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ABSTRACT  
 

The effect of applying two irrigation scheduling protocols combining Maximum Daily 
Shrinkage (MDS) and soil water potential (s) thresholds on cherry trees (Prunus avium)  was studied 
in 2014 and 2015 in an orchard submitted to Mediterranean climate. Treatments consisted in two 
irrigation levels (control and RDImds: regulated deficit irrigation based on s and MDS) using two 
water quality treatments (reclaimed and well water). In 2014, when s had the most prominent role in 
the RDImds irrigation protocol, it saved water in all treatments with respect to control: 24% in cherry 
irrigated with well water, 36% in reclaimed water cherry trees, respectively. In 2015, MDS received a 
more prominent role, resulting in water savings of 19%, and 7%, respectively. By comparing the 
results between the two years with different MDS protocols it indicated that no significant differences 
in the trunk growth (TGR), and leaf stomatal conductance (gs). Regarding to irrigation with reclaimed 
water in cherry trees, no negative effects were noticed on trunk growth; nor had any effect on the 
physiological state of the tree. Therefore, the protocol based on MDS and s is considered a reliable 
protocol for irrigation scheduling in cherry trees in the places suffering from water scarcity as it 
helped to save water without any negative effect on tree growth. In addition, this protocol can be used 
with reclaimed water with the same advantages.  

 
Keywords: Maximum daily shrinkage, irrigation management, Leaf area index, Prunus avium, 

reclaimed water 

 
Introduction 

 
The traditional water scarcity in Spanish and other Mediterranean areas is nowadays aggravated 

by increasing water demands and the scarcity of fresh water supplies. Not only surface water is no 
longer adequate but also the restrictions on the use of available groundwater for irrigation are 
becoming more severe (Pedrero et al., 2010, Reboll et al., 2000). Moreover, there is an increasing 
pressure to reduce the water footprint of goods produced in any economic sector (Hoekstra et al., 
2011), including agricultural and forestry activities. Therefore, improvement of water use efficiency 
becomes even more important than in the past. In this sense, the main goal of water reuse in 
agriculture is to provide an adequate supply of high quality water for growers and to ensure food 
safety (Dobrowolski et al., 2008). But use of reclaimed water for irrigation shows advantages and 
disadvantages. The most important advantages are that reclaimed water can be used as an economical 
source for irrigation because of its availability, and that it may reduce fertilizer application because of 
its nutrient content (Neilsen et al., 1989, Reboll et al., 2000). Moreover, recycling these nutrients may 
prevent pollution of surface or ground water (Sanderson, 1986). Thus, irrigation with reclaimed water 
benefited growth and production of different fruits trees under field conditions such as citrus (Parsons 
et al., 2001, Zekri and Koo, 1993). These benefits have inspired a global agricultural move towards 
utilization of treated municipal wastewater (reclaimed wastewater – RWW) for the irrigation of crops 
(Pedrero et al., 2010). 

       However, reclaimed water may have disadvantages depending on its sources and 
treatments if not treated adequately; its potential disadvantages include serious health risks (Rose and 
Gerba, 1991), and salt and heavy metal accumulation (Paranychianakis and Angelakis, 2008, Westcot, 
1988). Excess of B in water above (>1mg 1-1) and imbalanced nutrients can be considered dangerous 
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to citrus crops (Pomares, 1986). Recently, Segal et al. (2011) showed how irrigation with reclaimed 
water increased salt load into and beyond the root zone of some olive oil orchards. This increase can 
promote serious problems if it is not eliminated by irrigation or rainfall, as it will raise the osmotic 
potential in the growing medium which may result in growth depression (Paranychianakis et al., 
2004a). 

On the other hand, an accurate irrigation scheduling based on physiological indicators which 
show information about crop water status may be a good tool for the improvement of water use 
efficiency (Moriana et al., 2010, Naor and Cohen, 2003, Ortuño et al., 2009). Many strategies to 
improve water management have been developed (Goldhamer and Fereres, 2001, 2004, Pérez-Pastor 
et al., 2009), some of which involve the use of sensors to monitor continuously either the soil water 
status (Hanson et al. 2000, Intrigliolo and Castel 2004) or trunk diameter variations (Badal et al., 
2010, Conejero et al., 2011, Goldhamer and Fereres, 2001, Intrigliolo and Castel, 2007, Ortuño et al., 
2009). 

  Recently, the use of plant-based water status indicators has become a major strategy for 
achieving more precise irrigation programs, assuming that the tree itself is the best indicator of its 
own water status (Fernandez and Cuevas, 2010). Thus, sensors like LVDTs ( Linear variable 
Displacement Transducer) are able to measure daily trunk diameter variations (TDV) with great 
precision, generating sensitive parameters which strongly correlate with established plant water status 
parameters (Ortuño et al., 2010). Two values derived from the daily cycle measurements have been 
suggested as indicators for irrigation scheduling: trunk growth rate (TGR), the difference between the 
maximum diameter of two consecutive daily cycles, and maximum daily shrinkage (MDS), the 
difference between maximum and minimum values of a single daily cycle (Goldhamer and Fereres, 
2001). The possibility of using only MDS values as indicators for adjusting the irrigation schedule 
according to daily information collected by trunk diameter sensors was already demonstrated by 
Goldhamer and Fereres. (2004) in almond trees, Conejero et al. (2007) in peach trees,  García-
Orellana et al. (2007)  and Ortuño et al. (2009) in lemon trees; and in other woody crops by Ortuño et 
al. (2010), although the situation is not absolutely general (Vélez et al., 2007) in citrus trees, and  in 
mature olive trees (Cuevas et al., 2010). 

        The objectives of our study were to improve cherry tree irrigation management through 
the use of irrigation scheduling protocols based on maximum daily shrinkage (MDS), and soil water 
potential (s) thresholds of the previous day. A secondary objective is to assess the effect of apply 
these irrigation scheduling protocols with reclaimed water on cherry trees. 

 
Materials and Methods 

 
This work was conducted in two consecutive years, 2014 and 2015 in an orchard located at the 

facilities of IRTA (Institut Recerca i Tecnologia Agroalimentaries) in Torre Marimon, Caldes de 
Montbui, Barcelona, Spain; 41.6ºN, 2.1ºW; elevation 176m above mean sea level. Two years old 
cherry trees were used for this work. Trees were arranged in north-south oriented rows at 4x4 spacing. 
The soil was stony, with Sandy-loam, sandy-clay-loam and loam textures, volumetric percentage of 
stones ranging from 20 to 70% and organic matter from 1 to 1.68%. 
Irrigation was conducted automatically with a controller program (Agronic, Sistemes Electronics 
Progres, Spain) located in the experimental site. Irrigation requirements were calculated from weather 
data of the previous week collected from the weather station of Caldes de Montbui situated near the 
orchard as in the next equations:  

���������� ������������ =  ��� −  ��������                                                           (1) 
ETc, reference crop evapotranspiration was calculated as: 

��� =   �C ∗  �� ∗  ��0                                                                                                    (2) 
Reference Evapotranspiration (ET0) was calculated following FAO, 56 Penman-Monteith equations 
(Allen et al., 1998). Kc (crop coefficient) was applied as in Costello et al. (2000), with a value of 0.5 
in March, April, and September and of 0.9 in June, July, and August. Kr (crop factor correction) was 
calculated according to the percentage of the ground covered by the crop (Fereres and Castel, 1981). 
The resulting dose was introduced weekly in the irrigation programmer. Every day, irrigation doses 
were adjusted by a modulation factor determined from MDS values and soil water tension (s) values 
of the previous day according to a decision table (Table 1, see below). The modulation factor was sent 
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daily via a GSM modem to the irrigation programmer in the experimental site. The effective irrigation 
water quantities applied to each treatment were measured weekly with cumulative flow meters 
(Contazara, Spain). Water was supplied by drip irrigation with four emitters of 4 L h-1.per plant placed 
in the tree row at 25 and 55cm north and same distance south from the tree. 
 
Treatments design 
 

For this experiment, only part of the trees of the orchard were used (only two irrigation 
treatments, thus only 36 trees per plot participated in the experiment). The experiment was divided 
into two main plots: the first plot corresponded to cherry trees irrigated with well water (WW) and the 
second plot to cherry trees irrigated with reclaimed water (RW), each plot containing 36 trees divided 
into 2 blocks and 3 replicates per treatment and each replicate consisted of 6 trees. In each block the 
two irrigation treatments were randomly distributed. Well water came from phreatic sources of Torre 
Marimon facilities (WW), and reclaimed water (RW) was transported from adjacent wastewater 
treatment station (EDAR- Caldes de Montbui) every two weeks and kept in a 27 m3 reservoir. The 
irrigation treatments were applied from June till September in 2014 and 2015: 
(1) Control treatment (100% ETc): plants were irrigated at 100% of crop evapotranspiration  
(2) Regulated deficit irrigation based on MDS (RDImds) depended on MDS values combined with 
soil water potential (s) according to Table 1: in 2014 when s was higher than -15kPa, no irrigation 
was applied. For s were between -15kPa and -35kPa, the dose depended on MDS. Finally, when s 
was lower than -35kPa the irrigation doses depended only on s. In 2015, MDS received a more 
prominent role: trees with MDS lower than 100µm received no irrigation, between 100 and 200µm, 
50% of ETc, and above 200µm they received 80, 100 or 120% depending on s. However, as in 2014, 
when soil became dry (s<-35), MDS was not considered. The thresholds of Table 1 are based on 
previous work of (Abdelfatah et al. 2013) for MDS and Hanson et al. (2000) fors.quirements 
estimated according to water balance of the previous week. 
 
Table 1: Decision table for the RDImds treatment: Soil water potential values, MDS values, 

modulation factor (final dose relative to ETC) and number of days that each criteria 
combination was applied.  N/P this combination was not planned that particular year (in 
parentheses, modulation factor actually applied). “Any” means that this parameter was not 
considered in the decision. aDays of 2014 that would have received more water if 2015 
protocol would have been 

s (kPa) 
MDS 
(µm) 

2014  2015 

Modulation 
factor 

Days in this condition 
 

Modulation 
factor 

Days in this condition 
 

Cherry 
tree 
WW 

 Cherry 
tree 
RW 

  Cherry tree 
WW 

Cherry 
tree 
RW 

 

> -15kPa 50-100 0 3 11   0 0 0  

> -15kPa 100-200 0 6a 1 a   50% 7* 2*  

> -15kPa 200-300 0 1a 0   80% 28* 21*  

-15<wk<-25kPa 50-100 50% 7a 5a   N/P  1*(100%) 0  

-15<wk<-25kPa 100-200 80% 8a 9a   N/P 5* (100%) 0  

-15<wk<-25kPa 200-300 N/P  0 1a(50%)   100% 4* 10*  

-25<wk<-35kPa 100-200 100% 14a 14a   N/P 0 0  

-25<wk<-35kPa 200-300 120% 1 0   120% 0 6  

-35<wk<-45 kPa Any 120% 1 0   120% 4 10  

-45<wk<-100 kPa Any 150% 0 0   150% 0 0  

 
The chemical composition of reclaimed and well water during the period of the study is shown 

in Table 2. No other nutrients were applied to the plots apart from those originally contained in the 
irrigation water, which were originally high in some cases: WW presented very high levels of NO3

�, 
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far above the values recommended by FAO for irrigation waters (Ayers and Westcot, 1989); SO4
�, 

Ca2+ and Mg2+ presented values higher than RW, but in the recommended range.  
Meanwhile, RW showed levels above recommended for P and K+, and a slightly more basic 

pH; finally, CO3
�, Na+, and Cl�presented in-range values, however higher than WW. Salinity was well 

in range and similar in both water qualities. The composition of RW in this assay is similar to other 
reclaimed waters in the area (Reboll et al., 2000). 
 
Table 2. Electrical Conductivity (EC), pH and chemical composition of reclaimed and well water and the usual 

range following FAO irrigation and drainage papers 29 rev.1. (Ayersand Westcot, 1989). 
Chemical  
characteristics  

Reclaimed water 
 

Well water 
 

Usual range in 
irrigation water 

EC (dS.m-1) 1.38 1.36 0 - 3 

pH 8.55 7.68 6.0 – 8.5 

NO3
- (mg l-1) 6.51 285.51 0 - 50 

CO3H-(mg l-1) 319.03 247.05 0 - 600 

SO4
-2(mg l-1) 65.04 91.44 0 - 1000 

P total  (mg l-1) 2.96 0.01 0 - 2 

Na+ (mg l-1) 177.70 35.15 0 - 900 

K+ (mg l-1) 16.38 3.32 0 - 12 

Ca2+ (mg l-1) 78.30 175.80 0 - 400 

Mg2+ (mg l-1) 25.70 46.90 0 - 60 

B3+ (mg l-1) 0.25 0.08 0 - 2 

Cl- (mgl-1) 194.35 75.93 0 - 1100 

Cu2+ (mg l-1) 0.00 0.00  

Fe2+ (mg l-1) 0.00 0.00 0 – 0.2 

Mn2+ (mg l-1) 0.00 0.00 0 – 0.05 

Zn2+ (mg l-1) 0.02 0.03  

 
Measurements 
 

Meteorological data (air temperature, solar radiation, air relative humidity, rainfall, and wind 
speed) were collected by Caldes de Montbui automatic weather station located near the experimental 
site. 

Two tensiometers (Watermark, Irrometer, USA) per replicate, each one in a separate tree to a 
total of six per treatment, were used to measure soil water potential (s). 

Tensiometers were installed within the tree rows, 50 cm south from the tree, at 20cm depth and 
between two drippers, at 25 cm from the vertical of both drippers. The micrometric trunk diameter 
variation (TDV) was measured using a set of linear variable displacement transducers (LVDT df 2.5, 
Solartron, England) installed on the same two trees used to measure s: a single sensor was attached 
to the trunk of each tree (needle placed in the north side of the trunk and glued to it with healing 
gum), with a special holder made of aluminum and Invar. From the TDV daily cycle the following 
indexes were derived: daily maximum trunk diameter (MXTD); daily minimum trunk diameter 
(MNTD); daily maximum trunk shrinkage (MDS), calculated as the difference between MXTD and 
MNTD; and daily trunk growth rate (TGR), calculated as the difference between the two consecutive 
MXTD. 

The tensiometer and LVDT of each tree were connected to a “mote” (a small device composed 
of a microprocessor, a flash memory, a low power, low range radio, and a small battery) acting as a 
node in a Wireless Sensor Network. Soil water tension and trunk diameter fluctuation signal of each 
tree were recorded every 10 minutes by the mote and sent through the network to a computer located 
in the experimental plot and connected to a GPRS modem. 

Leaf conductance (gs) was measured weekly with a leaf porometer (SC-1, Decagon USA) at 
midday (solar time) in six trees per treatment, one mature sun exposed leaf per tree. 
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Cross-sectional area of each tree was calculated from trunk diameter measurements at 1.40 m 
(breast height, DBH) taken at the beginning (March) and end of the season (December) with a digital 
caliper. Tree height was measured in the same dates with a telescopic meter  

Relative green cover was estimated monthly from digital photography with an ordinary camera 
(Canon Power Shot A460) placed at 60 cm height from the ground and orientated to the zenith. Two 
photos were taken in one tree per replicate and treatment at 60 cm north and south from the trunk, 
respectively.   

Images were analyzed with a custom made image analyzer program (Green Pix, Casadesús et 
al., 2007) to calculate green area cover as the percentage of green pixels in the photo, since the area 
covered by the camera was held constant in time by fixing its position. 
 
Statistical analysis 
 

The experiment had a factorial design with two factors and two levels per factor: factor 1: 
irrigation treatments (100% ETc and RDImds) , factor 2: water quality (well water and reclaimed 
water) in cherry tree, The two irrigation treatments were randomly assigned within each block, and 
each subplot (irrigation treatment within a block and water quality treatment) consisted of 12 trees. 
Data were collected in the four inner trees of each sub-plot and all others were treated as borders. For 
the statistical analysis gs, s, RGC MDS and TGR, a lineal model Analysis of Variance was applied 
(Proc GLM, SAS version 9.2). When the effects were significant at p<0.05, means were separated by 
Tukey’s significant differences test.  
 
Results   
 
Meteorological data 
  

The meteorological conditions during the assay (2014-2015) are presented in (Figure. 1) for the 
irrigation period (May to September). There were few differences between the two years during the 
growth season except for ET0, which was slightly higher in 2015 (714 mm vs. 680 mm) and rainfall 
(Figure 2 C and D), considerably higher in 2015 (485.3 mm vs. 235 mm).  
 
Water applied  
 

Total well water applied per treatment (Table 3) and (Figure 2) showed an amount of water 
savings ranging from 19 to 24% while reclaimed water saved between 7 to 36% in the RDImds 
treatments. The irrigation protocol applied in 2014 resulted in greater savings for cherry trees 
irrespective of water quality. However, the number of days with an irrigation dose lower than 100% 
was higher in 2015 for the two water qualities. There are two reasons for this apparent contradiction: 
first, the protocol was applied only to about 40 days in 2014 but to 50 in 2015 as irrigation was not 
applied on week-ends or after a rain event of more than 20mm. The second and more important 
reason is the distribution of these days: in 2015, RDImds produced water savings of about 20%  most 
days (Table 1), while doses applied in 2014 were more equally distributed among savings of 100%, 
50% or 20%; and the days with doses above 100% (recovery irrigation) also varied from year to year. 
At the same time, the savings produced in 2015 happened mostly in days of low atmospheric demand, 
thus the control dose was already low; in contrast, in 2014 the recovery irrigation events corresponded 
to periods with high water demand, according to MDS and s values. 
    The differences recorded between WW and RW in fully irrigated cherry trees were unintended and 
resulted from non-recoverable malfunctioning events of the well water irrigation system. Although the 
difference is sensible (ca. 14%), it did not affected plant development (see following sections).  
 
3.3. Soil water potential 
 
   s values indicate that soil was dryer in 2015 than in 2014 (Fig.3A and 3B). RDImds treatment 
presented lower values than control treatment by the end of May 2014, and also by the end of August, 
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when s significantly decreased in 100%ETc too. In fact, 100% RW was able to keep the soil near 
field capacity most of the year, while the other treatments presented lower values along the summer 
that year. Moreover, in 2015 all treatments, including control, were most of the time clearly below 
field capacity, much lower than in 2014. Differences between WW and RW were only noticeable in 
2015, in July and beginning of August. By the end of the irrigation period (middle of September), s 
values of all treatments leveled up and came near field capacity both years. 
 

 
Fig. 1. Seasonal patterns in 2014 and 2015 of: A, B reference evapotranspiration (ET0) and daily 
vapour pressure deficit (VPD); C, D air daily mean temperature. Values are the average of 7 days. 
VPD was calculated from hourly temperature and relative humidity data. 

Table 3: Total water applied in cherry trees during the 2014 and 2015 growing seasons (L/tree and 
L/m2 considering 4x4m tree spacing). Water savings are referred to 100%ETc treatment. 

Species Treatment Water applied Water savings  

2014 2015  2014 2015 

L/tree mm L/tree mm (%) (%) 

Cherry trees  100%ETc 783 49 774 48 - - 

(WW) RDImds 594 37 624 39 24 19 

Cherry trees  100%ETc 917 57 769 48 - - 

(RW) RDImds 588 37 713 45 36 7 
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Fig. 2: Well water applied per treatment in both cherry (in 2014 A and in 2015 B)  Reclaimed water  applied in 

cherry trees and seasonal patterns of rainfall in 2014 and 2015 (C and D).  

 
Fig. 3: Seasonal evolution of soil water potential (s) in well water treatments (A, B)    and in 

reclaimed water treatments  (C, D) in 2014 and 2015 ) respectively. Values are the weekly 
average of 6 trees per treatment. Bars represent the standard error of the mean. 
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Daily trunk diameter variations 
 

The pattern of MDS (Figs. 4C and D) was similar to that of s in presenting a much higher 
variation in 2015 than in 2014: both years, MDS values were similar and low for all treatments, 
between 0.0 - 0.1mm, in the beginning of the irrigation treatments, but from June to September values 
increased continuously up to 0.2mm in 2014, while they ranged from 0.2 to 0.4mm in 2015. On the 
other hand, no differences were seen between 100%ETc and RDImds treatments in any year. 
Although some statistical differences could be appreciated in first of June and at the end of August 
and September, they were minimal and not relevant in absolute value. 

As for s, at the end of the irrigation period (middle of September), MDS values of all 
treatments leveled to the values of the beginning of the season, between 0.0-0.05mm. 

 

 
Fig. 4: Seasonal patterns of maximum daily shrinkage (MDS) in well water treatment(A, B)  and  (C, 

D) in reclaimed water treatments applied in cherry trees in 2014 and 2015. Values are the 
weekly average of 6 trees per treatment. Bars represent the standard error of the mean 

Trunk growth rate (TGR) and cross sectional area 

     Although RW cherry trees showed slightly higher TGR than WW cherry trees in 2014 (Fig.5), no 
significant differences were in fact seen along that year between RDImds and ETc%100 . This 
behavior was similar in 2015, with the exception of a short episode at the beginning of August 2015, 
were TGR oscillated in 100%Etc trees from very high to very low and then similar to other treatments 
(Fig.5B). However, TGR was 33% significantly higher on average in 2015 in all treatments compared 
with 2014 (Fig 5.B, D, and F). 
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Fig. 5: Seasonal patterns of trunk growth rate (TGR) rate in well water treatments(A, B) and (C, D) 

reclaimed water treatments applied in cherry trees in 2014 and 2015. Values are the weekly 
average of 6 trees per treatment. Bars represent the standard error of the mean. 

 
The cross sectional area (Table 4) confirmed these results as no statistically significant 

differences were found between ETc%100 and RDImds treatments in both cherry trees, also in 2015 
no significant differences could be seen. 
Tree height presented a similar pattern. 
 
Table 4: Cross sectional area and tree height in 2014 and 2015, in the RDI and water quality 

treatments. Values are the average of 12 values ± standard error. 

  
Mean trunk cross- sectional area (cm2) Trunk Height (m) 

Species Treatment 2013 2014 2015 2013 2014 2015 

Cherry (WW) 100%Etc 1.1± 0.1 10.0±0.6 26.0±1.8 2.0±0.1 3.8±0.1 4.9±0.2 

Cherry (WW) RDImds 0.9±0.1 9.3±0.8 24.6±1.8 1.9±0.1 3.7±0.1 4.6±0.2 

Cherry (RW) 100%Etc 1.5±0.1 11.7±0.7 29.8±2.0 2.4±0.1 4.3±0.1 5.4±0.1 

Cherry (RW) RDImds 1.3±0.2 10.6±0.7 29.0±1.6 2.4±0.1 4.1±0.1 5.5±0.1 

 
Relative Green Cover (RGC) 

 RGC presented the normal, expected pattern, with an increase in spring, reaching a maximum 
in June both years and then decreasing along summer to minimum values by the end of September 
(Fig. 6). No significant differences were found among treatments. In 2015, these young, rapidly 
growing trees presented an 80% increase in estimated RGC in both treatments with respect to 2014.  
 
Leaf stomatal conductance (gs) 
    Stomatal conductance (gs) showed values of 350-400 mmol.m-2.s-1 in spring (Fig.7), indicating a 
good water status.  In summer there was a significant decrease of gs values related with the decrease 
of soil water content and increase of VPD values. In 2014 RDImds RW trees seemed to present lower 
gs than control treatment in summer, especially by the end of June and August. In September, gs 
recovered in all treatments, with an advantage for RDImds WW, which seemed to recover first.  



Int. J. Environ., 6 (4):  163-177, 2017 
ISSN: 2077-4508 

172 

 
Fig. 6: Seasonal patterns of Relative Green Cover in well water treatments (A, B)   (C, D) reclaimed 

water treatments applied in cherry trees in 2014 and 2015. Values are the average of 6 trees per 
treatment, two photos per tree (north and south from the trunk). Bars represent the standard 
error of the mean 

 
Fig. 7:  Seasonal patterns of leaf stomatal conductance (gs) in well water treatments in cherry (A, B) 

and (C, D) reclaimed water treatments applied in cherry trees in 2014 and 2015. Values are the 
weekly average of 6 trees per treatment. Bars represent the standard error of the mean.  
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On the other hand, despite the lower s and higher MDS in 2015, gs generally presented higher 
values than in 2014, with RW trees presenting lower gs by the end of July, consistently with lower s 
but not affecting MDS or growth.. Contrary to 2014, in 2015 gs values decreased by the end of the 
summer, although not at the same speed in all treatments, to finally recover by the end of September. 
 
Discussion  
 

   The amount of water applied to the different irrigation treatments offers information about the 
environmental conditions and tree performance along the development of the assay: treatments 
receiving 100% ETc inform about evapotranspiration demand, as this treatment tries to cope with ET0 
with a correction for the specific crop, while RDImds treatments relate to plant performance because, 
although based in ETc, they correct the dose based on tree responses to the actual water status. Hence, 
2014 being drier than 2015, control trees received similar or higher irrigation despite the higher s 
values. Moreover, s reflected a higher tree evaporative demand in 2015 because of the higher RGC 
(Figure 6). On the other hand, MDS and gs in midsummer were higher in 2015 with respect to 2014, 
which is consistent both with a lower atmospheric evaporative demand in the former and with the 
presence of several rain events in August that were absent in 2014. At the end of the summer, there 
was an apparently different behavior between both years as gs went up in 2014 but down in 2015; and 
MDS dropped softly by the end of August 2014 but kept higher till mid-September in 2015, when it 
fell down sharply. However, values were similar both years by the end of September and just reflect 
the different evolution of rainfall, RGC and irrigation: September rains were more intense and began 
earlier in 2014 (first week vs. third week in 2015) and came just after intense irrigation events, 
allowing for gs recovery, while RGC was much higher in 2015. Consistently, s recovered earlier in 
September 2014 compared with 2015.  

If we look at the number of days each criteria combination of the decision table was applied 
(Table 1), we see that they were more evenly distributed in 2014, with most days corresponding to 
effective irrigation doses of either 0% or 100%, and a number of days with doses well above 100% 
(recovery irrigation). In contrast, in 2015 a vast majority of days the dose was about 80% of control,. 
For a complete picture, we must recall that days producing water savings in the protocol applied in 
2015 corresponded in general to periods with low atmospheric water demand (low ET0); hence, the 
dose applied to controls was already low. In contrast, days with recovery doses corresponded to 
higher atmospheric water demand, thus, to already high doses applied to controls. As a result, the 
protocol saving more water would be the one that avoids recovery irrigation events, but at the same 
time not using too much water for this purpose. This was accomplished by the 2014 protocol which 
resulted in many days with no irrigation, the cause of water savings, which preceded a good deal of 
days with a moderately dry soil that could sustain tree water demands.  

The situation was almost reversed in 2015: the protocol applied that year kept the trees in the 
higher part of the decision table despite the lower s, helped by a higher number of rain events in 
summer and a lower atmospheric water demand, resulting in many small water savings that were not 
overcompensated by recovery irrigations. On the other hand, in 2014 cherry trees, with much higher 
water demands than in 2014 (higher RGC, cross sectional area and height), reproduced the pattern of 
several recovery irrigations that overcame the savings, smaller than in the 2014 protocol.  
Stomatal control also contributed to this behavior as it increased in summer from 2014 to 2015. On 
the other hand, the lower s in 2015 does not contradict our reasoning, as in 2015 protocol MDS had 
the preeminent role. Finally, we are aware that our data are not enough to completely confirm the 
explanation exposed above, but they are consistent with the chief ideas and support them.  

The moderate irrigation deficit we applied did not affect TGR, MDS or gs, and the effect was 
not clear in RGC. This is in contrast with Marsal et al. (2002) in peach trees, or Intrigiolo and Castel 
(2004) in plum trees, who observed consistently lower trunk growth and higher MDS in Regulated 
Deficit Irrigation (RDI) treatment, which correlated with progressive soil desiccation. Indeed, these 
authors together with Remorini and Massai, (2003) for peach trees and Badal et al. (2010) for kaki, 
pointed out that MDS, which commonly increases with water deficit when water restriction is not 
severe (Huguet et al., 1992), was the first indicator to detect the differences in plant water status 
between irrigation regimes. Similar effects have been observed in grapevines, (Romero et al., 2010, 
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Gomez-del-Campo et al., 2002), were RDI significantly reduced total leaf area. However, in these 
works the RDI phases were decided according to phenological criteria, while the RDImds treatment in 
our assay responded to water status of both the soil and the plant (Table 2), and specifically to MDS. 
Hence, RDI was exposed to affect  tree growth, depending on the atmospheric evaporative demand, 
for example  Intrigliolo et al. (2011), did not find effects of RDI in pomegranate trees trunk growth, 
while our algorithm was designed to avoid these effect, at the expenses of possibly higher water 
expenses than RDI. As a result, the protocol applied in this assay to reduce irrigation resulted in water 
savings in 2014 in cherry trees, but not so much in 2015 protocol, when trees were bigger and 
extracted more water despite the atmospheric evaporative demand was lower, The lack of effect of the 
water saving protocols on tree growth and physiological status is an expected outcome of the 
protocols applied. I fact, is implicit in the design of the algorithm, that is based in a supporting 
irrigation protocol (FAO approach) that already considers species specific response to atmospheric 
evaporative demand through the crop coefficient Kc and even to plant size through the crop factor 
correction Kr: the algorithm improves the irrigation model, thus saving water, only if there is room for 
it, i.e. if the coefficients do not completely reflect the water needs of the crop. It should be underline 
that, by reducing water expenses and maintaining production, these protocols increased water 
productivity and reduced the water footprint of the process.  

In summary, to choose one of these protocols we must consider the species and the 
environmental conditions (both atmospheric and soil properties) in the year we want to apply the 
protocol: if a dry year is expected and trees have a low water demand in relation to the soil capacity 
(e.g. young trees), a 2014-like protocol would be recommended; on the contrary, if a rainy year is 
likely to come and/or trees have a high water demand in relation to the soil (e.g. big trees), a 2015-like 
protocol would be preferable to avoid recovery irrigation. .  

As stated before, tree growth TGR, cross-sectional area and tree height were higher in the 
second year of the assay in cherry trees, as these were young trees (two years old in 2014) and were 
still in an exponential growth phase, which resulted also in a considerable increase in RGC in 2015. 
Generally, cherry trees growth was similar irrespective of water quality, despite far above range N 
levels in WW (Table 2) and some problems in the WW irrigation system in August of both years. This 
is not an exceptional situation: Reboll et al. (2000) also found higher levels of nitrates in groundwater, 
that they attributed to aquifer contamination. In fact, RW had also a fertilizing condition, given its 
levels of P, but this alteration was far smaller than that for N in WW. Soil fertility was probably high 
enough, due to its agricultural recent past, to override the effects of high macronutrient contents in 
irrigation waters. These results are in agreement with several works in the literature that found no 
detrimental or even beneficial effects of reclaimed water irrigation: thus, Zekri and Koo. (1993) 
indicated that irrigation with reclaimed water was not detrimental to trunk diameter growth, canopy 
growth and fruit production, moreover it benefited growth and production of citrus trees under field 
conditions; Reboll et al. (2000), also in citrus, reported no significant differences in trunk diameter 
growth between trees irrigated with well water and those irrigated with wastewater and, although they 
claimed a larger canopy in the latter, differences were not statistically significant according to their 
work; similarly, Segal et al. (2011) indicated no significant differences in trunk diameter between 
irrigated olive trees with fresh water and reclaimed water treatments .  

Growth and LAI reduction have been related to salt accumulation in the soil during irrigation 
with reclaimed water in grapevine (Paranychianakis et al., 2001, 2004a, 2004b). Also, a reduction of 
LAI in addition to water deficit development was described in citrus trees (Storey and Walker, 1999). 
However, this does not seem to be the case in our two years assay with cherry trees, as no effect of 
water quality on RGC was observed and both RW and WW presented similar salinity values (Table 
2), and the regularity of irrigation did not allow salt accumulation (Parsons et al., 2001).  
 
Conclusion 
 

According to our results, protocols based on MDS and s result in water savings without any 
negative effect on tree growth, either when using well or reclaimed water. The most adequate protocol 
will depend on the combination of species performance, and the environmental conditions, both soil 
and atmospheric. Protocols should avoid a strong drying of the soil and, consequently, recovery 



Int. J. Environ., 6 (4):  163-177, 2017 
ISSN: 2077-4508 

175 

irrigation events. .These protocols, by reducing irrigation needs, increased water productivity and 
reduced the water footprint of the tree growing process.  
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