annual
wastage of water is approximately 34 hm3 for grapes and 8 hm3

for Pecans. In other words, the annual wastage of water per
hectare is about 3750 m3 for grapes and 1600 m3 per hectare for
pecans.

4. Conclusions

Irrigation applications, ETo and ETc for two important perennial
crops on the Costa de Hermosillo, Mexico, were measured during 2
consecutive years, 2005 and 2006. The maximum values observed
for ETc were about 15 l plant�1 day�1, 38 l plant�1 day�1 and 446 l
plant�1 day�1 for Perlette, Superior and Pecans, respectively, while
the irrigation applied was about 37 l plant�1 day�1, 65 l plant�1

day�1 and 504 l plant�1 day�1 for same crops. The total volume of
irrigation water is about 172 hm3 and the total volume of plant
evapotranspiration is about 130 hm3. The difference is 42 hm3

(fresh water that is essentially wasted) which is equivalent to about
30% of the freshwater recharge of the aquifer. The water use effi-
ciency (equivalent to evapotranspiration divided by applied irri-
gation) was 89% for pecans but only 65% for grapes. In the case of
grapes, the soil moisture content was frequently above soil field
capacity, which means that excess water percolates to deep soil
layers and is not available for use by the plants. Therefore it should
be possible to reduce the water application without reducing crop
production through careful management, including soil moisture
monitoring, regular elimination of weeds, reduction of distances
between water supply points, optimized daily irrigation program,
etc. This water savings can be used for other needs like urban or
ecological services.

The fact that seasonal ET for Perlette and Superior grapes in the
Costa de Hermosillo, Sonora is less than that observed in other
more temperate regions such as California is rather surprising,
given the very high maximum temperatures that are common in
the Sonoran desert. One factor may be that the period from bud-
break to harvest is relatively short here and this is the period that
requires intensive management practices and when most of the
irrigation water is applied. While for pecans, the seasonal ET value
is high compared to the young pecan stand New Mexico. This may
be a consequence of transpiration from weeds which was not well
controlled by the farmer.

Finally we recognize that several factors influence a grower’s
decision before reducing the water application. The aerodynamic
method (eddy correlation) for estimating ET is very complicated
and it can be difficult to assess the reliability of the data. Also, the
differences between excess or deficit of water applied vs yield effect
can be quite small and difficult to quantify and growers will often
not take a risk (i.e. reduce the water application) if they are not
convinced about the benefits to be realized. For this reason it will be
necessary to collect additional data such as direct measurement of
deep percolation. If it can be shown that significant quantities of
these expensive resources, such as water and fertilizer, are being
wasted, it will probably be more effective in convincing farmers
that they will increase their income by reducing the amount of
irrigation. Additionally farmers who adopt these practices may be
eligible for extra support from environmental agencies.
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