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General introduction 

Stone fruit production in the Ebro valley of Spain 

The production of stone fruits is one of the most important activities of the European 

agricultural sector, reaching 3.0 million tons only for peach and nectarine in the EU in 2014 

(USDA, 2014). The main producing countries are Italy and Spain, with about 1.3 million 

tons each. Almost all the remaining production must be credited to Greece and France. In 

the 2013-2014 campaign, European peach and nectarine exports generated an income 

valued in 431 millions of US dollars (USDA, 2014). Only in Spain, 0.28 M ha are devoted 

to the production of sweet fruits. Aragon is one of the most important regions of Spain 

regarding the cultivation of fruit trees, covering 38,000 ha. A large part of this area, 

24,000 ha, is devoted to the production of stone fruit trees (mainly nectarine, peach and 

apricot). Virtually all these Aragonese stone fruit orchards are irrigated. It is important to 

highlight that out of these 38,000 ha, only 34,000 ha are in full production. In fact, new 

plantations (not yet in production) cover 4,000 ha. The extension of new plantations of 

nectarine and apricot reveal the economic importance and performance of stone fruit trees 

in the central Ebro valley of Spain. 

The pedoclimatic conditions of the central Ebro valley have traditionally been regarded as 

very adequate for stone fruit production. This cultivation is necessarily supported by the 

permanent source of irrigation water which constitutes the Ebro river and its tributaries. 

The cultivation of fruit trees is expanding in the Ebro Basin. The Irrigation efficiency of 

stone fruit tree plantations has increased in the last decades because of new technologies, 

including the generalization of drip irrigation systems. Salvador et al. (2011) indicated that 

the average irrigation water use of well managed peach plantations in the central Ebro 

valley was 5,865 m
3
 ha

-1
, with a standard deviation of 1,035 m

3
 ha

-1
. When this figure was 

compared to the net crop water requirements, an ARIS index (annual relative irrigation 

supply index) (Malano and Burton, 2001) of 0.99 was found for this crop. This indicates 

that in this period farmers did not cover the gross crop water requirements: water 

application was essentially equal to the net crop water requirements. Additionally, the 

standard deviation of irrigation water use indicates that a large variation exists among 

farmers when irrigating the same crop. The prospects for future stone fruit irrigation water 

consumption in the Ebro valley are not clear. On the one hand, these crops are facing 
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expansion; on the other, farmers are continuously improving irrigation techniques, and even 

resorting to deficit irrigation techniques. 

Deficit irrigation for stone fruit trees 

Since the 1980s, developments in the irrigation of fruit trees have focused on: 1) improving 

water and fertilizer application resorting to drip irrigation; and 2) progressively reducing 

water application, often beyond the threshold of crop water requirements. The reduction of 

water application in fruit trees cannot always be linked to the cost of irrigation water. In 

fact, the cost of irrigation water often has moderate relevance within the general costs of 

fruit production. Only in cases of severe water scarcity and/or intense pumping, the cost of 

water would be relevant to the cost of fruit production. These conditions are rarely met in 

the central Ebro valley. 

Deficit irrigation emerged in the last quarter of the past century as a technique aiming at 

reducing water application beyond evapotranspiration, thus releasing water for use in other 

farms or economic sectors (Fereres and Soriano, 2007). Over the years, applications of 

deficit irrigation have been described to increase physical and economic water productivity 

in the production of biomass, such as in annual crops. In the case of fruit trees, some 

relevant specific aspects arose. Among them, the fact that these are multiannual crops; and 

the fact that the production of fruit is not directly related to the general production of tree 

biomass. These specificities contributed to the development of Regulated Deficit Irrigation 

(RDI). 

The first developments in RDI were reported in Australia (Chalmers et al., 1981; Mitchell 

et al., 1986). These authors experimented on its application in peach and pear orchards. 

RDI is based on the fact that plant sensitivity to water stress varies between phenological 

stages (Cameron et al., 2006). As a follow up of these pioneer works, a large number of 

experiments have been reported on virtually all stone fruit species (Girona et al., 1993; 

Ruiz-Sánchez et al., 2000). RDI has also been extended to nuts (Goldhamer and Viveros, 

2000), citrus (González-Altozano and Castel, 1999) and vines (Girona et al., 2006). In 

practice, RDI consists of identifying periods of low yield sensitivity to water stress, and 

applying variable levels of irrigation deficit along the seasonal phenological phases of the 

fruit tree. Most of the experiments reported in the literature present positive results which 

are being actively transferred to farmers. 

The widespread application of this technique is often limited by the need of appropriate 

user knowledge of crop physiology, phenology and water requirements. A gap has often 
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been reported when transferring these results to commercial farming operations: the 

variables governing RDI need to be included in the management routine of commercial 

orchards. While Salvador et al. (2011) reported on almost generalized deficit irrigation for 

peach in the central Ebro valley, it was not possible to conclude that this deficit irrigation 

was properly regulated. Farmers are currently aware that - if properly applied – RDI has 

advantages in terms of water and energy saving, pruning costs, fruit quality and overall 

orchard economic benefit.  

In order to optimize irrigation water application, farmers must ensure that a significant part 

of the applied water is stored in the plant root system. In order to limit deep percolation, 

runoff and evaporation losses it is mandatory to have a high-performance irrigation system, 

and to manage sufficient information on soil and climate variability. If farmers want to 

attain the benefits of DRI, these factors become even more important.  

Managing irrigation of stone fruit orchards 

Irrigation water management in stone fruits influences different aspects of plant production, 

such as fruit quality biomass production or precocity. These are key farming aspects when 

it comes to securing economic profit. These effects are well documented on stone fruit 

production, where irrigation management is not only oriented to water and energy 

conservation, but also to reduce canopy growth and to moderate pruning costs (Mitchell 

and Chalmers, 1982; Boland et al., 2000). This is particularly relevant in high-density 

orchards, where the control of vegetative grow additionally improves light interception 

(Chalmers et al., 1981).  

The optimization of irrigation water management depends on the area of the orchard or the 

farming operation. In the conditions of the Ebro valley, mid-sized to large orchards 

(exceeding 20 ha) often have a scientific approach to irrigation management. In such 

orchards it is cost-effective to develop irrigation infrastructure and management practices 

oriented to minimize water costs and to obtain the additional benefits of RDI techniques.  

Another important of RDI is the quality of fruit, which is related to aspects like fertilization, 

light interception and water management. Consumers are increasingly demanding in terms 

of fruit quality and the market is starting to respond to this preference. Research has been 

conducted to characterize the effect of RDI on fruit quality, considering aspects such as 

appearance, caliber, color and taste (sweetness and flavor) (Callahan, 2003). All these 

aspects can be somehow related to water availability, with effects varying according to the 

stone fruit species and variety (through the ripening time). Water restrictions can have 
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negative effects on fruit quality. For instance, in plum, peach and nectarine water stress can 

induce deep suture and double-fruit (Johnson et al., 1992). Moreover, the effects of water 

restrictions could become clear during the forthcoming season. Johnson and Phene (2008) 

showed that the effect of reduced water in post harvest on early maturing peach, resulted in 

an increase of the abovementioned disorders during the following season. Late maturing 

varieties are less sensitive to these disorders, but water stress has been reported to affect 

fruit size (Johnson et al., 1994b). A key fruit quality aspect is the effect of water availability 

on taste and flavor. These aspects are directly related to the content in soluble solids 

(BenMechlia et al., 2002, Li et al., 1989) and often negatively correlated with fruit size 

(Crisosto et al., 1994; Lopez et al., 2011), and therefore to the final production. Vallverdú et 

al., (2012) reported the higher consumer acceptance of late mature peach cultivated under 

RDI. As time evolves, this issue is gaining importance and contributing to the spread of the 

technique.  

Irrigation scheme design is related to the success of the farming operation and – particularly 

– to the implementation of RDI. The spatial variability of soil and climate can have need to 

be addressed by the irrigation system, so that deficit has uniform physiological effects in a 

given crop plantation. This will often require modifications in the frequency and/or duration 

of irrigation events. The optimization of irrigation management should lead to the control 

of water stress along the different crop stages. This is only possible through adequate 

irrigation system design and on demand irrigation planning.  

Characterizing water vapor and CO2 fluxes in stone fruit orchards 

Scientific management of an irrigation plantation greatly benefits from information 

regarding processes such as plant transpiration, crop evapotranspiration or photosynthesis. 

Several methods have been reported in the literature for the continuous measurement ofr 

estimation of these processes in time. Most of these methods address evapotranspiration 

and the subsequent estimation of crop water requirements. All these methods are based on a 

wide variety of approaches, like water balance, energy balance, mass transfer balance, 

modeling, and enclosure systems.   

The water balance approach is based on the assessment of the incoming and outgoing water 

flux into a system composed by soil, plant and the atmosphere (Allen et al., 1998). In these 

regards, the most reliable research-oriented method is lysimetry, which is based on 

monitoring the weight of an isolated volume of soil containing plants. Simplified methods, 

such as evaporation pans or drainage lysimeters, were used in the past for low-cost, rapid 

http://ucmanagedrought.ucdavis.edu/PDF/1994b%20CTFA%20RPT.pdf
http://ucmanagedrought.ucdavis.edu/PDF/1994%20Crisosto.pdf
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estimation of crop water requirements. A number of models have been developed relating 

the meteorological factors determining crop evapotranspiration. The process started by the 

middle of the 20
th
 century, with the development of methods like Blaney-Criddle (1945) 

Hargreaves (1956), or Christiansen (1968). All these methods were largely empirical. In 

1948, Penman released the first evapotranspiration equation based on physics concepts. His 

equation was successively improved in 1956 and 1963. In 1965, Monteith added a 

contribution on surface resistance, giving rise to the Penman-Monteith equation, which 

represents the state of the art in estimating reference evapotranspiration (Jensen, 2010). The 

evapotranspiration of any crop can at a given growing stage be estimated by multiplying 

reference evapotranspiration by a crop coefficient (Kc) (Allen et al., 1998).   

Another approach to estimating evapotranspiration is energy balance. This is based on the 

fact that energy is required for water to pass from liquid stage (in soils, plants or free water 

bodies) to gaseous stage. Several currently used micrometeorological methods are based on 

these principles. Among them can be cited Bowen ratio, surface renewal or eddy covariance 

(Pruitt et al., 1996; Consoli, 2011).  

In addition to all the above mentioned methods, specific techniques have been developed to 

measure CO2. The first efforts to measure photosynthetic activity date back to 1918 

(Boysen-Jensen) and to 1921 (Henrici). Progress has been made since those days to 

increase measurement accuracy. In the 1950s, the invention of the non-dispersive infrared 

gas analyzer (IRGA) led to a turning point of photosynthesis measurements (Roy et al., 

2001). Based on this new approach, methods have been developed that relate absorbed CO2 

and evapotranspiration at different scales. At ecosystem scale the most used and reliable 

method is eddy covariance, whereas at plant scale enclosure systems or chambers are 

commonly used. Unlike eddy covariance, chambers modify the environment inside the 

enclosure, constituting a negative aspect. On the positive side, chambers can effectively 

separate evaporation and transpiration. All the above mentioned methods have advantages, 

strengths, disadvantages and weaknesses. A specific method should be adopted in full 

consideration of the goals to be achieved. 

 

 

 

 

 

http://context.reverso.net/traduzione/inglese-italiano/strengths
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General Objectives 

The primary and secondary objectives of this thesis are as follows: 

1. To analyse the limitations imposed by environmental variability on the 

implementation of RDI in commercial orchards using a case study approach (a stone 

fruit orchard located in the central Ebro valley of Spain): 

 To assess the variability in soil physical parameters related to soil water 

retention; and 

  To characterize the small-scale spatial variability of meteorological 

variables affecting reference evapotranspiration. 

2. To establish the limitations imposed by irrigation performance on the adoption of 

RDI at the orchard level using a case study approach (a stone fruit orchard located 

in the central Ebro valley of Spain): 

 To assess irrigation performance at the different cropping zones of the study 

orchard, focusing on irrigation adequacy, irrigation uniformity and the 

quality of irrigation delivery; and  

 To evaluate the time evolution of crop stress at the different cropping zones 

resulting from the applied irrigation schedules. 

3. To design an Open Top Chamber for commercial orchards in the typical conditions 

of the central Ebro Valley of Spain; 

 To build prototypes leading to a functional design, including the 

construction materials, the air flow system, the gas detection system and 

the electronic equipment. A chamber design is sought that can be adapted 

to adult trees in commercial orchards and which can be used in field 

conditions (for instance under strong winds).  

 To verify the feasibility of the prototype for measuring gas exchanges 

(water vapor and CO2) in a peach tree. 

4. To compare gas exchange measurements (water vapor and CO2) obtained with the 

Eddy covariance system and with the designed Open Top Chamber in the 

commercial peach farm used as case study in General Objectives 1 and 2. Specific 

objectives include:  
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 To compare the data sets produced by both techniques in terms of CO2 and 

H2O vapor fluxes. Comparisons in terms of CO2 will be established during 

the cycles of assimilation of CO2 (day time) and respiration (night time).  

 To analyse the discrepancies between both data sets, guiding the 

improvement of the Open Top Chamber prototype obtained in General 

Objective 3. 
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CHAPTER I. LIMITATIONS TO ADOPTING REGULATED 
DEFICIT IRRIGATION IN STONE FRUIT ORCHARDS: a) 
ENVIRONMENTAL SPATIAL VARIABILITY 

Abstract 

Irrigation developments are resulting in large commercial orchards with improved water 

management standards. While the benefits of regulated deficit irrigation have been 

established in scientific literature, its adoption faces a number of challenges. Chapters I 

and II use a case study approach (a 225 ha stone fruit orchard) to unveil limitations 

stemming from: a) Environmental spatial variability; and b) Irrigation performance. The 

variability in soil physics and meteorological factors was analysed in the study orchard. 

Three soil units were established for Readily Available Water, with average values ranging 

from 41 to 100 mm. Relevant differences were observed in average wind speed at the 

orchard (55%), resulting in 17% differences in reference evapotranspiration. The orchard 

agronomic design did not take into account these sources of variability. In these 

circumstances, accurate water application to partially satisfy crop water requirements is 

not an easy task.  

I.1. Introduction 

Irrigation developments are resulting in large orchards with high management standards. 

Proper irrigation design and management are required in these areas to guarantee the 

quality demanded by the market and to ensure sustainability. Orchard water use is affected 

by the spatial variability of the environment, as well as by agronomic and technical 

variables. In this Chapter, the spatial variability in soil physics and meteorology, and their 

implications on the implementation of Regulated Deficit Irrigation will be assessed using a 

case study approach. A commercial stone fruit orchard located in the Ebro valley (North-

eastern Spain) counting on a professional, full-time irrigation manager will be analysed. In 

Chapter II, irrigation performance will be assessed from two points of view: adequacy to 

the different crops and crop cycles and irrigation system evaluation.  

Boland et al. (2006) reported on the importance of an initial soil assessment to establish 

total water holding capacity when promoting sustainable irrigation practices in a number of 

Australian orchards. When designing an irrigation schedule, depth and frequency must meet 

the soil water holding capacity to prevent large deep percolation losses. Fulton et al. (2011) 
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stressed the relevance of soil physical surveys to guide orchard planting and management. 

These authors evaluated the application of sensors developed for salinity estimation to the 

determination of the spatial variability in soil texture. Among the managerial issues related 

to soil physics, these authors also identified horticultural choices and nutrient management. 

Herrero et al. (2007) reported on the development and application of a regional soil survey 

to irrigation planning in the semi-arid area of the Ebro basin. These authors evidenced that 

more than half of the surveyed area had “low” or “very low” water holding capacity, while 

more than one-third of the surveyed area showed “high” or “very high” water holding 

capacity. This large variability in soil physics is characteristic of many semi-arid irrigated 

areas.  

The meteorological characterization of irrigated areas has been the subject of numerous 

research works due to its key role in the determination of crop water requirements (Tarjuelo 

et al., 2000). The first large network of automated agrometeorological stations was 

developed in California in 1985 by CIMIS (California Irrigation Management Information 

System). Its goals were to disseminate irrigation requirements and to promote irrigation 

scheduling. The Spanish Ministry of Agriculture (MARM) created the SIAR network of 

agrometeorological stations in 1998 (http://www.mapa.es/siar/Informacion.asp), covering 

most irrigated areas in Spain. Each agrometeorological station within the SIAR network 

records half-hour averages of air temperature and relative humidity, wind speed and 

direction, incoming solar radiation and cumulative precipitation. These records are assumed 

to be representative of a certain homogenous area surrounding the station.  

The spatial variability of agrometeorology at farm scale has received scientific attention 

during the last years due to the development of precision agriculture. The combination of 

agrometeorological data with remote sensing tools has led to the assessment of the spatial 

variability of crop water requirements for different scales, from the farm to the entire river 

basin (Bastiaanssen et al., 2000). The low temporal frequency of remotely sensed data has 

been addressed through algorithms inferring the value of the variables at unmeasured times 

(Bastiaanssen et al., 1998; Tasumi et al., 2005). However, the large spatial and temporal 

variability of some agrometeorological variables (such as wind speed) causes serious 

inference difficulties. 

The recent development of wind speed as a source of clean energy has led to a number of 

scientific works documenting its spatial and temporal variability (Bertoldi et al., 2007). 

Wind spatial variability is much higher than that of other meteors of agricultural interest, 

http://www.mapa.es/siar/Informacion.asp
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such as air temperature and relative humidity (Martínez-Cob et al., 2010). Regarding 

irrigated agriculture, wind speed plays a relevant role in the estimation of reference 

evapotranspiration and crop water requirements (Martínez-Cob and Tejero, 2004), as well 

as in the characterization of sprinkler irrigation efficiency (Playán et al., 2005). While the 

analysis of wind spatial variability at a regional scale has been addressed by several authors 

(Martínez-Cob and Tejero, 2004), the local scale has received limited attention. Zapata et 

al. (2007 and 2009) and Sánchez et al. (2011) analysed the effect of local-scale wind spatial 

variability with the objective of improving sprinkler irrigation design and management, 

targeting irrigated farms and collective networks. An empirical method, the Measure–

Correlate–Predict (MCP) technique, has often been used to estimate wind variables at a 

given site (Landberg et al., 2003). This method relates wind measurements at two different 

sites by means of regression analyses. 

The establishment of commonly accepted local, standard crop water requirements is the basis 

for the application of deficit irrigation techniques. The Regulated Deficit Irrigation (RDI) 

strategy is based on the fact that plant sensitivity to water stress varies between phenological 

stages and that water stress at specific periods of vegetative growth could help control growth 

and vegetative-fruit competition. In the last twenty years, RDI techniques have received 

relevant interest in the literature, as tools to achieve significant reductions in irrigation water 

use, particularly in fruit orchards and vineyards (Fereres & Soriano, 2007). In November 2015, 

the Web of Science database (Thomson Reuters) contained 564 entries for “regulated deficit 

irrigation”, dating since 1986. These articles have received about nine thousand citations and 

show an h-index of 48. 57 articles were published in 2014 on this issue. The more general term 

“deficit irrigation” is listed 2,463 times (about three hundred in 2014), and presents an h-index 

of 70. Application of the RDI concept to commercial orchards lags well behind the scientific 

developments.   

I.2. Objectives 

The general objective of this work is to analyse the limitations imposed by environmental 

variability on the implementation of RDI in commercial orchards. Specific objectives 

include: 1) to assess the variability in soil physical parameters related to soil water 

retention; and 2) to characterize the small-scale spatial variability of meteorological 

variables affecting reference evapotranspiration. Both specific objectives were pursued in 

the conditions of a case study orchard. 
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I.3. Materials and Methods 

I.3.1. The case study 

The case study for this research was La Herradura stone fruit orchard (225 ha), located in 

Caspe (Ebro valley, Zaragoza, north eastern Spain) (Fig. I.1). This orchard was selected as 

representative of high management standards, and can be illustrative of modern fruit orchards 

in an international context. The orchard is located next to a meander of the Ebro river, 

flooded by the Mequinenza dam. The orchard topography is quite rough, with elevation 

ranging from 120 to 200 m above mean sea level (Fig. I.1). The crops at the orchard included 

cherry, apricot and peach. Peach trees were divided in three cycles by the orchard managers: 

early maturing peach (EMP), medium maturing peach (MMP) and late maturing peach 

(LMP). 

 

 

Figure  I.1. a) Location of the experimental orchard in Spain and in the Ebro river 

basin; and b) Contour map of soil surface elevation (amsl, m) in the orchard. 
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The irrigation system is divided in two independent pressurized water distribution 

networks, each of them fed by a pumping station located by the river bank. One pumping 

station is located in the north west of the orchard, while the other is located in the south east 

of the orchard (Fig. I.2). The irrigation system has three fertilizer stations: two of them are 

located at the pumping stations, while the third one is located in the south of the orchard 

(Fig. I.2).  

 
Figure  I.2. Map of the different fruit tree cropping zones (apricot, cherry, early maturing 

peach, medium maturing peach and late maturing peach). The location of the two landmark 

points H1 and H2 and the wind measurement points M1 to M13 is also presented. 

The irrigation system is divided in 88 drip irrigated areas, each of them commanded by an 

automated valve: 8 for cherry, 18 for apricot, 16 for the EMP, 22 for MMP and 24 for 

LMP. Each irrigated area was planted to the same fruit species (and cycle, in the case of 

peach).  
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However, a number of varieties could be planted in the same area, resulting from 

pollination, labor demand and commercial requirements. As a consequence, a total of 55 

fruit tree varieties were cultivated at the orchard. 

According to the irrigation manager, water availability was not a problem, and the pumping 

cost was not relevant within the general farming costs. The cost of irrigation water often 

has moderate relevance within the general costs of fruit production (Salvador et al, 2011). 

Only in cases of severe water scarcity and/or intense pumping, the cost of water would be 

relevant to the cost of fruit production. These conditions are rarely met in the central Ebro 

valley. The manager declared to be gradually implementing RDI to control vegetative 

growth (reducing pruning costs) and to improve fruit quality (to secure access to the 

international markets). He used the design discharge of each valve to schedule the irrigation 

time of each irrigated area. Only at the general pipe of the pumping stations a water 

metering device was installed. This measuring device was used by the irrigation manager to 

test the discharge of the set of valves under simultaneous operation. 

At each irrigated area, the irrigation layout was as follows: manifolds supplied water from 

the valve to the irrigation laterals. Laterals branched from the manifold on one side or – 

more commonly – on both sides. Two laterals were used to irrigate each line of trees, one 

lateral at each side of the line. Turbulent (non pressure compensating) emitters were used at 

La Herradura orchard, with a design discharge of 4 L h
-1

. Emitters were extruded in the 

polyethylene irrigation laterals at 1 m intervals. As a consequence of the different plating 

spacings, the number of emitters per tree was variable (from 5 to 9). 

I.3.2. Soil physical properties 

A non structured soil sampling campaign was performed at the orchard. A total of 88 soil 

samples (0.28 ha
-1

) were manually drilled until a soil depth (d) of 1.2 m if possible. In some 

cases it was not possible to drill deeper than 0.3 m. The coordinates of the sampling point 

and the sampling depth were systematically recorded using a handheld GPS. A subsample 

was weighted, milled and passed through a 2 mm sieve. Volumetric stoniness (S, %) was 

determined for each sample from the weigh of fractions above and below 2 mm, soil bulk 

density ( b , Mg m
-3

) and the stone density. Soil bulk density and stone density were 

estimated as 1.40 and 2.65 Mg m
-3

, respectively, in agreement with previous works in the 

area (Playán et al., 2000). Gravimetric field capacity (FC, %) and wilting point (WP, %) 

were estimated at the laboratory using pressure plates (Hanks, 1992). Pressures of 0.03 and 
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1.5 MPa were considered representative of FC and WP, respectively. The readily available 

water (RAW, mm) was determined as: 

1000
100

100

100

)(

3

2







 


SWPFC
dRAW

w

b




 [I.1] 

The analysis of stoniness revealed very large differences among samples. These differences 

corresponded to different soil units, whose limits could be easily recognized in the field. A 

thematic map for soil stoniness was produced based on GPS recorded observations of soil 

unit discrete limits (Fig. I.3).  

 
Figure  I.3. Map of Readily Available Water (RAW, mm) and volumetric stoniness (%) at 

the experimental orchard. These limits often corresponded to the changes in strata 

responding to changes in soil surface elevation. 

%

#
#

#%

$

#Y

#Y

$

%

#Y

%$

#

%

%[#Y

$$

#Y

$
$$%[

$
%[

%[%[

%

$
#Y$

%
% $

%

%%

%$
#

#

$

$

%[

%

#Y

#Y

%[

%[

%

%

%[

#

$

#Y#

##Y

#

%

% #Y

#

#Y

#Y

%[

#Y
#

#

$

#Y

%

#Y

#

$
#Y

#Y

300 0 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 Meters

Stoniness (%)

Low (<5%)

Medium (5%-20%)

High (>20%)

Readily Available Water (RAW, mm)

# <30

% 31 - 60

$ 61 - 90

#Y 91 - 120

%[ > 120

N

EW

S

%

#
#

#%

$

#Y

#Y

$

%

#Y

%$

#

%

%[#Y

$$

#Y

$
$$%[

$
%[

%[%[

%

$
#Y$

%
% $

%

%%

%$
#

#

$

$

%[

%

#Y

#Y

%[

%[

%

%

%[

#

$

#Y#

##Y

#

%

% #Y

#

#Y

#Y

%[

#Y
#

#

$

#Y

%

#Y

#

$
#Y

#Y

300 0 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 Meters

Stoniness (%)

Low (<5%)

Medium (5%-20%)

High (>20%)

Readily Available Water (RAW, mm)

# <30

% 31 - 60

$ 61 - 90

#Y 91 - 120

%[ > 120

N

EW

S

m

0.8 0 0.8 1.6 Miles

RAW (mm)

110

70

40

N

EW

S

View1

0.8 0 0.8 1.6 Miles

RAW (mm)

110

70

40

N

EW

S

View1

%

#
#

#%

$

#Y

#Y

$

%

#Y

%$

#

%

%[#Y

$$

#Y

$
$$%[

$
%[

%[%[

%

$
#Y$

%
% $

%

%%

%$
#

#

$

$

%[

%

#Y

#Y

%[

%[

%

%

%[

#

$

#Y#

##Y

#

%

% #Y

#

#Y

#Y

%[

#Y
#

#

$

#Y

%

#Y

#

$
#Y

#Y

300 0 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 Meters

Stoniness (%)

Low (<5%)

Medium (5%-20%)

High (>20%)

Readily Available Water (RAW, mm)

# <30

% 31 - 60

$ 61 - 90

#Y 91 - 120

%[ > 120

N

EW

S

%

#
#

#%

$

#Y

#Y

$

%

#Y

%$

#

%

%[#Y

$$

#Y

$
$$%[

$
%[

%[%[

%

$
#Y$

%
% $

%

%%

%$
#

#

$

$

%[

%

#Y

#Y

%[

%[

%

%

%[

#

$

#Y#

##Y

#

%

% #Y

#

#Y

#Y

%[

#Y
#

#

$

#Y

%

#Y

#

$
#Y

#Y

300 0 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 Meters

Stoniness (%)

Low (<5%)

Medium (5%-20%)

High (>20%)

Readily Available Water (RAW, mm)

# <30

% 31 - 60

$ 61 - 90

#Y 91 - 120

%[ > 120

N

EW

S

m

0.8 0 0.8 1.6 Miles

RAW (mm)

110

70

40

N

EW

S

View1

0.8 0 0.8 1.6 Miles

RAW (mm)

110

70

40

N

EW

S

View1



Chapter I. Limitations to adopting regulated deficit irrigation in stone fruit orchards: a) environmental spatial variability 

22 

I.3.3. Wind speed and reference evapotranspiration 

Wind speed variability within the orchard was characterized using three types of weather 

stations: 1) the reference station (SIAR network), located at about 10 km northwest of the 

orchard, and considered representative of the area at a sub-regional scale; 2) two landmark 

stations (H1 and H2), considered representative at a local scale; and 3) the movable station, 

which was installed for short periods of time at 13 different locations within the orchard (M1 to 

M13). This station was used for a detailed study of wind variability, since wind speed was 

identified in this work as the source of spatial variability of reference evapotranspiration within 

the orchard. A preliminary analysis of the time variability of wind speed and direction in the 

area was performed using the data series available at the SIAR reference station (from January 

2004 to December 2009). This analysis permitted to characterize the predominant wind 

directions in the area for different wind speed ranges. Predominant wind directions are of 

interest to characterize the spatial variability of the wind speed at a local scale (Derrick 1993). 

The two landmark weather stations were installed at two spots with maximum and minimum 

elevation within the orchard, with the goal of characterizing extreme local meteorological 

variability (Fig. I.2). The first station (H1) was installed at an altitude of 175 m above mean sea 

level, in an area exposed to the wind. This station recorded data from August 2007 to 

September 2009. The second station (H2) was located at an altitude of 125 m above mean sea 

level. The H2 station recorded meteorological data from August 2007 to September 2009, with 

the exception of the period May to September 2008, when this station was used as a movable 

station (see below).  

Both landmark stations were equipped with a Campbell data logger (model CR10) and sensors 

to measure air temperature, air relative humidity, incoming solar radiation and wind speed and 

direction. Precipitation was only recorded at H1. The brand and models of these sensors were 

the same as those in the SIAR reference station (http://www.mapa.es/siar/descripcion.asp). 

Only the wind measurement sensor differed between the reference and landmark stations: a 

propeller-type anemometer was used at the SIAR reference station (Young's wind monitor 

Model 05103, Campbell scientific, Inc., Shepshed, Leicestershire, UK), while 3-cup-rotor 

anemometers (model A100R, Vector InstrumentsTM, Rhyl, UK) were installed at the 

landmark weather stations (H1 and H2). Sensors were monitored every 10 s, and half-hour 

averages were stored in the data logger memory for further analysis, including daily averages. 

The meteorological variables recorded at both landmark stations for the periods August 2007 to 

April 2008 and September 2008 to September 2009 were compared using simple linear 

http://www.mapa.es/siar/descripcion.asp
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regression analyses. The statistics used to assess the regressions were the coefficient of 

determination (R
2
), the root mean square error (RMSE) and the mean average error (MAE). 

Statistical significance was assessed at the 0.05 probability level. Among the recorded 

meteorological variables, only wind speed showed significant, relevant differences between H1 

and H2. As a consequence, further effort was made to characterize its spatial variability at the 

orchard. 

During the period of May to September 2008, station H2 was used as the movable station. This 

station was moved around the orchard in order to analyze in more detail the spatial variability 

of wind speed within the orchard. The movable station was installed at 13 different sites (M1 to 

M13) for an average period of one week (Table I.1). 

Table  I.1. List of measurement points for wind speed: regional reference station 

(SIAR),on-farm landmarks (H1 and H2) and on-farm spots (M1-M13). The period of 

records and the assessment of the recorded data according to wind direction (WD) and 

wind velocity (WV) are also presented. 

Location Measurement Period 

Predominant WD 

(%) 

Average WV            

(m s
-1

) 

East West East West 

SIAR 16-01-04 to 09-09-09 36 64 2.5 2.9 

H1 15-08-07 to 31-07-09 37 63 2.6 2.8 

H2 

15-08-07 to 30-04-08  

and                                 

01-09-08 to 09-09-09 

29 71 1.3 1.7 

EM1 14-05-08 to 21-05-08 39 61 1.2 1.8 

EM2 21-05-08 to 03-06-08 49 51 1.7 1.5 

EM3 03-06-08 to 09-06-08 2 98 1.1 2.6 

EM4 09-06-08 to 17-06-08 26 74 1.7 3.7 

EM5 17-06-08 to 26-06-08 65 35 2.2 2.6 

EM6 26-06-08 to 02-07-08 49 51 1.4 1.5 

EM7 02-07-08 to 09-07-08 39 61 1.9 3.4 

EM8 09-07-08 to 17-07-08 43 57 2.6 2.6 

EM9 17-07-08 to 25-07-08 55 45 2.7 2.1 

EM10 25-07-08 to 30-07-08 66 34 2.5 1.6 

EM11 30-07-08 to 06-08-08 58 42 2.2 1.1 

EM12 06-08-08 to 13-08-08 28 73 3.0 2.3 

EM13 13-08-08 to 20-08-08 51 49 3.1 3.2 
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Additional simple linear regressions were performed between the half-hour records of wind 

speed at the SIAR reference station on one hand, and at the different measurement points 

within the orchard (H1, H2, and M1 to M13), on the other. These were referred to as off-

farm regressions. In this case, the SIAR records were used as independent variable and the 

on-farm measurements as dependent variable. 

The wind speed variability was used to estimate daily reference evapotranspiration (ETo) 

following the FAO Penman-Monteith approach (Allen et al., 1998) for the period 2004 to 

2009 and at the different on-farm measurement sites (H1, H2 and M1 to M13). For these 

computations, daily meteorological variables recorded at the reference SIAR station were 

used at each measurement site, except for the wind speed, whose values were estimated 

using the local linear relationships.  

I.4. Results and Discussion 

I.4.1. Cropping zones 

According to Figure I.2, the five cropping zones are: 1)  cherry (44 ha), located at the 

lowest elevation of the orchard, by the river banks; 2) apricot (29 ha), located at the highest 

elevation areas of the orchard; 3) the peach cropping zones, located at the center of the 

orchard, showing the greatest acreage. Three peach cropping zones were identified, 

corresponding to the three peach cycles: EMP (51 ha), MMP (51 ha) and LMP (52 ha). 

I.4.2.Soil physical properties 

Soil stoniness thematic units (Figure I.3) can be described as follows: a) Low stoniness 

(<5%) for which average and standard deviation of RAW were 113 mm and 31 mm, 

respectively; b) Medium stoniness (5%-20%) for which average and standard deviation of 

RAW were 70 mm and 7 mm, respectively; and c) High stoniness (>20%) for which 

average and standard deviation of RAW were 41 mm and 15 mm, respectively. Due to the 

sampling density and the large spatial variability of RAW, it was not possible to map this 

variable with more detail. The magnitude of RAW spatial variability was similar to that 

reported in other areas of the central Ebro River basin (Playán et al., 2000; Lecina et al., 

2005). 

The comparison of the boundaries of soil units and the different cropping zones (Figs. I.2 

and I.3) permitted to conclude that soil information was ignored at the orchard design 

phase. The spatial variability of the soil hydraulic parameters did not influence the layout of 
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the irrigated areas or the spatial distribution of tree species and cycles. As a consequence, 

irrigation scheduling can not adequately accommodate the variability of soil water 

properties within the orchard. Fortunately, even the lowest observed values of RAW are 

compatible with the usual local irrigation requirements and practices. In fact, only 3 % of 

the RAW observations were equal to or less than 15 mm. On the other hand, drip irrigation 

systems are often daily operated to replace crop water requirements. As a consequence, 

large irrigation deep percolation losses can often be avoided through adequate irrigation 

management even in the reported conditions. The same can not be said about large 

precipitation events, which will result in strong differences in effective precipitation and 

deep percolation. As a consequence, it will be very difficult to adjust the irrigation regime 

in each irrigated area to attain the desired level of crop water stress in each moment of the 

season. 

I.4.3. Spatial variability of wind speed 

Figure I.4 presents regression analyses of the four meteors used to determine ETo between 

the two landmark stations. Significant statistical differences could not be found in air 

temperature, relative humidity and solar radiation. On the other hand, significant and 

important differences were found for wind speed between H1 and H2. The coefficient of 

determination of the linear regression, R
2
, was 0.93 (Fig. I.4). However, wind speed at 

station H2 was (on the average) 52 % of the wind speed at H1. When reference 

evapotranspiration was determined at both stations, differences in wind exposition at the 

two landmark points resulted in relevant differences in evapotranspiration: ETo at station 

H2 was only 80 % of ETo at station H1. Since significant meteorological differences were 

only found for wind speed, the spatial variability of reference evapotranspiration within the 

orchard relied on the characterization of the spatial variability of wind speed.  
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Figure  I.4 Regression analysis of meteorological variables: air temperature (ºC), relative 

humidity (%), solar radiation (W m
-2

) and wind speed (m s
-1

) between the two landmark 

points of the orchard, H1 and H2. 

The largest semi-hourly meteorological data series available in the area correspond to the 

SIAR reference station: from January 2004 to September 2009. Martínez-Cob et al. (2010) 

reported that the predominant wind directions in the Ebro river basin are West-Northwest 

and East-Southeast (locally named Cierzo and Bochorno, respectively). Thus, the wind 

speed values recorded at the SIAR station were divided in two groups according to their 

respective wind direction (WD). Wind directions 180º - 360º were classified as West WD, 

while wind directions 0º - 180º were classified as East WD. 64 % of the data registered at 

the SIAR reference station showed a West wind direction, while 36 % had an East wind 

direction (Table I.1). The average wind speed for the West WD (2.9 m s
-1

) was higher than 

for the East WD (2.5 m s
-1

). Considering all measurement locations, wind speeds from the 

West were larger and more intense than those from the East, except for the period between 

mid July and mid August 2008, when the East was the most frequent and intense wind 

direction.  
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Table  I.2. Regression analysis between wind speed at the reference station SIAR 

(independent variable) and at the on-farm measurement points (H1, H2 and M1-M13).  

Location 

SIAR as independent variable* 

Intercept Slope R
2
 

East West East West East West 

SIAR 0.00 1.00 1.00 

H1 0.47 0.00 0.76 1.21 0.84 0.81 

H2 0.02 -0.35 0.52 0.75 0.70 0.85 

M1 1.00 0.70 0.48 

M2 0.60 0.43 0.37 

M3 -0.24 0.83 0.88 

M4 -0.20 1.33 0.78 

M5 0.50 0.67 0.70 

M6 0.17 0.46 0.57 

M7 0.13 -0.07 0.55 1.18 0.8 0.67 

M8 1.20 0.48 0.32 

M9 0.38 1.02 0.84 0.35 0.75 0.42 

M10 0.19 0.63 0.86 

M11 -0.30 0.79 0.76 

M12 0.08 0.85 0.73 

M13 0.60 0.88 0.73 

*
 Two regression models are presented when the analysis considering the wind direction 

resulted better than the general model.  

Table I.2 presents the regression models (off-farm regressions) obtained between the wind 

at the SIAR site as independent variable and that of the on-farm measurement points (acting 

as dependent variables). Three types of regression were evaluated for these half-hour data: 

a) global model, including all data; b) model for East wind periods; and c) model for West 

wind periods. East and West off-farm regression models are only presented for 

measurement spots H1, H2, M7 and M9, where this distinction improved the global model 

statistics. For the remaining cases global off-farm regression models are presented. For 

station H1, the East and West models were highly correlated with SIAR (R
2
 = 0.81 and 

0.84, respectively, and R
2
 = 0.78 for the global model). The regression parameters indicate 
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that the wind speed at H1 was 21 % higher than at SIAR when the wind blew from the 

West. On the other hand, when the wind blew from the East, the SIAR site was more 

exposed to wind than the H1 point for SIAR winds larger than 1.9 m s
-1

. 

Table I.3 lists the regression analysis between the landmark station H1 as independent 

variable, and the rest of wind speed measurement spots as dependent variables (on-farm 

regressions). A split regression model is only presented for the SIAR, M7, M8, M9, M11, 

M12 and M3 spots. Regression analyses for spots M2 and M8 indicated that local wind 

speed was not strongly related with wind speed at the reference sites SIAR and H1 (values 

of R
2
 below 0.5). This finding may be attributed to the sheltering produced by the 

surrounding topography (Figs. I.1 and I.2), resulting in local wind patterns. Similar results 

were obtained for spot M9 when the wind blew from the West, indicating that this point 

was equally sheltered from this wind direction.  

On-farm regressions were used for prediction purposes. All regression statistics (not just 

R
2
, but also RMSE and MAE) resulted better for H1 than for SIAR. The analyzed time 

series lasted from 2004 to 2009, and was only available for the reference SIAR 

measurement spot. Predicted values at the on-farm spots were obtained in two steps: 

1) Estimation of a complete wind speed time series for 2004 to 2009 at H1 (Table I.2); and 

2) Estimation of a complete wind speed time series for 2004 to 2009 at the remaining on-

farm spots (Table I.3). 

When wind blew from the East, the two windiest orchard spots were SIAR and M13 

(2.5 m s
-1

 on the average, Table I.4). Spots M4, M8, M9 and M12 resulted equally exposed 

to the wind than H1 (2.4 m s
-1

). The remaining measurement spots resulted less exposed to 

the wind. When the predominant WD was West, the windiest sites were H1, M7 and M4 

(3.4 m s
-1

). The remaining on-farm spots and SIAR resulted less exposed to the wind. When 

accounting for the global wind speed average, the least wind exposed spot was M6 

(1.5 m s
-1

), whose average wind speed was 1.2 m s
-1

 lower than that of SIAR (2.7 m s
-1

), 

and half of H1 (3 m s
-1

). Similar differences were found for H2. The two spots most 

exposed to the wind were H1 and M4, both located at the highest elevation of the orchard 

topography (Fig. I.1). 
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Table  I.3. Regression analysis between wind speed at station H1 (independent variable) 

and at the other measurement points (SIAR, H2 and M1-M13).  

Location 

H1 as independent term* 

Intercept Slope R
2
 

East West East West East West 

SIAR -0.02 0.49 1.07 0.69 0.81 0.82 

H1 0.00 1.00 1.00 

H2 -0.18 0.59 0.86 

M1 0.38 0.60 0.62 

M2 0.59 0.44 0.36 

M3 0.00 0.64 0.86 

M4 0.00 1.00 0.91 

M5 0.15 0.75 0.81 

M6 0.00 0.49 0.65 

M7 0.00 0.64 1.00 0.86 0.91 

M8 0.92  0.32 0.21 1.21 0.49 0.37 

M9 0.00 0.32 1.00 1.21 0.91 0.37 

M10 0.15 0.75 0.81 

M11 0.15 0.00 0.75 0.49 0.81 0.65 

M12 0.00 1.00 0.64 0.91 0.86 

M13 -0.29 1.14 1.20 0.55 0.82 0.86 

*
 Two regression models are presented when the analysis considering the wind direction 

resulted better than the general model.  
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Table  I.4. Yearly average of semi hourly wind speed data (m s
-1

) for the reference (SIAR), 

landmarks (H1 and H2) and spots (M1 to M13) measurement sites. Data for 2004 to 2009 

are presented separating the two prevailing wind directions: East (E) and West (W). Values 

of average wind speed for the SIAR site correspond to measured data. Values for the on-

farm measurement points correspond to estimated data using the regression models 

presented in Tables I.2 and I.3.    

Year 2004 2005 2006 2007 2008 2009 Average General 

Average WD E W E W E W E W E W E W E W 

SIAR 2.5 2.8 2.6 3.1 2.6 2.7 2.3 2.8 2.4 2.8 2.5 2.8 2.5 2.8 2.7 

H1 2.3 3.3 2.5 3.7 2.4 3.2 2.2 3.5 2.3 3.3 2.3 3.4 2.4 3.4 3.0 

H2 1.2 1.8 1.3 2.0 1.2 1.7 1.1 1.8 1.2 1.8 1.2 1.8 1.2 1.8 1.6 

M1 1.8 2.4 1.8 2.6 1.8 2.3 1.7 2.5 1.8 2.4 1.8 2.4 1.8 2.4 2.2 

M2 1.6 2.1 1.7 2.2 1.7 2.0 1.6 2.1 1.6 2.1 1.6 2.1 1.6 2.1 1.9 

M3 1.5 2.1 1.6 2.4 1.5 2.1 1.4 2.2 1.5 2.1 1.5 2.2 1.5 2.2 1.9 

M4 2.3 3.3 2.5 3.7 2.4 3.2 2.2 3.5 2.3 3.3 2.3 3.4 2.4 3.4 3.0 

M5 1.9 2.7 2.0 3.0 2.0 2.6 1.8 2.7 1.9 2.7 1.9 2.7 1.9 2.7 2.4 

M6 1.2 1.7 1.2 1.8 1.2 1.6 1.1 1.7 1.1 1.6 1.2 1.7 1.2 1.7 1.5 

M7 1.5 3.3 1.6 3.7 1.5 3.2 1.4 3.5 1.5 3.3 1.5 3.4 1.5 3.4 2.7 

M8 2.4 2.3 2.5 2.4 2.4 2.2 2.3 2.3 2.3 2.3 2.4 2.3 2.4 2.3 2.3 

M9 2.3 2.3 2.5 2.4 2.4 2.2 2.2 2.3 2.3 2.3 2.3 2.3 2.4 2.3 2.3 

M10 1.9 2.7 2.0 3.0 2.0 2.6 1.8 2.7 1.9 2.7 1.9 2.7 1.9 2.7 2.4 

M11 1.9 1.7 2.0 1.8 2.0 1.6 1.8 1.7 1.9 1.6 1.9 1.7 1.9 1.7 1.8 

M12 2.3 2.1 2.5 2.4 2.4 2.1 2.2 2.2 2.3 2.1 2.3 2.2 2.4 2.2 2.2 

M13 2.5 3.0 2.7 3.2 2.6 2.9 2.4 3.0 2.5 3.0 2.5 3.0 2.5 3.0 2.8 

I.4.4. Spatial variability of reference evapotranspiration 

Wind speed variability was used to estimate reference evapotranspiration at the different 

wind station points and at the spots H1 and H2 for the period 2004 to 2009. Table I.5 

presents yearly cumulative reference evapotranspiration for the abovementioned points. 

Results indicate that using the SIAR site to estimate reference evapotranspiration results in 

systematic overestimation at most of the orchard points, with the exception of H1, M4 and 

M13. Inside the orchard, H1 presented the largest reference evapotranspiration (averaging 

1,477 mm yr
-1

) and M6 the lowest one (averaging 1,194 mm yr
-1

). In general, the orchard 

evapotranspiration points can be classified as high ETo (H1, M4 and M13), medium ETo 
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(M1, M5, M4, M8, M9, M10 and M12) and low ETo (H2, M2, M3, M6 and M11). The 

points with high ETo corresponded to the windiest, most elevated areas.  

Table  I.5. Estimated seasonal reference evapotranspiration (ETo, mm yr
-1

) at the SIAR 

point and at the on-farm wind speed stations for the different years of study (2004-2009). 

The average values and the Standard deviation (SD) are also presented. 

ETo          

(mm year
-1

) 
2004 2005 2006 2007 2008 2009 Average SD 

SIAR-Caspe 1330 1486 1510 1443 1377 1468 1436 69 

H1 1370 1529 1551 1501 1416 1496 1477 70 

H2 1134 1257 1272 1229 1175 1215 1214 52 

M1 1247 1380 1403 1358 1292 1351 1338 58 

M2 1204 1327 1352 1308 1249 1302 1290 54 

M3 1196 1328 1345 1301 1239 1290 1283 56 

M4 1370 1529 1551 1501 1416 1496 1477 70 

M5 1281 1423 1444 1398 1326 1390 1377 62 

M6 1117 1235 1251 1208 1158 1196 1194 50 

M7 1308 1455 1469 1441 1348 1414 1406 64 

M8 1286 1418 1452 1392 1334 1406 1381 61 

M9 1285 1418 1451 1391 1333 1405 1380 61 

M10 1281 1423 1444 1398 1326 1390 1377 62 

M11 1177 1305 1330 1267 1224 1275 1263 55 

M12 1261 1403 1429 1363 1309 1375 1357 62 

M13 1365 1512 1541 1486 1411 1495 1468 67 

Table I.6 presents wind and ETo estimates for each cropping zone. For example, wind 

speed and ETo at the EMP zone were predicted from the daily average wind speed at points 

M1 and M11. The weight of each point was similar in all cropping zones. The only 

exception occurred at the cherry cropping zone. In this case, the M13 spot only accounted 

for 12% of the average wind speed and ETo, in agreement with the percentage of cherry 

trees surrounding this spot. The variability in wind speed and ETo between the 

measurement points was smoothed by the averaging process required for the estimation of 

average ETo in the cropping zones. If cropping zones had been designed according to 

reference evapotranspiration, irrigation scheduling could have been much more responsive 

to the local water requirements.  



 

 

Table  I.6. Yearly average wind speed (m s
-1

) and ETo (mm yr
-1

) for the reference station (SIAR- Caspe), the two landmark stations (H1 and H2) 

and the five cropping zones of the orchard (cherry, apricot, EMP, MMP and LMP).The points used to determine wind speed and ETo at the 

different cropping zones are listed. Interannual averages of wind speed and ETo are displayed. 

 

Fruit trees 

Zones 

Measurement 

points 

Average Wind Speed 

(m s
-1

)  

ETo 

(mm yr
-1

) 

2004 2005 2006 2007 2008 2009 Ave.  2004 2005 2006 2007 2008 2009 Ave. 

 SIAR-Caspe 2.7 2.9 2.6 2.7 2.6 2.7 2.7  1330 1486 1510 1443 1377 1468 1436 

 H1 3.0 3.3 2.9 3.1 2.9 3.0 3.0  1370 1529 1551 1501 1416 1496 1477 

 H2 1.6 1.7 1.5 1.6 1.5 1.6 1.6  1134 1257 1272 1229 1175 1215 1214 

Cherry M6, M13, H2 1.7 1.8 1.6 1.7 1.7 1.7 1.7  1153 1278 1295 1250 1196 1240 1235 

Apricot M4, M5, M8, H1 2.7 2.9 2.6 2.7 2.6 2.7 2.7  1300 1446 1469 1417 1345 1415 1399 

EMP M1, M11 2.0 2.1 1.9 2.0 1.9 2.0 2.0  1212 1343 1367 1312 1258 1313 1301 

MMP M2, M7, M9, M11 2.2 2.4 2.2 2.3 2.2 2.3 2.3  1258 1395 1420 1365 1304 1367 1352 

LMP M3, M10, M12 2.1 2.3 2.0 2.1 2.0 2.1 2.1  1227 1359 1380 1336 1271 1327 1317 
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Adequate irrigation management requires the determination of local, standard crop water 

requirements. Our results have shown that the spatial variability of ETo needs to be taken 

into consideration at the study orchard in order to schedule irrigation at the cropping zones. 

In the current orchard design, the cropping zones include relevant ETo variability. For 

instance, average ETo values of 1,194 mm yr
-1

 (M6) and 1,468 mm yr
-1

 (M13) have been 

determined within the Cherry area.  

I.4.5 Limitations imposed by environmental variability on the implementation of RDI 

The case study illustrates traits that can be common to many stone fruit orchards. In fact, 

the differences in water application between standard and RDI management may be smaller 

than the spatial variability reported in this work for RAW or ETo. As a consequence, it is 

not surprising that effective adoption of RDI remains incipient. If an orchard is not 

designed to permit different crop water management in soils with different water properties 

and in areas with different ETo, implementing precise irrigation management will be a very 

difficult task.  

Our research has evidenced large differences in both variables among cropping zones, 

within cropping zones and even within the different irrigated areas of a given crop. 

Irrigation management at the study orchard was based on establishing a base irrigation 

schedule for each cropping zone and introducing ad-hoc variations in the time assigned to 

each irrigated area. These variations reacted to observed over- or underirrigation, or to 

precipitation events. Consequently, reactive irrigation management is the price to pay for 

misusing environmental variability at the design phase. This type of management is 

difficult to reconcile with advanced irrigation techniques such as RDI. 

The influence of soil characteristics on orchard productivity and water use goes well 

beyond the narrow, quantitative RAW analysis performed in this research. A better 

association of soil units to irrigated areas and cropping zones would have reported benefits 

in a number of additional agronomic issues (Fulton et al., 2011). Soil survey stems as a 

requirement for effective water management, and it needs to be performed before the 

agronomic design of the orchard.   

Differences in crop water requirements within the orchard will stem from differences in 

ETo and differences among crop canopies and crop cycles (trough the respective crop 

coefficients). In Chapter II, differences in ETo will be translated into differences in crop 

water requirements under standard and RDI conditions. Cash crops, such as stone fruits, 
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require accuracy in the estimation of crop water requirements. This is particularly true 

when deficit irrigation is as related to economic water productivity as in this case. 

Misleading experimental information of the effects of RDI strategies may well derive from 

incorrect evapotranspiration estimation. The information provided by agrometeorological 

networks may not be sufficiently detailed for cash crops production, particularly in areas 

where rough topography induces variability in the meteors that determine reference 

evapotranspiration. 

The identified limitations need to be addressed by soil and meteorological surveys at the 

orchard planning stage, leading to strategic decisions on the delineation of cropping zones 

and irrigated areas. Such surveys would not eliminate the problems induced by spatial 

variability, but would minimize their impact on water and crop management, and would 

facilitate RDI implementation. If this survey phase is skipped, tactical, reactive 

management decisions will only contribute to alleviate the reported problems. 

I.5. Conclusions 

Analysis of soil and meteorological variability in the study orchard permitted to highlight 

common limitations to the adoption of RDI techniques. The orchard area was classified into 

three units characterized by different soil water holding capacity. The average RAW of 

these units ranged from 40 to 110 mm. Each unit contained a large variability in RAW, 

with the coefficient of variation reaching 37 %. The analysis of the meteorological 

variability indicated that only wind speed showed significant differences between on-farm 

measurement sites and between on-farm sites and the regional reference station. Wind 

speed at the windiest spot averaged 152 % of wind speed at the least windy spot in the 

orchard. The largest difference in average yearly ETo between measurement points (H1 and 

M6) was 283 mm yr
-1

. Differences in ETo between measurement points were smoothed 

when average ETo was estimated at the five cropping zones. The largest difference in 

average yearly ETo between cropping zones was 175 mm yr
-1

. This difference was 

observed between apricot (1,399 mm yr
-1

) and cherry (1,235 mm yr
-1

). However, larger 

differences in ETo were detected within the cropping zones (i.e., 274 mm yr
-1

 for cherry). 

The spatial variability of soil physical properties and meteorology should be considered at 

the orchard design phase. This would permit to maximize the benefit derived from the 

adoption of RDI. The current system design at the study orchard challenges irrigation 

scheduling in standard or regulated deficit irrigation techniques, and requires advanced 
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management for adequate results. Similar conclusions probably apply to many stone fruit 

orchards. 
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CHAPTER II. LIMITATIONS TO ADOPTING REGULATED 
DEFICIT IRRIGATION IN STONE FRUIT ORCHARDS: b) 
IRRIGATION PERFORMANCE 

Abstract 

Irrigation developments are resulting in large commercial orchards with improved 

water management standards. While the benefits of regulated deficit irrigation (RDI) 

have been established in scientific literature, its adoption faces a number of challenges.  

Chapters I and II use a case study approach (a 225 ha stone fruit orchard) to unveil 

limitations stemming from: I. Environmental spatial variability; and II. Irrigation 

performance. Irrigation schedules for 2004-2009 in the study orchard were analysed 

and compared with irrigation requirements and with measured irrigation water 

application. Plant water status was monitored during two irrigation seasons using stem 

water potential measurements. During the study years, irrigation schedules evolved 

towards deficit irrigation. However, the specific traits of RDI in stone fruits were not 

implemented. RDI implementation was limited by: 1) lack of accurate information on 

RDI crop water requirements; 2) the existing variability in on-farm irrigation 

uniformity and pressure; and 3) the control and reliability of the water distribution 

network.  

II.1. Introduction 

In Chapter I, the limitations on RDI adoption imposed by the spatial variability of 

environmental factors (soil physics and meteorology) were assessed. It was concluded 

that neglecting this variability at the orchard design phase seriously challenges the 

implementation of RDI. This research is based on a 225 ha case study stone fruit 

orchard located in the Ebro basin of Spain. For details on the experimental orchard, see 

Chapter I. This Chapter aims at revealing limitations on RDI adoption imposed by 

irrigation performance. For this purpose, water management at the study orchard will be 

assessed in a six-year study period. 

Experimentation leading to the determination of local crop coefficients is very much 

needed in regions specialized in fruit production, since Kc recommendations are often 

site and year specific, and have been reported to depend on local ETo rates, rainfall, and 

crop management practices (Snyder et al., 2000). The FAO-56 method (Allen et al., 
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1998) has created a standard framework for the estimation of crop coefficients. 

Martínez-Cob (2004) estimated crop coefficients for dozens of locations in the Ebro 

Valley using the FAO-56 method (single Kc approach). The establishment of commonly 

accepted local, standard crop water requirements is the basis for the application of 

deficit irrigation techniques. The FAO-56 method, despite its maturity, greatly benefits 

from experimental testing and adjustment. For instance, Paco et al. (2006) used the eddy 

covariance method to measure evapotranspiration in a young peach orchard. These 

authors reported that the dual Kc approach overestimated standard crop 

evapotranspiration in their conditions. The authors concluded that additional 

experimentation in mature orchards would be required to generalize their assessment. In 

addition to the estimation of the proper values of Kc, research leading to the 

determination of the local duration of the different periods and their adjustment through 

different growing seasons is much needed. 

Regulated deficit irrigation (RDI) was developed in Australia in peach and pear 

orchards (Chalmers et al., 1981; Mitchell et al., 1986). RDI is based on the fact that 

plant sensitivity to water stress varies between phenological stages and that water stress 

at specific periods of vegetative growth can help control growth and vegetative-fruit 

competition (Chalmers et al., 1981; Mitchell and Chalmers, 1982; Cameron et al., 

2006). In the last thirty years, RDI techniques have received relevant interest in the 

literature as tools to achieve significant reductions in irrigation water use. Fereres and 

Soriano (2007) reported that RDI has enjoyed more success in tree crops and vines than 

in field crops. Salvador et al. (2011), analyzing crop water requirements and application 

in the Ebro valley of Spain, reported that deficit irrigation (not necessarily RDI) is 

becoming common in the local peach and cherry orchards.  

A number of references have been found in the literature reporting on deficit irrigation 

experiments in orchards. These experiments often consist on the definition of irrigation 

treatments and their application through an experimental design. This type of research 

has resulted in the assessment of crop coefficients (Kc), or in the evaluation of deficit 

irrigation regimes for specific conditions. The large variability in soil, meteorology, 

crop species, varieties and irrigation treatments of the reported scientific works, greatly 

difficult to obtain practical procedures to implement RDI at commercial orchards. In 

this work a literature review on RDI techniques for cherry, apricot and peach (three 
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cycles) has been performed to summarize the protocols to apply RDI at the studied 

orchard.   

The stress-tolerant phases in peach have been identified as stage II, the lag phase of 

fruit growth (Chalmers et al., 1981), and postharvest (Johnson et al., 1992). Several 

authors have proposed different levels of deficit irrigation depending on soil 

characteristics (Girona et al., 2005) and different periods of deficit depending on peach 

cycles (Dichio et al., 2007; Gelly et al., 2004 and Goldhamer et al., 2002, for early, 

medium and late maturing peaches, respectively). Girona et al. (2003) reported that for 

peach orchards water deficit during postharvest should be carefully managed to avoid 

reduction in bloom and fruit loads during the subsequent growing season. The 

sustainability of RDI imposes limits to the magnitude of water stress. 

Antunez-Barria (2006) reported that sweet cherries showed tolerance to mild water 

stress. As a consequence, these authors saw potential to adopt deficit irrigation 

strategies to commercial production systems. However, research has been scarce on the 

deficit level that should be applied. For instance, Marsal et al. (2009) suggested 

reducing 50% of crop water requirements at postharvest. Papenfuss and Black (2010) 

applied different levels of deficit from pit hardening to harvest on tart cherries. The 

authors reported that the concentration of soluble solids and the chroma of intact fruit 

increased with the severity of the irrigation deficit and were inversely correlated with 

fruit water content.  

In apricot, in the absence of dwarfing rootstocks, several management practices aiming 

at controlling vegetative growth have been analyzed, with RDI resulting particularly 

successful (Arzadi et al., 2000). Torrecillas et al. (2000) studied the effect of deficit 

irrigation during different apricot phenological stages (stages I, II and postharvest). 

These authors stated that withholding irrigation during fruit growth periods (stages I 

and II) decreased the fruit growth rate. However, when irrigation was restored a 

compensatory fruit growth rate was observed. Marsal et al. (2004) recommended 

considering the time required for full recovery during Stage III (depending on soil 

characteristics and fruit load) when applying deficit irrigation during fruit growth 

periods. This consideration was targeted to ensure compensatory fruit growth. 

The success of RDI techniques strongly depends on the appropriate use of on-farm 

irrigation systems. In the last two decades, drip irrigation has become very popular in 

the orchards of the fruit productive areas. Irrigation evaluation procedures for drip 
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systems have evolved following technological developments. Merriam et al. (1973) 

developed one of the first field evaluation manuals for drip irrigation systems. The 

Irrigation Training and Research Centre (ITCR, San Luis Obispo, CA, USA) 

standardized procedures for drip irrigation system evaluation (Burt 2004), defining 

uniformity components for a complete irrigation system. 

Naor (2004) reported on the difficulty of translating scientific understanding of the 

factors affecting irrigation scheduling of deciduous trees to the day-to-day practice in 

commercial orchards. Farmers require answers to practical questions such as when to 

apply deficit irrigation and how much deficit to apply. Crop coefficients and RDI 

parameters depend on a number of variables (meteorology, irrigation system, variety, 

rootstock, planting density, training system, crop level and crop load) which show large 

variations among orchards.  

Despite the high interest in the scientific community for the RDI techniques, there are 

not many references in the literature reporting on the irrigation practices of commercial 

orchards, on how farmers are adopting advanced irrigation techniques and on which are 

the limitations to implement them. This research was supported by a case study stone 

fruit orchard with high management standards.  

II.2. Objectives 

The general objective of this Chapter is to establish the limitations imposed by 

irrigation performance on the adoption of RDI at the orchard level. The specific 

objectives are: 1) to assess irrigation performance at the different cropping zones of the 

study orchard, focusing on irrigation adequacy, irrigation uniformity and the quality of 

irrigation delivery; and 2) to evaluate the time evolution of crop stress at the different 

cropping zones resulting from the applied irrigation schedules.  

II.3. Materials and Methods 

II.3.1. Irrigation requirements 

Crop evapotranspiration for standard (ETcStd) and regulated deficit irrigation (ETcRDI) 

conditions was estimated for the different crops and peach cycles of the study orchard. 

In Chapter I, average ETo was determined for each cropping zone and for the period of 

2004-2009. The estimation of crop coefficients for the five cropping zones under 

standard irrigation practices did not result an easy task. Comparisons between published 
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studies resulted difficult due to the differences in climate, soil and orchard management 

conditions. In this work, the Kc values estimated by Martínez-Cob (2004), using the 

single Kc FAO-56 method (Allen et al., 1998), adapted to the local climatic conditions 

of the Ebro river basin, were used as a primary input. Following Martínez-Cob (2004), 

the four crop stages required for the application of the FAO 56 methodology were 

defined as: 1) initial stage, from bud swelling to start of flowering; 2) development 

stage, from flowering to pit hardening; 3) mid-season stage, from pit hardening to ten 

days after harvest; and 4) late-season stage, from ten days after harvest to leaf fall.  

In addition to the crop stages, fruit growth stages are commonly used to select the 

appropriate timing of RDI practices. The fruit growth stage delimitation used in this 

work was proposed by Naor (2006): 1) stage FI, from bloom to beginning of pit 

hardening; 2) stage FII, from beginning to end of pit hardening; 3) stage FIII, from pit 

hardening to fruit ripening (harvest); and 4) stage FIV, from harvest to leaf fall 

(postharvest). FIV was further divided into early and late postharvest phases (before and 

after September 1). A seasonal RDI schedule results from the overlapping of crop and 

fruit growth stages, and from the use of crop coefficients and deficit irrigation 

coefficients. 

Local observations of the duration of the phenological stages for 21 cultivars of cherry, 

6 cultivars of apricot, 12 cultivars of EMP, 11 cultivars of MMP and 7 cultivars of LMP 

was provided by the orchard irrigation manager for 2008 and 2009. Average durations 

were determined for the crops and crop cycles and for the two years of available data. 

Crop evapotranspiration for the RDI strategy was estimated by reducing water supply at 

the fruit development stages least sensible to water stress. For cherry, apricot and early 

maturing peach, the adopted RDI strategy reduced water application only at postharvest 

stage (FIV). For medium and late maturing peach, the adopted RDI strategy reduced 

water application at fruit growth stages FII and FIV (pit hardening and postharvest, 

respectively).  

Reductions in ETcStd for peach trees under the RDI strategy were determined following 

Girona (2002). This author proposed ranges of ETc reduction depending on soil water 

retention capacity and on fruit load. In this research, reductions were applied in each 

period corresponding to the central values in the ranges proposed by Girona (2002). For 

EMP, the RDI strategy reduced ETc to 40% of ETcStd at early postharvest and to 60% of 

ETcStd at late postharvest. For MMP, the proposed RDI strategy reduced ETc to 25% of 
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ETcStd at FII, to 15% of ETcStd at early FIV and to 60% of ETcStd at late FIV. For LMP, 

the proposed RDI strategy reduced the ETc to 25% of ETcStd at FII and FIV. RDI for 

cherry was established following Marsal et al. (2009): ETc was reduced to 50% of 

ETcStd at the postharvest stage. Finally, RDI for apricot was established following Ruiz-

Sánchez et al. (2000) and Perez-Pastor et al. (2009): ETc was reduced to 40% of ETcStd 

at FIV. 

Net irrigation requirements for standard and RDI strategies (NIRStd and NIRRDI, 

respectively) were determined by subtracting from daily ETc the daily effective 

precipitation, determined as 75% of daily precipitation following the Soil Conservation 

Service of the USA (Cuenca 1989). Gross irrigation requirements for both standard 

(GIRStd) and RDI (GIRRDI) strategies were determined assuming an application 

efficiency of 90%, characteristic of drip irrigation systems (Clemmens and Dedrick, 

1994). 

II.3.2. Scheduled and measured irrigation water application 

The daily irrigation scheduling planned for each valve was available at the study 

orchard from 2005 to 2009. Details about the layout of the drip irrigation system can be 

found in Chapter I. The irrigation manager produced the daily irrigation schedule based 

on: 1) the data published by the SIAR network of agrometeorological stations; 2) the 

gradual implementation of RDI to limit pruning and to improve fruit quality; 3) an 

inspection of the crop status; 4) the readings of some soil water sensors installed at the 

orchard; and 5) the fertigation requirements. According to the manager, fertilizer 

application occasionally required water in excess of crop water requirements, 

particularly at the beginning of the season. The daily time table of the irrigation 

schedule, Scheduled Irrigation Time (SIT, hours) and the nominal water flow of each 

valve were registered at the orchard manager’s computer. Weekly Scheduled Irrigation 

Depth (SID, mm) was obtained for each cropping zone in 2004, 2005 and 2006. Daily 

SID data was obtained for each valve in 2007, 2008 and 2009. 

Ten volumetric flow meters were installed at specific control points of the water 

delivery network, two per cropping zone, in 2008 and 2009. Each flow meter was 

installed at the upstream end of a drip irrigation hose. The flow meters were equipped 

with a pulse emitter (one pulse was emitted each 10 L of flow) and a data logger. These 

data permitted to estimate the temporal variability of irrigation discharge at each control 
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point. Two types of coefficients of variation were determined: intra-irrigation (VCIA) 

and inter-irrigations (VCIE). Measured irrigation times (MIT) were compared with those 

scheduled by the orchard manager (SIT). The estimated irrigation depth was also 

compared with the standard and RDI gross irrigation requirements.  

II.3.3. Irrigation system evaluation 

The irrigated area containing each of the ten control points was selected to perform an 

irrigation system evaluation. Evaluations were performed following the ITRC rapid 

procedure (Burt, 2004). This methodology was designed to identify problems due to 

pressure differences between emitters and other causes of non-uniformity (plugging, 

manufacturing variation, ageing and wear). Measurements must be taken across an 

entire irrigated area (defined as a subunit in the irrigation evaluation methodology). The 

methodology is summarized in the following four steps: 

1. The emitter discharge equation was determined for each subunit (Eq. II.1). The 

emitters installed at the orchard were turbulent (non pressure-compensating). As a 

consequence, they showed a strong pressure-discharge response. The individual flow 

rate (q) was measured at 16 contiguous emitters located at the upstream end of the hose, 

Measurements were performed at the operating pressure (p) and half of the operating 

pressure (Burt, 2004). The x exponent and the k parameter were determined by 

regression for the group of emitters: 

xpkq   [II.1] 

2. The low-quarter distribution uniformity due to variations in emitter pressure (DUlqΔP) 

was determined for each subunit (Eq. II.2). For this matter, pressure measurements were 

performed at four tree lines distributed along the subunit. At each of the two hoses 

irrigating the selected tree lines, pressure was measured at four locations.  

flows  estimated  all  of  Average

flows  estimatedquarter  -low  of  Average
DUlqΔq   [II.2] 

3. The low-quarter distribution uniformity due to other causes (DUlqOthers) was determined 

following Equation (II.3). Emitter flow rates were measured at three hoses within each 

subunit (Burt, 2004). DU was determined at each location (DUi), and DUlqOther was 

estimated as the average of the three locations using: 
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Where n is the number of emitters per tree. 

4. The global low-quarter distribution uniformity (DUlqGlobal) was determined following the 

statistical method proposed by Clemmens and Solomon (1997): 
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 [II.4]  

Where Ka is a factor that depends upon the type of data distribution. As suggested by Burt 

(2004), a typical value of 1.27 was used. 

II.3.4. Stem water potential  

Stem water potential (SWP) was measured at solar midday using a pressure chamber 

(Soilmoisture Equipment Corp., Santa Barbara, CA, USA). Samples were collected at the 

surroundings of the ten control points during the 2008 and 2009 irrigation seasons. 

Coverage of the 2008 season was partial, with measurements starting in July 10. The 

methodology proposed by Mc-Cutchan and Shackel (1992) was used. At each control point, 

six mature leaves located on the shaded side of the central part of the third and fourth trees 

along the line (three leaves per tree) were selected between 12:00 and 13:00 GMT for water 

potential measurements. SWP has been documented to provide early response to deficit 

irrigation (Ruiz-Sánchez et al., 2010). 

II.4. Results and Discussion 

II.4.1. Irrigation requirements and scheduled irrigation application 

The initial stage started in February 5 for all crops and peach cycles (Figure II.1). The 

largest difference among crops and crop cycles for the duration of the initial stage was 10 

days, observed between LMP and apricot (Table II.1). Large differences were observed for 

the duration of the development, mid-season and late-season stages, particularly between 

the extreme cases: LMP and Cherry (Table II.1).  
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Figure  II.1. Seasonal evolution of Kc for standard (continuous line) and RDI (dashed line) 

conditions, and for cherry(A), apricot (B), EMP(C), MMP (D) and LMP (E) fruit trees. 

Cherry presented the shortest development and mid-season stages, and the longest late-

season stage. The duration of FII was determined as 29 and 63 days for MMP and LMP, 

respectively. The standard deviation of the duration of these phases was 7 and 5 days, 

respectively (Table II.1). 
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Table  II.1. Length of the crop development stages for the different cropping zones. 

Standard deviations are presented corresponding to the different varieties and years of 

observation (2008 and 2009). 

Crop 

Initial   Development   Mid-season   Late-Season 

Average 

(d) 

SD        

(d)  

Average 

(d) 

SD        

(d)  

Average 

(d) 

SD        

(d)  

Average 

(d) 

SD        

(d) 

Cherry 30.0 2.5  40.0 6.2  25.0 7.7  139.0 6.1 

Apricot 22.2 4.8  56.8 3.4  36.7 9.3  125.8 10.8 

EMP 25.5 3.2  64.7 2.9  45.2 8.7  126.6 9.4 

MMP 29.2 2.1  67.1 5.0  75.6 13.2  90.1 17.7 

LMP 32.0 1.5  76.5 5.6  111.8 17.0  44.9 18.6 

Local Kc values were obtained for each cropping zone (Figure II.1). These data were 

further combined with the values of daily ETo corresponding to the different cropping zones 

(see Chapter I) to produce daily crop evapotranspiration under standard irrigation 

management (ETcStd). Figure II.1 also presents the reduction in Kc resulting from the 

application of the RDI strategy. 

Table II.2 presents annual precipitation, seasonal values of ETc, NIR and GIR under 

standard and RDI conditions, and seasonal SID for the period of study and for each 

cropping zone. The inter-seasonal variability of crop ETc, NIR and GIR was low (the 

respective average CVs amounted to 5, 9 and 12 %). The inter-year variability of 

precipitation was slightly higher (CV of 15%). The inter-seasonal variability of SID was 

moderate, with CVs of 19, 17, 15, 11 and 11 %, for cherry, apricot, EMP, MMP and LMP, 

respectively. A time trend could be observed in peach SID during the years of study, with a 

clear decrease in water application. Considering all cropping zones and years, the SID 

linearly decreased by 53 mm yr
-1

 (with R
2
 = 0.59), while the decrease rate in GIRStd only 

amounted to 14 mm yr
-1

. These results indicate a shift towards deficit irrigation. Deficit was 

applied to most crops and during almost all irrigation seasons. Figures II.2 and II.3 present 

the daily evolution of cumulative SID, GIDStd and GIRRDI. 
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Table  II.2. Annual precipitation, Crop evapotranspiration (ETc), Net Irrigation 

Requirements (NIR), Gross Irrigation Requirements (GIR) and Scheduled Irrigation Depths 

(SID, mm yr
-1

) for cropping zones and years of study (2004-2009). Results are presented 

for the standard and regulated deficit irrigation strategies (Std and RDI, respectively). 

Cropping 

zone 

Variables 

 (mm yr
-1

) 
2004 2005 2006 2007 2008 2009 Average SD 

 Precipitation  334 295 248 259 358 277 295 43 

C
h

er
ry

 

ETcStd 648 743 759 699 678 701 705 41 

ETcRDI 414 495 499 459 453 462 464 31 

NIRStd 513 613 668 546 526 582 575 59 

NIRRDI 279 372 419 312 305 352 340 51 

GIRStd 579 690 745 616 591 654 646 64 

GIRRDI 319 421 469 357 346 398 385 55 

SID - 682 785 - 523 554 636 121 

A
p

ri
co

t 

ETcStd 805 923 946 867 836 877 876 53 

ETcRDI 539 639 652 588 561 601 597 44 

NIRStd 669 789 841 707 675 750 738 68 

NIRRDI 402 513 567 438 410 487 470 64 

GIRStd 751 886 937 797 756 842 828 74 

GIRRDI 456 578 634 497 463 549 529 70 

SID - - - - 422 540 481 83 

E
M

P
 

ETcStd 759 862 885 816 790 827 823 46 

ETcRDI 531 622 632 574 553 590 583 39 

NIRStd 619 725 774 653 622 697 682 62 

NIRRDI 391 488 536 415 392 468 448 59 

GIRStd 696 816 867 736 697 783 766 69 

GIRRDI 444 552 600 471 442 527 506 64 

SID - - 702 621 604 487 604 89 

M
M

P
 

ETcStd 830 933 963 890 857 899 895 48 

ETcRDI 524 610 605 561 563 575 573 32 

NIRStd 692 796 852 727 689 768 754 64 

NIRRDI 386 478 506 403 403 452 438 48 

GIRStd 777 894 954 820 774 862 847 71 

GIRRDI 438 542 566 459 457 512 496 52 

SID - - 617 614 518 507 564 60 

L
M

P
 

ETcStd 856 949 983 918 883 914 917 45 

ETcRDI 611 686 717 666 660 662 667 35 

NIRStd 718 811 871 756 716 780 776 59 

NIRRDI 474 556 627 515 506 544 537 53 

GIRStd 806 911 975 852 804 876 871 66 

GIRRDI 535 627 702 584 572 612 605 57 

SID - - 612 549 484 493 535 59 
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For cherry, SID reproduced the pattern of GIRRDI until the late postharvest stage. At that 

point, SID intensified, resulting in a final application intermediate to GIRRDI and GIDStd 

(Figure 2.2). For apricot, a severe, sustained deficit irrigation strategy was observed in 2008 

and 2009. The SID line was always well below the GIRRDI line (Figure II.2). 

 

 

Figure  II.2. Seasonal evolution of scheduled irrigation depth (SID, mm) and gross 

irrigation requirements under standard (GIRStd) and regulated deficit irrigation (GIRRDI) 

conditions for cherry (upper part of the figure) and apricot (lower part of the figure) for 

2008 and 2009 irrigation seasons. 

The apricot RDI strategy used in this research for apricot only introduces deficit irrigation 

during postharvest. Other authors (Torrecillas et al., 2000; Perez-Pastor et al., 2009; and 

Perez-Sarmiento et al., 2010) proposed additional deficit irrigation during the FI and FII 

stages, as observed in the studied orchard. In the case of peach, in 2007 the evolution of 

SID and GIRStd was very similar in all cases until approximately the late postharvest stage 

(Figure II.3). At that point, SID was drastically reduced or even stopped. For EMP, the 

evolution of cumulative SID showed some deficit at postharvest in 2008, but lower than in 

the RDI strategy. In 2009 the evolution of SID indicated deficit irrigation since the first 

stages of fruit growth (FII). 
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Figure  II.3. Seasonal evolution of scheduled irrigation depth (SID, mm) and gross 

irrigation requirements under standard (GIRStd) and regulated deficit irrigation (GIRRDI) 

conditions for early maturing peach (EMP, upper part of the figure), medium maturing 

peach (MMP, centre of the figure) and late maturing peach (LMP, lower part of the figure) 

for 2007, 2008 and 2009 irrigation seasons. 

In this particular case, the proposed RDI strategy only applied deficit irrigation at 

postharvest, since stage FII is very short in EMP (Dejong et al., 1987). For MMP and LMP, 

during 2008 and 2009, the evolution of cumulative SID showed deficit irrigation at FII, 

which continued at FIII. Deficit irrigation intensified after harvest. The lack of parallelism 

between the SID and GIRRDI during FIII indicates that irrigation requirements were not 

correctly satisfied at this period even for RDI conditions. Water stress sensitivity during 

stage FIII is very high, leading to reduced fruit growth, volume and final fruit size (Marsal 

et al., 2004; López et al., 2008). 

The irrigation strategies suffered relevant changes between 2005 and 2009. The adequate 

stages for deficit irrigation have been described for the crop species and cycles present at 

the orchard (Chalmers et al., 1981; Johnson et al., 1992; Girona et al., 2005; Antunez-Barria, 
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2006; Torrecillas et al., 2000). However, the deficit levels are cultivar, soil and fruit load 

dependent (Girona et al., 2005). Parallelism between SID and GIRRDI resulted evident 

during some periods of the analyzed seasons and crops, but in specific periods irrigation 

was not in deficit. The manager scheduled irrigation to avoid deficit irrigation at the stages 

sensitive to water stress (FIII). In general, during the beginning of the irrigation season, SID 

exceeded gross irrigation requirements. This was particularly evident during the 2007 

season (Figure II.3), and can be due to an underestimation of early spring precipitation 

events or to large fertigation requirements.  

II.4.2. RDI and water conservation 

The manager’s irrigation schedule resulted in water conservation respect to the standard 

strategy, ranging between 34 mm yr
-1

 for cherry and 347 mm yr
-1

 for apricot. However, 

introducing the RDI strategy would result in large water conservation respect to the 

observed water use, ranging between 260 and 351 mm yr
-1

 for EMP and MMP, 

respectively. The manager’s irrigation schedule in 2009 used less water than the RDI 

strategy. However, the manager’s schedule can not be considered an RDI strategy. 

II.4.3. Scheduled and measured irrigation time 

A large variability could be observed in intraday scheduled irrigation time (SIT) for the 

different valves of a given cropping zone. For instance, in 2008, the seasonal averages of 

the daily SIT CV were 20, 26, 45, 30 and 40 % for cherry, apricot, EMP, MMP and LMP, 

respectively. This variability reflects the manager’s reaction to the identified sources of 

variability in crop water availability and requirements. Figure II.4 presents the location map 

of the control points used to measure irrigation time (MIT).  

In order to compare MIT and SIT for each crop, MIT was the average of the two 

measurement points, while SIT represented the average of the two irrigation valves. During 

the 2008 irrigation season, SIT was always higher than MIT. The largest differences 

(11.2%) were observed for MMP, and the lowest differences were observed for apricot 

(1.2%). In 2009, SIT was higher than MIT for cherry, apricot and medium maturing peach. 

However, large negative differences were observed for EMP and LMP (38.5% and 25.6%, 

respectively). These differences seem related to operational problems during the opening 

and closing of the valves or to irrigation programming errors. 
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Figure  II.4. Location map of the ten control points where flow measurement devices were 

installed, irrigation evaluation was performed and stem water potential was measured. 

Figure II.5 permits to appreciate differences in detail for different crops and time periods. 

Variability was much larger for MIT than for SIT in all analyzed crops and periods. These 

data confirm the difficulty of managing irrigation in this complex orchard.   
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Figure  II.5. Measured irrigation time (MIT) obtained with the flow meters at selected 

control points for daily periods. Comparison with the scheduled irrigation time (SIT). Data 

are supplied for: a) Apricot; b) Early maturing peach; c) Medium maturing peach; and d) 

Late maturing peach. 

II.4.4. Discharge at the irrigation hoses 

The average discharge measured at each control point depends on the length of the 

irrigation hose and on the operating pressure. In order to analyse these data, hose discharge 

was standardized by the hose length (Table II.3). Since emitters are spaced 1 m, the 

standardised discharge is coincident with the average emitter discharge. This value 

fluctuated between C10 and C3/C4 (2.6 - 5.1 L h
-1

 m
-1

). The variability of discharge during 

the irrigation events largely depended on the control point. On the average, the CV of 

discharge within the irrigation events was 12 %, while the CV of discharge between the 

different irrigation events was 10 %. Space and time variability in irrigation discharge 

constitutes a relevant source of variability in irrigation depth, seriously affecting irrigation 

performance. A detailed analysis of the water meter data revealed that the manager often 

adjusted the daily irrigation time of the different valves of the same cropping zone to 

correct the differences in discharge and its time variability. As reported in Table II.3, the 

average irrigation discharge at C8 was significantly larger than at C9. In response to this, 

the manager increased irrigation duration and frequency in C9 respect to C8 (data not 

presented).  
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Table  II.3. Stability of measured discharge in the control points. Coefficients of variation 

intra- and inter-irrigation (CVIA and CVIE, respectively) are presented. 

Cropping 

zone 

Control 

point 

Hose 

lengh  

(m) 

Discharge 

Average      

(L s
-1

) 

Average 

per unit 

length 

(L h
-1

 m
-1

) 

CVIA 

(%) 

CVIE 

(%) 

Cherry 
C4 80 0.114 5.1 7.8 7.9 

C5 100 0.096 3.5 8.9 10.5 

Apricot 
C1 81 0.085 3.8 7.9 15.8 

C10 75 0.054 2.6 21.0 4.0 

EMP 
C6 99 0.113 4.1 13.4 10.5 

C7 102 0.115 4.1 7.0 12.9 

MMP 
C8 95 0.124 4.7 6.6 5.5 

C9 120 0.105 3.2 15.0 17.4 

LMP 
C2 90 0.104 4.2 17.8 5.8 

C3 65 0.092 5.1 9.8 10.0 

The same pattern was observed at the two LMP cropping areas. On the other hand, the 

discharge differences between the two controlled apricot  cropping areas were not 

effectively corrected. Dichio et al. (2007) concluded that the success of an RDI strategy 

heavily relies on the adequate design and management of drip irrigation systems. Our 

results indicate that, despite the manager’s efforts, more physical control would be 

required at the irrigation network in order to effectively regulate deficit irrigation in the 

orchard. 

II.4.5. Irrigation system evaluation 

The manufacturing year of the emitters was 2001 for subunits C2 to C9, and 2004 for 

subunits C1 and C10. The average value of the x exponent was 0.46, reasonably close to 

the theoretical value of 0.50 (Table II.4). Very relevant differences were detected on the 

emitter operation pressure. Irrigated areas C1, C4 and C5 showed very low working 

pressure. 
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Table  II.4. Characteristics of the ten evaluated irrigated areas: cropping zone, code, 

number of emitters per tree, emitted discharge parameters (k and x), measured pressure at 

the emitter and estimated discharge at the emitter. 

 Differences in pressure in the same cropping zone were very relevant. Table II.5 

presents the results of the distribution uniformity analysis. Area C9 resulted in poor 

DUlq (0.73 for the tree and 0.72 for the emitter). Non-uniformity in this irrigated area 

was mostly due to differences in pressure (DU  = 0.73). Area C5 presented a 

moderate DUlq (0.85). The rest of irrigated areas showed high distribution uniformities, 

either referred to a single emitter or to all the emitters irrigating a tree. “Other” causes 

of non-uniformity, were not relevant at the experimental orchard (tree DU lqOther ranged 

between 0.96 and 0.99). These values seem to indicate that the system is showing 

adequate ageing. However, Hanson et al. (1996), and Burt (2004) indicated that there is 

not a clear correlation between the age of the system and the DU lqOther. 
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Table  II.5. Distribution uniformity (DUlq, %) for the then drip irrigation evaluations. 

Results are presented for the tree and for the individual emitter. The partition of DUlq 

separates the part due to differences in pressure from the part due to other causes. 

 

The values of DUlq determined at the study orchard resulted higher than other references in 

the literature. In fact, the average tree DUlq at the orchard (0.92) is higher than the average 

DUlq of 0.73 reported by Hanson et al. (1996), or the average DUlq of 0.75 reported by Burt 

(2004) at the Cachuma Resource Conservation District (1994). Our experimental results are 

also higher than the average DUlq of 0.86 reported by Burt (2004) for drip irrigation 

systems. The differences in uniformity between the emitter and the tree were in all cases 

very small. The large observed number of emitters per tree (5-9) was not required to attain 

adequate uniformity. 

II.4.6. Assessing crop water stress 

In general, stem water potential measurements at both control points of a given cropping 

zone showed similar patterns, with the exception of MMP in 2008, EMP in August 2008 

and apricot in June 2009 (Figure II.6). The periods of proposed deficit for each cropping 

zone in the RDI strategy are presented in the Figure II.6 by horizontal arrows. For peach 

trees, Marsal et al. (2004) and Marsal et al. (2005) reported that minimum values of around 

–1.5 MPa at the end of Stage II are associated with detrimental effects on fruit size at 

harvest. Similar results were presented by Dichio et al. (2007) in peach and by Marsal et al. 

(2010) in cherry. In this work, SWP = -1.5 MPa was used as a threshold limit of water 

stress (this threshold is represented in Fig. II.6 by a horizontal dashed line).  
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Figure  II.6. Midday stem water potential (SWP, average of six measurements). Two 

control points per cropping zone are presented for the 2008 and 2009 seasons. The RDI 

periods proposed in the RDI strategy were showed by the horizontal arrows. The SWP 

threshold limit indicative of water stress was marked by the horizontal dashed line. 

In cherry, crop water stress was important from early June to early July 2009, but no 

relevant stress was observed at the later postharvest period (August and September) of 

2009. In general, the results agree with those presented in Figure II.2. In apricot, crop water 

stress was observed in 2008 from mid July to mid August and in 2009 from mid June to 

mid July. SWP results for cherry and apricot showed some level of water stress during short 

periods of the recommended RDI periods. Although Figure II.3 announced more deficit for 

EMP in 2009 than in 2008, SWP measurements showed less stress in 2009 than in 2008. 

These results could be explained by the abovementioned discrepancies between SIT and 

MIT. For MMP in 2009 water stress occurred at stage FII of fruit growth, and stress was 

maintained at the limit threshold during a large part of the rapid fruit growth (stage FIII). 
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These results are compatible with the irrigation scheduling applied to MMP in 2008 and 

2009 (Figure II.3). For LMP, slight crop water stress was found in 2009 only at a short 

period of stage FII of fruit growth (again in agreement with the schedule presented in 

Figure II.3); no crop water stress was identified after this period.  

In general, the FII stage (fruit growth) was only partially exploited in MMP and LMP. Only 

at the end of this period water stress became evident in both cropping zones. Postharvest 

water stress appeared in cherry, apricot and EMP, particularly at the beginning of this 

phase. However, water stress was not present at the late postharvest period. Stress could be 

observed in water sensitive periods of EMP and during the whole cycle of MMP. Results 

show partial adoption of the RDI strategy in the experimental orchard.  

II.4.7. Limitations imposed by irrigation performance on the implementation of RDI 

The case study has shown evolution towards deficit irrigation between 2004 and 2009. 

However, the complexities derived from the spatial variability of environmental factors 

(soils and meteorology) and irrigation performance limited adoption of a formal RDI 

strategy. Addressing both factors requires adequate irrigation design and management. 

Chapter I evidenced that lack of consideration of environmental variability at the design 

phase derives in reactive water management. In the light of the results obtained at the case 

study orchard, the same can be said of irrigation performance. Design decisions, such as 

distributing varieties in the irrigated areas according to their phenology, using pressure 

compensating emitters, or installing pressure regulators and volumetric meters at the valves 

would have led to higher irrigation performance levels. The study case has illustrated that 

DU is a requirement for high irrigation performance, but it does not guarantee it. In fact, all 

evaluated irrigation areas are uniformly irrigated, but the variability in operating pressure 

(among the studied irrigated areas and in time) makes it complicated to adequately schedule 

irrigation for standard or RDI conditions. This variability limits the possibilities of 

improving irrigation performance via management alone. The assessment of crop water 

stress permitted to evidence progress in the implementation of deficit irrigation, but 

relevant differences could still be appreciated with formal RDI crop management.  

Our results have illustrated the difficulties in implementing RDI in commercial orchards, 

even if a full-time irrigation specialist and on-line agrometeorological information are 

available, as in the study case. An important effort on technology transfer of clear and 

practical methodologies leading to RDI implementation at commercial orchards will be 
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required in the near future. Alternatively, the development of specific RDI-oriented 

automated irrigation controllers may lead to the generalization of RDI strategies. 

Uncertainty in the estimation of local crop water requirements, soil water and irrigation 

application will make crop water status measurements necessary to elaborate or to verify 

automatic irrigation decisions.  

II.5. Conclusions 

An evolution of irrigation practices was observed at the study orchard during the studied 

years (2004-2009). In this period, the irrigation manager reduced water application by 

about 53 mm yr
-1

, while gross irrigation requirements decreased by 14 and 10 mm yr
-1

 for 

standard and deficit conditions, respectively. At the end of the study period, deficit 

irrigation was generalised in the orchard. However, the orchard irrigation practices did not 

correspond to an RDI strategy: crop water stress (stem water potential lower than -1.5 MPa) 

could be detected in MMP trees during fruit stages which have been reported to be highly 

sensitive to water stress, while some periods of recommended RDI were not water stressed. 

Full implementation of RDI at the study orchard would conserve additional water, lead to 

optimum yield quality and minimize pruning requirements. The scheduled irrigation times 

greatly differed from the measured irrigation times, owing to several problems in the 

irrigation network and even to programming errors. The spatial and temporal variability of 

irrigation discharge at the irrigation laterals was remarkable. The manager minimised the 

effect of environmental and irrigation variability by modifying the daily irrigation time for 

each irrigation valve. Stem water potential confirmed some of the trends announced by 

other analyses, and revealed additional traits. The regular use of a plant water stress 

indicator seems to be a requirement to succeed in commercial RDI operation. 

The case study has illustrate that complex environmental conditions, a large number of 

crops and cultivars, and moderate performance of the irrigation network can made it 

difficult to attain excellence in orchard water management. Improved control of the applied 

irrigation depths - as required to implement an RDI strategy - would require explicit 

characterization and exploitation of soil and climate variability and better-performing 

irrigation systems. Intense RDI technology transfer and/or specific automated irrigation 

controllers will be required to overcome the reported limitations, optimize economic benefit 

and effectively conserve water in stone fruit orchards. 
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CHAPTER III. DESIGN AND PERFORMANCE OF AN OPEN TOP 
CHAMBER SYSTEM TO ASSESS NET PHOTOSYSTESIS AND 
TRANSPIRATION AT WHOLE PLANT LEVEL IN PEACH TREES 

Abstract  

Numerous research efforts have focused on measuring plant gas exchanges at different levels and 

for different agronomic purposes. Two methods have been developed focusing on CO2 and H2O 

vapor fluxes: Eddy Covariance (EC) and enclosure systems (chambers). Two types of chambers are 

described in the literature: closed chambers (CC) and open top chambers (OTC). The objective of 

this study was to develop a portable OTC design for application in commercial orchards, resistant 

to strong wind conditions and capable of measuring both CO2 and H2O vapor exchanges. Two open 

top chamber prototypes were designed and tested during the 2010 and 2011 peach growing 

seasons. The chamber has an inlet point where air is forced inside the chamber and an outlet point 

where air is expulsed after exchanging gasses with a peach tree. The systematic, alternate analysis 

of CO2 and H2O vapor concentrations at the inlet and outlet points permitted to characterize 

processes such as plant photosynthetic activity, respiration and transpiration. The second OTC 

prototype used: a structure made of aluminum profiles; "Lumar NRS90 clear" plastic film for the 

enclosure; an infrared gas analyzer (IRGA) Licor 6400 for CO2 and H2O concentration analyses; a 

blower to create the air flux inside the chamber; an electronic pitot device to measure inlet air flow; 

an ad hoc electronic system to convey inlet and outlet air to the IRGA at specified times. The 

comparison of temperature and solar radiation inside and outside the chamber permitted to 

conclude that temperature inside the OTC was 10% higher than outside (maximum difference of 

6ºC) and that radiation inside the OTC was 20 % lower than outside. The OTC measured 

concentrations of CO2 and H2O vapor which adequately responded to the environmental inputs. The 

values of plant CO2 and H2O vapor exchanges resulted coherent with the PAR. There is margin for 

improving the entire system by further automating some parts of the OTC, such as data recording 

and analysis, and energy supply. Future research should also focus on minimizing the effect of the 

chamber on the internal PAR and temperature, for instance by further reducing the size of the 

structure, and by using more transparent plastic films. 

III.1. Introduction 

Over time scientists have made continuous efforts to refine the methods used to measure 

water exchange (evapotranspiration) and CO2 exchange (net photosynthesis) between 

the plants and the atmosphere. Various methods have been proposed in the literature for 

different measurement scales in terms of: 1) space and time considerations; 

2) measurement principles; and 3) research objectives (Roy et al., 2001). Relevant 
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differences can be observed between methods targeting the crop canopy and methods 

targeting plants or leaves. While the present research targets whole plants (peach trees), 

this introductory discussion will also be extended to canopies and leaves.  

Plant transpiration is the flux of water absorbed by the plant root system and transmitted 

to the atmosphere through plant leafs. Plant photosynthesis is directly related to plant 

transpiration, since the opening of stomata is regulated by the turgor of the guard cell 

(Taiz and Zeiger, 2003). Evaporation is the flux of water to the atmosphere without 

flowing through the plants, directly from the soil or water surface. The sum of water 

evaporated and transpired is defined as Evapotranspiration (expressed in units of L T
-1

) 

(Fig. III.1).   

 

Figure  III.1. Ecosystem water balance elements. 

At ecosystem scale total photosynthesis is inseparably associated to two additional terms: 

autotrophic and heterotrophic respiration. Autotrophic respiration (Rau) is the cost incurred 

by the plants to maintain all their necessary physiological and biochemical processes. 

Heterotrophic respiration (Rhe) is the utilization of organic compounds as source of carbon. 

The time integration of total photosynthesis minus Autotrophic and Heterotrophic 

respiration is equal to the global CO2 exchange, and has been defined as Net Ecosystem 

productivity (NEP). NEP can be assimilated to Net canopy Photosynthesis. In our days the 

most extended method for the measurement of net photosynthesis at canopy level is eddy-

correlation. This method has been proven adequate to estimate water vapor and CO2 

exchanges (Baldocchi, 2014). Forward, Total Photosynthesis (TACO2) minus autotrophic 

respiration (Rau) is equal to the Net Primary Production (NPP), which can be assimilated 

to Net Photosynthesis at plant scale (Roy et al., 2001) (Fig. III.2). All these terms can be 
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expressed in different units according to the adopted scale. At global scale the most 

commonly used units are tons of dry matter km
-1 

year
-1

, whereas at plant or leaf scale the 

most common units are μmol of CO2 m
-2

 s
-1

. 

 

Figure  III.2. Ecosystem carbon balance elements (adapted from Roy et al., 2001). 

At the present time, the methods commonly used to measure photosynthesis at plant and 

leaf scale are enclosure systems or chambers, which measure the photosynthetic rate using 

different designs and procedures.  

A variety of methodologies is available in these days to measure and to estimate 

evapotranspiration and net photosynthesis. 

III.1.1. Measuring and estimating evapotranspiration   

Several approaches have been traditionally used for this purpose. These can be based on 

water balance, energy balance, mass transfer balance, modeling, and enclosure systems.  

The water balance approach consists of “assessing the incoming and outgoing water flux 

into the crop root zone over some time period" (Allen et al., 1998). The following equation 

expresses the concept of water balance: 

ET = I + P - RO - DP + CR ±  SF [III.1] 

Where:  

 ET is crop evapotranspiration;  

 I is irrigation;  

 P is precipitation; 

 RO is surface runoff;  
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 DP is deep percolation;  

 CR is capillary rise; and  

 SF is subsurface flow.  

All terms above are expressed in units of depth of water per unit time (i.e., mm hr
-1

).  

Some of the variables in Equation [III.1], such as subsurface flow, deep percolation or 

capillary rise, are difficult to measure. This poses a limitation to the direct application of the 

water balance approach to the routine determination of evapotranspiration. Lysimeters can 

be used to address this problem, since they permit to establish a volume balance without 

individualizing all the variables above. A lysimeter is an isolated volume of soil containing 

crop plants, and commonly positioned on a weighing station. Water fluxes in and out of the 

system are either weighed or volumetrically measured, and evapotranspiration is 

determined using a simplified version of Eq. [III.1]. Lysimeters are considered accurate and 

robust, but work demanding (Schrader et al., 2014). As a consequence, they are commonly 

used to calibrate other easier-to-apply methods.  

The energy balance approach is based on the fact that energy is required for water to pass 

from liquid stage (in soils, plants or free water bodies) to gaseous stage (atmosphere). 

Physically, this energy is defined as “latent heat of water vaporization” which is equal to 

2.45 10
6
 J kg

-1
 at 20°C. (Tanner et al., 1960; Pruitt et al., 1966; Kizer et al., 1990). In 

agriculture and in the environment the required energy in supplied by solar radiation. 

Applying the law of energy conservation to the crop canopy system along a given time 

span, the energy entering the system must be the same as the energy leaving the system. 

The net solar energy reaching the earth surface is called Net Radiation (Rn). This energy 

suffers several transformations when approaching the crop canopy: one part is used to 

increase the energy of the atmospheric particles, termed sensible heat (H). Another part is 

the soil heat flux (G), which is the energy absorbed during the day time by soil and released 

during the night (Liebethal et al., 2005). The last part is the latent heat flux ( ET), which is 

the energy available for water evapotranspiration, and which can be calculated using 

Equation [III.2] (if the rest of the terms of the equation are known) (Dorenbos et al., 1977).  

Rn - G - ET - H = 0                                                                                             [III.2] 

Several micrometeorological measurement techniques of evapotranspiration take into 

consideration energy balance principles. The Bowen ratio and the surface renewal methods 

are directly based on energy balance, whereas the Eddy covariance method is based on both 

mass transfer and energy balance (Pruitt et al., 1966; Consoli, 2011).  

http://www.sciencedirect.com/science/article/pii/S0168192305001590
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The Bowen ratio - energy balance method estimates evapotranspiration through an indirect 

approach. This method assumes that eddy transfer coefficients for water vapor are 

proportional to those related to heat and momentum (Bowen, 1926). The dimensionless 

Bowen ratio β represents the ratio between sensible heat flux and latent heat flux 

(β = H/λET), which can be expressed by equation [III.3]: 

  
           

          
    

       

       
               [III.3]  

Where: 

 Cp is specific heat of humid air at constant pressure (J kg
-1

 K
-1

); 

 Kh is thermal diffusivity (m
2
 s

-1
); 

 L is latent heat of vaporization (J kg
-1

); 

 Ke is vapor diffusivity (m
2
 s

-1
); 

  is the psychometric constant (Pa K
−1

);  

 (T1-T2) is the difference in the air potential temperature for two specific height intervals 

(K); and 

 (e1-e2) is the difference in air water vapor content at two specific height intervals (Pa). 

Using the energy balance approach, it is possible to estimate LE with equation [III.4]:  

   
          

     
  [III.4]  

This ratio can be assimilated to the measurements of air temperature and relative humidity 

at two different heights (Malek, 1994). It is therefore possible to estimate ET trough the 

measurement of temperature and relative humidity at two different heights above the 

surface (Monteith et al., 2008). 

The eddy covariance method is based on mass transfer and energy balance, and on the 

measurement of gas exchange rates (emitted or absorbed), combined with measurements of 

sensible heat, latent heat and momentum (Consoli, 2011; Baldocchi, 2014). The method 

takes into consideration the vertical turbulent component of fluxes created by eddies. Data 

need to be recorded at high frequency (5 – 10 Hz), and at a certain level above the canopy, 

which is considered as a reference horizontal plane. Since there is an energy transport 

across this plane, there is a correlation between the vertical component of the wind and 

other scalar variables, such as temperature or concentration of CO2 and water vapor. 

Infra-Red Gas Analyzers (IRGAs) are commonly used to measure these concentrations 

(Consoli, 2011). 

https://it.wikipedia.org/wiki/Joule
https://it.wikipedia.org/wiki/Chilogrammo
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When applied to measure evapotranspiration, the eddy covariance method considers the 

covariance between the vertical wind speed component on one hand and temperature and 

water vapor on the other. This permits to estimate latent heat and the density of sensible 

fluxes.  

Consequently, the flux can be obtained from equation [III.5]: 

          [III.5] 

where: 

    is mean air density (kg m
-3

); and  

      is covariance between instantaneous deviations in vertical wind speed and mixing 

ratio (m s
-1

). 

Surface renewal is another energy balance method used to estimate crop evapotranspiration. 

Using an estimate of H (sensible heat), and measuring the values of Rn and G, it is possible 

to estimate  ET using equation [III.2]. The method is based on the fact that the air near the 

canopy surface is cyclically renewed by air coming from aloft. H is estimated from high 

frequency measurements of air temperature, characterizing fluctuations of air temperature 

at a given height (z) and their time frequency (Paw et al., 1995; Snyder et al., 1996; Spano 

et al., 1997; Spano et al., 2000). H is finally obtained from equation [III.6]: 

       
 

   
   [III.6] 

Where:  

   is a correction factor (dimensionless); 

   is air density (kg m
-3

); 

   is specific heat of the air (J kg
-1

 K
-1

); 

 a / (d + s) represents the relation between the temperature variations and time intervals 

where those variations occur, defined as the “ramp” (K s
-1

); and  

   is measurement height (m). 

The advantage of this method is related to the relatively low cost of the necessary 

equipment. However, this method needs to be calibrated using other methods, such as eddy 

covariance. 

Concerning the modeling approach to estimate evapotranspiration, meteorological data are 

used as input. The most used model now a days is the FAO release of the Penman-Monteith 

https://it.wikipedia.org/wiki/Joule
https://it.wikipedia.org/wiki/Chilogrammo
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method, described in equation [III.7] (Smith et al., 1991; Allen et al., 1994; Smith et al., 

1996). 

λET=
           

       

  

      
  

  
 

 [III.7]   

Where:  

 Rn is net radiation (W m
-2

); 

 G is soil heat flux (W m
−2

); 

 (es - ea) represents the vapor pressure deficit of the air (Pa); 

 a is the mean air density at constant pressure (kg m
−3

); 

 cp is the specific heat of the air (J kg
−1

 K
-1

); 

 Δ represents the slope of the saturation vapor pressure temperature relationship (PaK-1); 

  is the psychrometric constant (Pa K
-1

); 

 rs and ra are the (bulk) surface and aerodynamic resistances (s m
-1

). 

This method permits to estimate the evapotranspiration of a hypothetical crop (grass, 12 cm 

high, and properly irrigated). This evapotranspiration is commonly named Reference 

Evapotranspiration (ETo). The evapotranspiration of any crop can at a given growing stage 

be estimated by multiplying reference evapotranspiration by a crop coefficient (Kc). Crop 

coefficients are univocal for each crop and growth stage and may change according to the 

geographical area. This FAO methodology is widely used to estimate crop water 

requirements at farm level (Allen et al., 1998).   

Another commonly used technique to measure crop transpiration rate in whole plants is “sap 

flow” (Smith et al., 1996). This technique uses heat pulses resulting from a heat source. 

Transpiration is derived from how fast the heat pulse is transmitted along the plant stem or 

branch. Sap velocity estimates need several adjustments related to the trunk or branch section 

symmetry and also for upscaling such values to obtain plant transpiration. 

The last approach to evapotranspiration estimation, mainly oriented to the research 

community, is based on the use of enclosure systems. This method consists on covering a 

small area of a crop (a few square meters) with a transparent film. This transparent material 

should be completely impermeable with regards to water vapor and other crop gases of 

interest. In this technique, like in eddy covariance, water vapor flow is commonly assessed 

through an IRGA. While in eddy covariance open-path IRGAs are used, pipes are used to 

convey gases to the IRGA. This method is suitable to measure the transpiration and 

evaporation separately (Baker et al., 2014), if the field and soil surface are adequately treated.  
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Micrometeorological methods, enclosure systems and sap flow methods are basically used for 

research purposes. All methods above have advantages and disadvantages in terms of 

required accuracy of results, portability, amount of data, and work requirements. The choice 

of method is based on the purpose, scale, type of crop (geometry, cycle, water requirements), 

and available budget (Hunt, 2003).  

III.1.2. Measuring net photosynthesis and evapotranspiration with chambers 

When targeting the measure of net photosynthesis, leaf level methods have often been used 

(Jarvis, 1995). The results obtained with leaf methods have often been found difficult to 

integrate at the canopy level. This is due to the variability in leaf position within the canopy, 

which induces relevant differences in light saturation levels and in chlorophyll concentration 

(Corelli-Grapparelli, 1993; Le Roux, 2001). This is particularly true in the case of trees, 

whose complex architecture poses additional complications for scaling up from the leaf to the 

plant level (Jarvis, 1995; Burkart et al., 2007)  

In order to overcome these extrapolation problems, specific methods have been proposed for 

the measurement of gas exchanges at the canopy and at the entire plant levels (Giuliani, 

2002). These methods are based on different types of chambers, covering a portion of the 

plant canopy or just one plant. The time evolution of gas concentration is analyzed, leading to 

measurements of gas exchange indices. Chambers have several advantages and disadvantages 

for gas exchange measurement, when compared to methods like eddy covariance. The main 

advantage of chambers is that the measurement area is precisely known. In fact, chambers 

have been quoted as the most reliable system to estimate gas exchange at plant level and in 

small plots (Steduto et al., 2002; Langensiepen et al., 2012). Among the disadvantages of 

chambers, these can modify the physical parameters inside the measured volume, thus 

affecting microclimatic conditions and variables. Additionally, the plastic materials used to 

cover the chamber could interfere with solar radiation, thus modifying the Photosynthetic 

Active Radiation (PAR) reaching the plant leaves, and increasing diffuse radiation inside the 

chamber. New plastic materials have been reported that strongly reduce the effects above, 

making the microclimatic conditions inside the chamber closer to the external environment. 

These new plastic materials include Maylar, plexiglas, policarbonate or Liumar, among 

others. As a final potential disadvantage, air temperature and vapor pressure deficit (VPD) 

can be significantly modified by the presence of the chamber itself.  

Two types of chambers have been described in the literature: Closed Chambers (CC) and 

Open Top Chambers (OTC). These two chamber types use different approaches to estimate 
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plant gas exchange, resulting in specific advantages and disadvantages. The choice of 

chamber type is related to the objective of the research, the type of crop and the time span for 

data recording. 

Both systems have in common the enclosure cuvette, but have a different principle of 

operation. The CC type (Closed Chamber or transient-type closed-system canopy chamber) is 

based on opening and closing the chamber containing the crop, at appointed times, and 

recording the evolution of CO2 and H2O vapor during the closed time (Fig III.3). This permits 

to calculate the individual net fluxes of both gasses. Several authors have proposed different 

measurement time intervals. However, the key scientific achievement is to record data at the 

maximum possible frequency (Wagner and Reicosky, 1992). The time required for the 

measurement has relevant effects on the measurement quality, because during chamber 

closure temperature raises inside the chamber and CO2 assimilation decreases due to 

continuous decrease in the concentration of this gas inside the chamber. Consequently, 

researchers have developed systems aiming at reducing the time required for measurement, 

and at increasing the data recording frequency (Steduto et al., 2002). Pérez-Priego et al. 

(2010, 2014) implemented such a system on olive trees. However, the CC system is mostly 

used on field crops, for which automatic systems have been developed aiming at reducing the 

need for human intervention (Steduto et al., 2002).    

 

Figure  III.3. Scheme of a transient-type closed-system canopy chamber. 

Regarding OTCs (open-system canopy chambers), these are basically composed by a 

cuvette containing the plant/s, and two openings, for air inlet and outlet, respectively. The 

inlet air is supplied by a blower connected to the chamber by a pipe (Fig III.4). Inlet air 

should have a stable concentration of H2O vapor and CO2. It is therefore necessary to 

withdraw this air at a certain distance above the canopy. This will avoid canopy influence 

regarding the concentration of these gases. A difference in CO2 and H2O vapor 
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concentration is established between the air inlet and outlet. This difference in 

concentrations permits to estimate photosynthesis and evapotranspiration at whole canopy 

level. In this kind of systems it is strictly necessary to measure air flow into the chamber. 

This is commonly done by using a Pitot tube. Just like in the case of CCs, IRGAs are used 

to measure the concentration of the concerned gassed at the inlet and outlet points. Figure 

III.4 presents a scheme of an OTC system. 

 

Figure  III.4. Scheme of a transient-type open-system canopy chamber. 

OTC systems have been used for both field crops and tree crops. The literature contains 

applications of this system to tree crops like apple (Corelli-Grappadelli and Manganini, 

1993; Fancesconi et al., 1997; Wünsche et al., 1997), grape (Poni et al., 1997; Pérez 

Peña et al., 2004; Alterio et al., 2007; Poni el al., 2014) and peach (Giuliani et al., 1998; 

Losciale et al., 2010). These applications were not intended for commercial orchards or 

full sized trees, and were not designed to withstand long-term outdoor conditions. 

OTCs show more flexibility than CCs for analyzing gas exchange in trees, higher 

frequency of data collection and more possibilities to adjust internal environmental 

conditions through air flux regulation (Millán-Almaraz et al., 2009; Hunt, 2003). In the 

case of field crops, as previously discussed, CCs have been successfully automated to 

facilitate data collection (Steduto et al., 2002). In the case of trees, CCs require 

considerable efforts to assemble and gather data, particularly during the night time.  

Another key aspect related to the selection of the chamber type is the carboxilation rate 

of the crop to be investigated (peach trees in this case). Carboxilation is a chemical 

reaction where CO2 is fixed to its acceptor, Ribulose-1.5-bisphosphate (RuBP), using 
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Ribulose-1.5-bisphosphate carboxylase/oxygenase as catalizator. The carboxylation rate 

depends on different factors such as enzymatic activity, temperature, concentration of 

the CO2 acceptor molecule, and the concentration of CO2 in the air. In C3 species, the 

CO2 and O2 acceptor is the Ribulose-1.5-bisphosphate (RuBP), which is the most 

diffuse protein of the world (Cooper, 2000). The O2 and CO2 air concentrations are 21% 

and 0.04%, respectively. This large difference gives O2 more chances to be absorbed by 

RuBP than by CO2. In the case of C4 plants species, the CO2 present in the leaf 

mesophyll cell is fixed by phosphoenolpyruvate (PEP), which only accepts CO2 

molecules. This characteristic makes C4 species more suitable than C3 species to absorb 

CO2 at low concentrations. This is particularly true in well-watered conditions (Ward et 

al., 1999). During data collection, CC chambers suffer a reduction of CO2 and an 

increase of O2. The short-time modification of gas concentrations in CC systems 

comparatively reduces the activity of RudP towards CO2. These aspects make these 

chambers more appropriate to evaluate gas exchange in C4 plants, which are much less 

sensitive to changes in O2/CO2 concentrations due to photosynthesis during the 

measurement process.  

Taking into consideration all the aspects above, OTC systems seem more appropriate 

for C3 plants, such as peach trees (Prunus persica), since the system ensures a 

continuous supply of CO2 through the built-in fan. The possibility for continuous 

(day/night) data collection during several days is greatly facilitated by OTC systems, 

due to the absence of moving chamber parts.  

Most of the previous research efforts of OTCs have used plastic films without rigid  

structural support, the so called "balloons". These cannot be used for long, unattended 

periods in windy areas. Additionally, balloons adapt well to plants grown in pots or at 

their early stages of development. Previous research on OTCs with structural support 

also focused on plants with relatively small size. Large OTCs designed for full sized 

fruit trees in commercial orchards, and for unattended use during periods of days have 

not been reported in the literature. 
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III.2. Objectives 

The objectives of this research include: 

1. To design an OTC for commercial orchards in the typical conditions of the central 

Ebro Valley of Spain; 

2. To build prototypes leading to a functional design, including the construction 

materials, the air flow system, the gas detection system and the electronic equipment. 

A chamber design is sought that can be adapted to adult trees in commercial orchards 

and which can be used in field conditions (for instance under strong winds).  

To verify the feasibility of the prototype for measuring gas exchanges (water vapor and 

CO2) in a peach tree. 

III.3. Materials and Methods 

III.3.1. The experimental farm 

The case study for this research was the “La Herradura” stone fruit orchard (225 ha), 

located in Caspe (Ebro valley, Zaragoza, north eastern Spain) (Fig. III.5). This orchard 

was selected as representative of high management standards, and can be illustrative of 

modern fruit orchards in an international context. The orchard is located next to a 

meander of the Ebro river, partially flooded by the Mequinenza dam. Orchard 

topography is quite rough, with elevations ranging from 120 to 200 m above mean sea 

level (Fig. III.5). The crops at the orchard included cherry, apricot and peach. Peach 

trees were divided in three cycles by the orchard managers: early maturing peach 

(EMP), medium maturing peach (MMP) and late maturing peach (LMP). The chamber 

was assembled and tested on an LMP field area.   

The system reported in this chapter was designed to measure gas exchange at plant 

level. This information will be used to evaluate Water Use Efficiency (WUE) and 

photosynthetic activity in different periods of a peach plant. The implemented system is 

composed by several parts: Chamber, infrared gas analyzer (IRGA), electronic device, 

data logger, Fan, pipes, thermocouples, net radiometer, and power generator. The entire 

system is schematized and described as follows.  
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Figure  III.5. a) Location of the experimental orchard in Spain and in the Ebro river basin; 

and b) Contour map of soil surface elevation (amsl, m) in the orchard. 

III.3.2. First OTC prototype 

The chamber was mounted on a representative tree of the LMP field. The first chamber 

prototype (Fig III.6 and III.7) was designed and implemented in 2010. An ad hoc iron 

structure was designed and built at the Aula Dei (CSIC) workshop in Zaragoza, Spain. The 

chamber dimensions where adapted to the size of the representative tree (2.5 m high and 

covering a circular area 4 m in diameter. This design had a dome shape in order to allow 

maximum perpendicularity of the solar radiation. The top of the chamber and the basement 

were hexagonal. Even though this shape was theoretically optimum from the point of view 

of radiation, it presented several problems concerning the plastic film fastening, and its 

stretching on the structure. Moreover, the structure had to be mounted on the field several 

times per season, excluding the dome part on the top of the structure since it presented 

problems concerning the stretching of the plastic film. At the end of the data collecting 

season, the used plastic film showed problems concerning PAR transmissibility due to 

increasing surface roughness. This was the result of the repeated installation and removal of 

the structure from the field. These operations were complicated by the strong winds 

characterizing the experimental farm. On one occasion strong winds ripped off all the 

plastic film in the chamber.  

Ebro

River

Ebro

River

Ebro

River

Ebro

River

a)b)



Chapter III. Design and performance of an open top chamber system to assess net photosynthesis and transpiration at whole plant level in peach trees 

 

78 

These problems led to the design of a second chamber prototype. The new design had a 

similar shape, but included new technical characteristics facilitating field operations and 

promoting data reliability. 

 

  

Figure  III.6. First prototype chamber 

 iron structure detail (2010). 

Figure  III.7. Mounting the first prototype 

chamber on the field (2010) 

III.3.3. Second OTC prototype 

The new chamber design was developed and tested in 2011 (fig III.8 and 9). The structure 

was built using aluminum profiles. This permitted to obtain the required chamber shape 

with high stability. The use of aluminum greatly facilitated the assembling/disassembling 

process. The new structure was also designed for resilience against the strong winds 

characterizing the area. In order to avoid the development of film roughness due to 

bending, twelve wooden frames were manufactured, over which the polyester film was 

stretched. The borders of these wooden frames were covered with rubber tape. The 

thickness of the rubber covered frames was designed to fit into the aluminum structure. 

This made the chamber airproof while maintaining the easy mounting properties. The 

chamber prototype had a regular hexagonal base with a side 2.0 m and a height of 2.5 m. 

The total volume inside the chamber was 26.5 m
3.
 This volume was judged adequate in 

relation to the following experimental conditions:  

 Plant photosynthetic activity (μmol m
-2 

s
-1

);  

 Blower flow (m
3
h

-1
); and  

 Temperature (C
o
) difference (inside / outside the chamber).  

These are important issues, since the blower flow must be sufficient to replace the entire air 

volume of the chamber before internal temperature rises, distorting the experimental 
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conditions. On the other hand, the plant photosynthetic activity and the evapotranspiration 

processes should be sufficiently strong to detect the differences in CO2 and H2O 

concentrations between the inlet and the outlet air. If the chamber volume was too large, a 

larger blower flow would be required to reduce the temperature difference between inside 

an outside the chamber. This would also reduce the difference in gas concentrations. These 

design principles led to the development of the first and second chamber prototype, and 

guided the final adjustments. 

 

  
Figure  III.8. Final version of the chamber 

prototype (2011). 

Figure  III.9. Final version of the chamber 

prototype (2011). 

The plastic film covering the chamber was Llumar “NRS90 clear”. This polyester film, 

with a thickness of 75 micron, has very good characteristics concerning PAR 

transmissivity: 90% during a clear sky day (Pérez-Priego et al., 2010). After the 2011 field 

campaign, the plastic film characteristics were analyzed to re-evaluate its PAR 

transmissivity, which had been reduced by 5%, passing from 90 % to 85 % (fig III.10). This 

analysis was performed using a spectrophotometer. 

 

Figure  III.10. Spectrophotometer results analysis of Llumar plastic film “NRS90 clear”. 
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In OTC designs the pressure created inside the chamber by the blower decreases the 

diffusion of the CO2 originated in the soil (Pumpanen et al., 2004). In this experiment, the 

soil inside the chamber was covered with PVC plastic film. This provided an additional 

security that gas exchange from the soil was prevented, and that the measurements 

correspond to the aerial part of the plant. Consequently, the experiments measured plant gas 

exchanges, and led to the calculation of plant WUE at plant level. Regarding water 

exchanges, the OTC prototype evaluated transpiration, not evapotranspiration. 

Progression from the first to the second chamber prototype permitted to solve several 

problems concerning chamber mounting and air leakages. The aluminum profiles used in 

the second prototype had the angles required to create an hexagonal shape and had a 

tailored longitudinal furrow which permitted to fit the wooden frames where the transparent 

film was stretched. In fact, even the second chamber prototype was affected by air leakages, 

which could only be solved by covering the wood frame borders with rubber tape. The 

structure was designed to be scientifically sound, but at same time to be as portable and 

easy-to-assemble as possible. This permits to use the chamber prototype in remote 

experimental fields, not just in the conditions of a research center. To maximize portability, 

every face of the hexagon was horizontally divided in two parts using an aluminum profile 

(Fig. III.7). This permitted to reduce the size of the wooden frames.  

III.3.4. Power generator 

A portable gasoline generator was used to power the chamber blower. The generator had a 

power of 2.5 Kw. It was located in the experimental field at a distance of 30 m from the 

chamber. This prevented air CO2 variations due to the exhaust gases. The electronic devices 

ensuring data sensing, analysis and storage were powered with batteries recharged by solar 

panels.  

III.3.5. Air circulation system 

One of the assumptions of OTC systems is that the air volume inside the chamber is 

perfectly mixed. This issue is a real challenge, since poor air mixing could result in large 

variability in the values of CO2 and H2O concentrations inside the chamber. Variability in 

time and space could invalidate the collected data. In order to solve this problem without 

resourcing to additional fans or air diffusers, the inlet pipe connecting the blower to the 

chamber was carefully positioned. Considering that the chamber has an hexagonal base, the 

pipe was placed near to and parallel to one of the sides of the chamber basement. 
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(Fig. III.11). In this configuration the inlet air created a vortex that effectively mixed the air 

volume inside the chamber. The test regarding air mixing inside the chamber was based on 

CO2 concentration variability at the outlet point, which was on the average less than 2 ppm.   

 

  

Figure  III.11. Schemes representing air mixing inside the chamber. 

III.3.6. Sensors 

Two thermocouples (chromel-constantan) were used to measure the temperature 

difference between inside and outside the chamber. Both of them were located in a 

shady spot. This aspect is important to avoid major differences in temperature 

controlled by variations in the blower flow rate. Moreover, two radiometers (Kipp & 

Zonen, CNR1 and CNR4), were installed to measure the differences in radiation 

between inside and outside the chamber structure.   

III.3.7. Gas analyzer 

A LICOR 6400 IRGA was used to track gas concentrations (CO2 and H2O vapor). This 

is a portable gas analyzer commonly used to measure gas concentration at leaf or 

canopy level. This device can be used to measure additional parameters like temperature 

and radiation. This IRGA can also be applied to the measurement of CO2 concentration 

at leaf level. In this case, the LICOR 6400 was only used as an IRGA. Additional 

parameters, such as temperature and radiation, were separately recorded using a data 

logger. For this reason, it was very important to set the IRGA and the additional data 

logger in perfect synchronization at the starting time of each recorded period. 
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III.3.8. Electronic control and data logging system 

A system for gas flow analysis, tailored to the specific needs of the experimental chamber, 

was built. The system was composed by the following elements:  

 A Campbell data logger CR800;  

 An air micro pump with double input and double output;  

 Four electrovalves; and 

 An electronic device composed by four power relays controlling the operation of the 

four electro valves and four flux meters (fig III.12).   

 

 

Figure  III.12. Components of the electronic control device. 

The system was designed to control two OPCs at the same time. However, only one 

chamber was used in this research. The operating scheme of the system is presented in 

Figure III.13. The Micro pump has two inlets (IN1 and IN2) and two outlets (OUT1 and 

OUT2). Each inlet and outlet works independently from the other. Consequently, the air 

entering through IN1 exits through OUT1. The same applies to IN2 and OUT2. A double 

pump was used because the distance between the air sampling point and the electronic 

device was about 8 m. Inlets IN1 and IN2 have the task of introducing sample air into the 

measuring system. Pump IN1 is connected through a pipe to two electrovalves (EL1 and 

EL2), which are in turn connected to the chamber outlet and inlet. The air flow analyzed by 

the IRGA should be around 2 cm
3
/s. In order to ensure that air flow is close to this target, a 

flow meter was installed downstream from each electrovalve. The air going through the 

flow meters converges in a collector that is in turn connected to IN2 of the micro pump. 



Chapter III. Design and performance of an open top chamber system to assess net photosynthesis and transpiration at whole plant level in peach trees 

 

 83 

The last step of the process is performed by OUT2, which transports the air sample to the 

IRGA.  

 

 

Figure  III.13. Scheme of the electronic device used to measure and 

log gas concentrations and its interface with the IRGA. 

The data logger is connected to a hand-made electronic board with two relays. These are 

connected to the electrovalves (EL1 and EL2). Their function is to implement a 

measurement schedule predefined in the program run at the data logger. In this experiment 

the data logger was programmed to analyze CO2 and H2O vapor concentrations for 5 min 

every 15 min. During these 5 min, the system alternatively records gas concentration inside 

and outside the chamber (2.5 min each).   

III.3.9. Measuring Air flow into the chamber 

A centrifugal blower manufactured by CENTRIBOX (CVB / CVT Series) was used to 

channel air from the atmosphere into the chamber (Fig. III.14). The characteristic curves of 

the blower are presented in Fig. III.15: 
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Figure  III.14. Chamber air inlet and blower. Figure  III.15. Blower characteristic curves.  

The choice of the blower took into consideration the necessary flow rate and the static 

pressure. The flow rate should be sufficient to replace the air into the chamber at a rate of 

1.5 times/min. As previously discussed, this will prevent day time temperature increments 

that may affect tree physiology. On the other hand, the static pressure is relevant because 

the air pushed in the chamber is evacuated by a pipe with the entrance located in the center 

of the chamber top, 2 m above the canopy and at a total elevation of 5 m (Fig. III.14). 

Moreover, at the inlet point the air should have turbulent regime in order to accurately 

measure flow rate by the pitot (Fig III.16). Maintaining an adequate flow rate is a challenge 

of the whole chamber design. An inadequate flow could affect the plant behavior and the 

accuracy of gas exchange measurements. Cooperation with Dr. Ignacio García, 

Departamento de ciencia y tecnologia de materiales y fluidos, Unviersidad de Zaragoza, 

permitted to solve this challenge using a Pitot tube anemometer and an electronic 

differential pressure transducer (Fig III.17). Air flow into the chamber was continuously 

measured and stored in the data logger, with a frequency of 5 s.  

. 

  

Figure  III.16. Pitot tube anemometer. Figure  III.17. Electronic differential 

pressure transducer. 
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The Pitot tube was perpendicularly inserted into the polyethylene pipe, between the 

chamber and the blower. It was located at a depth of 1/3 of the pipe diameter, since this is 

the most representative position in order to integrate the entire air volume crossing the pipe 

section.  

The electric impulse in the differential pressure transducer is proportional to the difference 

between Ptot (total pressure) and Pstat (static pressure) that by definition is the dynamic 

pressure Pdin. Through Pdin it is possible to determine air velocity ( ) using equation [III.8]. 

Knowing the pipe diameter (D), the air flow rate Q (m
3
/s) can be readily determined using 

equation [III.9]. 

   
             

 
   [III.8] 

Where   is the air density (temperature dependent), attaining a value of 1.205 Kg m
-3 

at 

25°C.  

     
 

 
 
 

  [III.9] 

Since the objective these calculations is to finally estimate the gas (CO2 or H2O, expressed 

in mols s
-1

) entering the chamber, the flow expressed in m
3
 s

-1
 needs to be converted into 

flow expressed in terms of mol s
-1

. This can be performed by applying the general gas 

equation for a certain time span [III.10]:  

  
   

   
  [III.10] 

Where:  

 P is atmospheric pressure (atm); 

 V is volume of air entering the chamber (L);  

 R is the gas constant (0.082057 L atm K
 −1

 mol
−1

); and  

 T is temperature (K).  

The electronic transducer produced an electric current (v) proportional to the air flow rate 

flowing along the Pitot pipe. In this research the chamber air inflow pipe had a diameter of 

300 mm. Fig. III.18 presents the relationship between the electric signal and the flow rate 

(m
3 

s
-1

). The typical electric pulse produced by the Pitot is presented in Fig. III.19. The 

recorded values were about 1200 mv, corresponding to an air flow rate of about 301 l s
-1

. 
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Figure  III.18. Relationship between electric current and air flow rate in the 

experimental conditions. 

 
Figure  III.19. Time evolution of electric current as registered in the data 

logger in the period of October 7 to 9, 2011. 

In order to facilitate transportation and accelerate chamber mounting, only one rigid pipe 

was used to convey air inside the chamber; corrugated pipe was used to build the rest of the 

conducts. The rigid tube was mandatory because the pitot probe needs a regular and smooth 

pipe section.  

III.3.10. Monitoring CO2 and H2O concentrations 

As previously discussed, gas concentrations were recorded every 5 s during 5 min every 

15 min. Typical concentration results can be observed in Figs. III.20 and III.21. Data 

gathering alternates between inside and outside measurements. The figures indicate that 

there are also transition data, which were not included into the calculations. The appearance 

of transition data stems from the use of only one IRGA to analyze the air coming from one 

pipe which is common with the pipes that transport air from inside and outside the 
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chamber. Consequently, in every cycle there are about 15 s of data where the air sample is a 

result of mixing inlet and outlet. These data were identified and excluded from the data set.  

 

Figure  III.20. CO2 - H2O data recorded 

cycles. 
Figure  III.21. Detail of CO2 - H2O data 

recording. 

For each cycle, concentrations for each gas and for inlet and outlet were averaged. These 

average values were used to determine the difference between inside and outside gas 

concentrations. Estimates of whole plant exchanged CO2 and transpiration were obtained 

from equations [III.11] and [III.12], respectively:  

        
                    

           
 [III.11] 

 

         
                     

            
 [III.12] 

Where:  

         is the average CO2 exchanged in a 2.5 min time period, which corresponds to 

the photosynthetic rate of the plant (μmol m
-2 

s
-1

);  

   is the air flow rate produced by the blower (mol 
 
s

-1
); 

                    is the difference between inside and outside CO2 concentration 

(μmol mol
-1

); 

 LA is the leaf area of the plant (m
2
); 

 Chamb represents the chamber basement area (m
2
);  

          corresponds to the plant transpiration (mmol m
-2 

s
-1

); and 

                    is the difference between outside and inside H2O concentration 

(mmol mol
-1

 ).  

Due to the different concentration of CO2 and H2O in the air, CO2 is expressed in μmol 

whereas H2O vapor is expressed in mmol. Unit conversions are required. 
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III.4. Results and Discussion 

The first chamber prototype was used during 2010, while the second prototype was 

used in 2011. The results presented in this chapter only concern data gathered in 2011, 

since the developments produced during 2010 were mostly focused on the production 

of a reliable chamber prototype. The presented data cover the periods of 1-4 August, 

21-23 September and 6-9 October. In every experimental period the blower flow rate 

was regulated to obtain a value of temperature difference (Tin-Tout) lower than 5 C°. 

 In every experimental day, the temperature difference was maximum during the day 

time, as driven by solar radiation. In order to illustrate the range in experimental 

conditions throughout the 2011 season. Figure III.22 presents the temperature and 

radiation registered during five days of August, compared to the same variables but 

for four days of October. Considering all experimental data, the average temperature 

difference during the day time was 2.4 °C, whereas the maximum temperature 

difference was 6 °C. These values can be considered acceptable since peach 

photosynthesis activity is not considerably influenced when the temperature ranges 

between 20 ºC and 32 ºC (Girona et al., 1993). 

  

  
Figure  III.22. Comparision between temperature (a and b) and solar raditation (c and 

d) inside and outside the chamber in the experimental periods of August (a and c) and 

October (b and d) 2011. 

a c 

b d 
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The coefficient of determination (R
2
) between internal and external diurnal temperature was 

0.924, while the average temperature increment inside the chamber represented 8% of the 

outside temperature (Fig. III.23). 

 
Figure  III.23. Regression analysis between day time temperature 

inside and outside the chamber. 

 

The effect of the plastic film on solar radiation inside the chamber was clear. 

Aggregating all daytime (form 6 h to 18 h) solar radiation data collected between 

August and October, the difference was quantified using regression analysis 

(Fig. III.24). The R
2
 coefficient was 0.983; external solar radiation was 1.2 times higher 

than the internal solar radiation. This difference is in line with the film plastic 

spectrophotometric analysis (Fig III.10). 

 
Figure  III.24. Regression analysis between day time solar 

radiation inside and outside the chamber. 
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The photosynthetic active radiation (PAR) was estimated as 47% of the solar radiation 

(Blackburn et al., 1983). Figure III.25 shows the difference between internal global 

radiation and PAR intercepted by the canopy. 

 
Figure  III.25. Comparison between internal global radiation and PAR 

(August, September and October 2011) 

The transformation of PAR (W m
-2

) to Photosynthetic Photon Flux Density (PPFD), (expressed 

in μmol m
-2 

s
-1

) was performed using a conversion factor of 1 Wm
-2

 ≈ 4.6 μmol m
-2 

s
-1
. The 

literature attributes to this conversion factor a range of 4.4 to 4.8, depending on more or less 

cloudiness, respectively (Blackburn et al., 1984). In the following graphics, the PAR will 

therefore be expressed in μmol m
-2 

s
-1. 

A comparison was performed between PAR inside the 

chamber and the gas concentration differences (ΔCO2 and ΔH2O). Figures III.26 and III.27 

show how ΔCO2 and ΔH2O follow opposite trends in relation to PAR. During the day time, 

inside chamber CO2 concentration decreases, while H2O vapor increases.  

 

Figure  III.26. Comparison between 

CO2 and PAR (Oct 8). 

Figure  III.27. Comparison between 

H2O and PAR (Oct 8). 
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During the night time differences in concentration for both gasses approach zero, 

following the PAR reduction. Using the available data recorded during the day time 

(from 6:00 am to 6:00 pm), correlation analyses were performed between PAR inside 

the chamber and differences in gas concentration (ΔCO2 and ΔH2O). Figure III.28 

presents such results for two days in September and October. Different values of the 

determination coefficient (R
2
) were obtained for H2O and CO2 and for both days. The 

coefficients for CO2 were higher than those obtained for H2O vapor. This can be 

explained by the fact that the values of PAR are 30 min averages and because the 

plant response in terms of CO2 absorption is immediate, while the plant response in 

terms of transpiration has more inertia in relation to the radiation intercepted. In order 

to validate the trend of data obtained by the chamber, a comparison was performed 

between CO2 and H2O (for days 6 to 9 October), in relation to the time of the day 

(Fig. III.29).  

 

Figure  III.28. Regression analysis between PAR and ΔCO2 (a , c) PAR and ΔH2O.(b, d) 

for two days data 22/9 and 8/10 2011. 

In the case of CO2, values ranged from -12 to 0 μmol mol
-1

. Differences in CO2 and H2O 

concentrations between inside and outside the chamber were influenced by several factors. 
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Among them, the air flux produced by the blower, the instrument accuracy, the gasses 

concentration variability of the inlet air and the plant physiological activities. On the basis 

of the information provided, the higher the Δ (CO2 or H2O), the lower the effect of the 

abovementioned factors on the recorded data. Considering CO2, a difference of 

-12 μmol mol
-1 

guarantees data reliability; such value of Δ is comparable to the results 

reported by other authors using similar systems (Alterio et al., 2006 and 2007). 

During the night time, CO2 is very close to zero. In these conditions the variability of the 

inlet air is practically zero, and data uncertainty is due to the instrument accuracy, which 

cannot be avoided. The same concept can be applied for H2O vapor. 

 

Figure  III.29. Three days (6 to 9 October ) of day and night time evolution of 

ΔH2O and ΔCO2. 

The results above indicate that the trends of the experimental data are coherent with the 

environmental conditions. The following analysis will take into consideration gas mass 

transfer calculations. Calculations have been based on the tree gas exchanges related to the 

chamber basement area. Results obtained with the chamber prototype are comparable to 

those obtained in similar research efforts performed on peach (Prunus persica) (Giuliani el 

al., 1998; Losciale et al., 2010).  

Figure III.30 summarizes the results presented by Giuliani et al. (1998) regarding CO2 

assimilation rate at plant level for different peach training systems (data correspond to June 

,17 day). A series of experimental results obtained with the chamber prototype has been 

added to the Figure. These data were obtained at the experimental tree (trained in vasette), 

and at the same times during an experimental day (October , 8). The figure shows that 
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experimental results are in the range of previously reported results. Moreover, Table III.1 

presents a comparison of results concerning PAR radiation intercepted and CO2 and H2O 

absorbed and transpired respectively, during the day time, expressed per chamber:  

 

Figure  III.30. CO2 assimilation rate at plant level for different Peach training systems 

(Giuliani et al., 1998), compared to the experimental chamber results along the day time. 

 

Table  III.1. Comparison between the results obtained by Giuliani et al. (1998) and the 

results presented in the reported experiments. Results are presented for different values of 

PAR, and focus on absorbed CO2 and transpired H2O vapor.  

Day 

time 

PAR 

 (mol m
-2

 s
-1

) 

CO2  

(mol chamber
-1

 s
-1

) 

H2O  

(mmol chamber
-1

 s
-1

) 

 Giuliani 
et al. 

Experimental Giuliani 
et al. 

Experimental Giuliani 
et al. 

Experimental 

8:00 430 190 90 65 22 7.5 

8:30 800 700 110 80 15 9 

13:00 1400 800 150 140 35 20 

15:30 900 410 130 90 32 15 

17:30 550 180 75 20 20 5 

The differences that can be observed in Table III.1 and in figure III.30 can be primarily 

related to the different experimental conditions, in terms of tree volume and training 

system, water availability, soil conditions and agronomic inputs. The aim of this 

comparison is to evidence that the experimental results can be successfully compared to a 

previous reference, and present similar responses to the time of the day and to intercepted 

PAR.  

Figures III.31 and III.32 present the time evolution of transpiration (T) and net CO2 

exchange (CO2net) per m
2
 of chamber base for the period of October 6 to 9. Considering 
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absorbed CO2 and transpired H2O vapor as positive values, it is possible to observe how 

both processes intensify during day time conditions in direct response to solar radiation. 

During the night time the values of CO2 inside the chamber became stable and slightly 

negative due to night respiration. Night transpiration remains stable at about 0.25 mmol m
-2

 

s
-1

. Peak values of CO2 assimilation and transpired H2O vapor show certain stability in the 

four analyzed days.  

 

Figure  III.31. Net Plant CO2 exchanged  

(CO2net) per m2 of chamber. 

Figure  III.32. Plant Transpiration (T) 

per m2 of chamber. 

Following this estimation of net assimilation and transpiration, it was possible to assess the 

Water Use efficiency (WUE) of the entire plant, determined as the day time (6:00 to 18:00) 

ratio between assimilated CO2 and transpired H2O (Figs. III.33 and III.34). 

 

 

Figure  III.33. WUE, as determined in the 

day time period of October 7, 2011. 

Figure  III.34. WUE, as determined during 

the day time period of October 8, 2011. 

According to the experimental data, during the early hours of the day time (6 to 9 am), 

WUE is higher than at midday or during the evening (Figs. III.33 and III.34). This is due to 

the intense increase in transpiration as solar radiation increases. This effect is not 
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compensated by the plant photosynthetic activity. These results are comparable to similar 

research efforts performed on peach (Giuliani et al., 1998).  

III.5. Conclusions 

The chamber prototypes were implemented on a commercial orchard, where peach plants 

were more than twenty years old, and had a very well developed canopy and trunk. This 

environment represents real field conditions, but introduces several experimental challenges 

which were partially overcome during the reported research. First of all, the chamber 

should have a rigid structure to withstand the strong winds characterizing the study area. 

Second, chamber dimensions were very large: it was not possible to manage at the same 

time in more than one chamber on such conditions, even though the electronic control 

device had been designed to manage two chambers simultaneously.  

Progression from the first to the second chamber prototype permitted to solve several 

problems concerning chamber mounting and air leakages. The combination of aluminum 

profiles, wooden frames and rubber tapes resulted in an air-tight chamber. Additionally, the 

resulting chamber is fast to assemble and easy to transport to any kind of commercial 

orchard, giving a leeway to expand the research to fruit species characterized by larger 

trees. 

The second open chamber prototype responded adequately to the environmental inputs, 

reproducing trends observed in key variables. Even during the day time, when radiation 

inside the cuvette was reduced by the presence of the plastic film, the observed trends were 

adequate. The obtained measurements of CO2 and H2O vapor exchanged by the plant are 

realistic and coherent, responding adequately to the environmental inputs. Calculations of 

gas fluxes were referred to the chamber area, instead of the plant leaf area. This was due to 

the fact that the experiment was performed in a commercial peach farm, and the chamber 

was always mounted on the same tree.  

There is margin for improving the entire system by further automating the more work 

demanding parts of the experiment, such as data recording and analysis and energy supply. 

In this sense, the operation of the chamber would be facilitated if all devices were managed 

from the same program, and if all data were managed by the same logger. In relation to the 

scientific aspects, the chamber prototype could be improved in a number of aspects. The 

most criticized aspect of OTCs in the literature is that the chamber itself induces changes in 

the internal plant environment. Minimizing the effect of the chamber on the internal PAR 
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by further reducing the size of the metal/wood structure, and using more transparent plastic 

materials are two clear research lines for the development of future prototypes. 

Additionally, chamber disturbance could be mitigated by reducing the air temperature at the 

chamber inlet. This would solve two problems: reducing air temperature inside the 

chamber, and at same time reducing the flow rate (which is often determined by the need to 

maintain temperature rise within limits). Solving both problems would result in more 

accurate data.  
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CHAPTER IV. COMPARISON BETWEEN THE EDDY 
COVARIANCE AND OPEN TOP CHAMBER TECHNIQUES IN A 
PEACH ORCHARD LOCATED IN NORTH EASTERN SPAIN 

Abstract 

Several methodologies are in use today to assess ecosystem CO2 absorption and H2O 

transpiration. In this study, two methods - Eddy Covariance (EC) and Open top chambers 

(OTC) - were compared to measure the fluxes of both gasses in a commercial peach 

orchard. A description of the limitations and advantages of each method, and their 

complementarities between them frames the experimental phase of this Chapter. Particular 

attention has been paid to the environmental changes induced by the presence of the OTC 

on the peach tree. Experimental comparisons were established for three days of October 

2011 at a frequency of 30 minutes. Only 67% of the semi hourly periods could be used for 

this study, owing to limitations of both methods. Photosynthetic active radiation (PAR) 

inside the chamber was 18% lower than outside, whereas air temperature and absolute 

humidity were 10% and 17% higher, respectively. Concerning the day time CO2 fluxes, the 

comparison shows adequate correlation (r = 0.84), with OTC fluxes being 21% lower than 

EC measurements. During the night time, the EC plant respiration rate was higher than 

OTC measurements because the soil inside the chamber was covered with a plastic film. 

H2O vapor fluxes measured with both methods were well correlated (r = 0.83), with OTC 

values being 53% lower than EC values. This difference can be mostly attributed to the 

environmental conditions created by the presence of the chamber. Further research is 

needed to develop chamber prototypes showing lower environmental impact, resulting in 

similar conditions inside and outside the chamber.  

IV.1 Introduction 

A number of methodologies have been proposed in the literature to assess ecosystem 

CO2 absorption and water vapour transpiration. The most widely used technique is eddy 

covariance (EC), considered the most appropriate for measurements of net ecosystem 

exchanges (NEE) (Gu et al., 2012). EC allows for undisturbed measurements in 

extended areas (Baldocchi, 2003). This technique is commonly used to estimate carbon 

fluxes in forest ecosystems, which are the major global contributors to CO2 

assimilation. For this reason, forests are the object of intense environmental research 

focusing on gas fluxes. EC has been successfully applied to different types of 
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agrosystems, aiming at measuring photosynthesis and Evapotranspiration (Aubinet et 

al., 2009).  

EC is the most reliable method when it comes to providing continuous measurements of 

gas exchange between the biosphere and the atmosphere in different environments 

characterized by open, large areas (Goulden et al., 1996; Lafleur et al., 1997; Miyata et 

al., 2000). The major comparative advantage of this method is that does not disturb the 

environment of the plant or soil where it is applied. In addition, there are commercial 

releases of EC equipment greatly facilitating data recording. This does not happen in a 

number of alternative methods, which are more work demanding, and needed to be 

carefully designed and more frequently monitored, requiring intense human 

intervention. Commercial releases have greatly supported the spread of this technique. 

Just like other alternative methods, EC presents a number of disadvantages and it is 

based on some assumptions. One of the limitations of the method is related to the 

dimensions of the area to be analyzed. When standard equipment is used,  the EC 

method cannot be used in small plots. The same applies to irregular soil terrains 

(McMillen 1988; Lee X. et al., 2004 ; Zha et al. 2007). Another aspect to be considered 

is that data recorded in the absence of wind are not reliable. This responds to the fact 

that the EC method takes into consideration the vertical component of wind velocity to 

measure turbulent fluxes. Such conditions are mostly absent during the night time, when 

the wind speed is low and air mixing at the eddy covariance reference plane is not 

ensured (violating one of the assumptions of the method) (Wohlfahrt et al., 2005). 

Another aspect that should be considered is that EC systems are costly, as compared to 

alternative methods. Although data recording can be relatively easy, data processing 

and analysis requires intense work (huge amounts of data) and basic understanding of 

the underlying principles.  

A key alternative to the estimation of NEE is the use of enclosure systems (i.e., Open 

top (OTC) and closed (CC) chambers). This method is suitable to evaluate gas 

exchanges at plant scale. Several authors have reported that - when comparing both 

methodologies - the main challenge lies on upscaling the data obtained with the 

chamber (Dore et al., 2003). The applicability of both methods varies according to the 

specific experimental conditions. Moderate efforts have been found in the literature 

where both methods are compared in order to highlight the possible shortcomings and 

distortions of each (Burkat et al., 2007).  

http://contexte.reverso.net/traduzione/inglese-italiano/the+ease+with+which
http://contexte.reverso.net/traduzione/inglese-italiano/the+ease+with+which
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The main problem regarding the use of any chamber design is that the environmental 

conditions inside the chamber are altered because of the presence of the cuvette (Corelli 

et al., 1993; Baldocchi, 2003; Wang et al., 2013; Riederer et al., 2014). In fact, this 

disturbance is evident during the day time, when solar radiation has a critical effect on 

air temperature inside the chamber. The plastic lining of the chamber affects the solar 

radiation entering the chamber, reducing it. Current plastic lining materials show much 

better performance in terms of transparency with respect to photosynthetically active 

radiation (PAR), and also have a reduced greenhouse effect. As a consequence, internal 

chamber conditions are closer to the external environment. However, the environmenta l 

effect of the chamber continues to be relevant. 

Even though EC and enclosure chambers operate at different spatial and temporal 

scales, both techniques can be complementary, offering comparative advantages in 

specific conditions. During the night time, when conditions are calm and the air is 

stable, chambers can yield more reliable respiration data than EC (Wohlfahrt et al., 

2005). Considering evapotranspiration, data produced by EC are a sum of evaporation 

and transpiration, whereas proper management of the soil inside the by chamber permits 

to separate both factors (Stannard et al., 2006). Moreover, in order to analyze how 

agrosystems contribute to CO2 assimilation and how this process responds to 

environmental changes, experimental analyses are required dealing with the biological 

and physical factors acting on photosynthesis and respiration. Chambers can play an 

important role in these experiments, taking advantage of the enclosure to isolate the 

response of single plants (Wang et al., 2010). Chambers can be relatively cheaper than a 

complete EC system, but most chamber designs are quite work demanding. Both 

methods operate at different spatial and temporal scales.  

Figure IV.1 presents a comparison of leaf, plant and canopy methods for the assessment 

of gas exchange, representing them as a function of their characteristic measurement 

time. EC registers the data at canopy scale, whereas chambers measure at plant scale; 

chambers typically record for a few hours or days, while EC systems can be run 

basically unattended for a complete crop season. 

 

 



Chapter IV. Comparison between the eddy covariance and open top chamber techniques in a peach orchard located in north eastern Spain 

 

104 

 
Figure  IV.1. Measurement methods for gas exchange 

characterization classified in terms of space and time scale. 

Upscaling chamber measurements to the space and time scale used for EC permits to 

compare measurements of CO2 and H2O fluxes (Ohkubo et al., 2007; Wang et al., 2010). 

Upscaling can imply performing adjustments on the collected data. While chambers data 

outputs are typically every five minutes or less, the typical EC time scale is 30 min. 

Another key aspect affecting the upscaling process is the characteristics of the target plants. 

This problem is much more relevant in natural, heterogeneous ecosystems (woods, forests) 

than in homogeneous agrosystems (orchards or field crops with uniform plant age, size, 

trunk diameter or roughness) (Reichstein et al., 2012). In the case of fruit trees, the plant(s) 

within the enclosure should be representative of the entire orchard in terms of canopy 

development, leaf area and supply of agricultural inputs (fertilizers, chemicals, irrigation). 

Given the complexity of identifying representative plants and performing an adequate 

upscaling, a few research efforts have been performed comparing both methods on trees 

(Wang et al., 2013).    

IV.2 Objectives  

In this chapter the measurements obtained with EC and with the Open Top Chamber (OTC) 

prototype presented in Chapter III will be compared in the commercial peach farm 

presented in Chapters I and II. Specific objectives include:  

1. To compare the data sets produced by both techniques in terms of CO2 and H2O 

fluxes. Comparisons in terms of CO2 will be established during the cycles of CO2 

assimilation (day time) and respiration (night time).  
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2. To analyse the discrepancies between both data sets, guiding the improvement of 

the OTC prototype.   

IV.3 Material and methods 

IV.3.1 Experimental site 

The case study for this research was “La Herradura” stone fruit orchard (225 ha), located in 

Caspe (Ebro valley, Zaragoza, north eastern Spain) (Fig. IV.2). This orchard was selected 

for a detailed analysis in Chapters I and II, as representative of high management standards. 

La Herradura can be considered illustrative of modern fruit orchards in an international 

context. The orchard is located next to a meander of the Ebro river, partially flooded by the 

Mequinenza dam. Orchard topography is quite rough, with elevations ranging from 120 to 

200 m above mean sea level (Fig. III.5). The crops at the orchard include cherry, apricot 

and peach. The comparison of the EC and OTC methods in terms of gas exchange analysis 

was performed on a large field cropped to late maturing peach (Fig. IV.2). 

 

Figure  IV.2. Location of the experimental plot within La Herradura 

farm, indicating the area cropped to late maturing peach (LMP). 

Considering that the yearly wind speed average exceeds 3 m s
-1

, wind speed in the area is 

relatively high. Climate can be classified as semiarid, with evapotranspiration being much 

higher that precipitation. Both variables have average yearly values of 1,392 mm and 
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315 mm, respectively (Martinez-Cob and Faci, 2010). The most predominant wind has a 

direction of 315° (Martinez Cob et al., 2010). The tree row orientation was north to south, 

and the canopy height was about 2.5 m. Plant and row spacing was 3.75 m and 5.75 m, 

respectively. 

Gas exchange measurements were performed using an EC micrometeorological station and 

an open top chamber (OTC). Both instruments were geographically positioned at virtually 

the same position (41°17'40'' N latitude, 0°00'24'' E longitude), separated by a few meters. 

The final OTC prototype was installed on the field during the periods of 1-4 August, 21-23 

September and 6-9 October, 2011. The EC station was installed in 2009 and recorded data 

throughout the end of the 2011 season. 

IV.3.2 Eddy covariance measurements and data processing 

The eddy covariance method is based on the coupling of mass transfer and energy balance. 

Gas exchange rates (emitted or absorbed) are combined with measurements of sensible 

heat, latent heat and momentum (Consoli 2011; Baldocchi 2014). Data need to be recorded 

at a certain level above the canopy, which is considered as a reference horizontal plane. 

Data recording is typically performed at high frequency (5 – 20 Hz) in order to capture the 

variability due to the atmosphere turbulence (Aubinet et al., 2012). Since there is energy 

transport across this plane, a correlation can be established between the vertical component 

of the wind and other scalar variables, such as temperature or concentration of CO2 and 

H2O vapour. 

The EC micrometeorological station installed in the peach experimental plot was composed 

by a net radiometer (Kipp & Zonen, NR-Lite), a sonic anemometer (Campbell Scientific, 

CSAT3), an Infrared gas analyzer IRGA (LI-7500), four soil heat flux plates (Hukseflux, 

HFP01), an air temperature and relative humidity probe (Vaisala, HMP45C), two soil 

temperature sensors (Campbell Scientific, TCAV), 4 soil heat flux plates (Hukseflux, 

HFP01 …) and two data loggers (Campbell Scientific, CR3000), which were used to 

monitor and register the data of the different sensors. The soil sensors were installed in the 

soil, whereas the rest of the equipment was fixed to the top of a tower at 6.9 m above the 

ground. (Fig IV.3). 

The sonic anemometer was installed pointing towards the northwest, about 315° from north 

clockwise, in coincidence with the dominant wind direction (Martinez Cob et al., 2010). 

The rest of the sensors were properly positioned on the tower in order to avoid interferences 

among them. The four heat flux plates were buried at 10 cm depth, with two thermocouples 
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(chromel-constantan) positioned at 3 and 6 cm above the flux plates. Two plates were 

located on the tree rows, while the other two were located between the rows. All the data 

were recorded at a frequency of 10 Hz. The 30-min averages were calculated and stored by 

the data logger. The location of the EC tower resulted from a rough estimation of the fetch, 

taking into consideration the orography of the command area (Allen et al., 1996). 

After performing the necessary corrections in the measured values of H and LE, data were 

averaged in periods of 30 min. Sensible heat eddy covariance flux (Hec) and latent heat 

eddy covariance flux (LEec) (W m
-2

) were obtained using equations [IV.1] and [IV.2]. In 

these equations the over bar and the apostrophe mean 30-min averages and deviations from 

the mean, respectively. 

 

     
   
   

                     [IV.1] 

 

      λ              [IV.2] 

 

Where: 

  
   

      is = mean air density (kg m
-3

); 

    
     is = specific eat of air (J kg

-1
 K); 

 w' is = z axis vertical wind speed (ms
-1

); 

 T´s is = temperature measured by 3-D sonic anemometer (K); 

 

              = is the covariance between w and Ts; 

 λ is = latent flux of vaporization (J gr
-1

); 

          is = covariance W and Q;  

  
   

    ,    
     and λ  are the 30-min averages of the 10 Hz values of  

   
,     and λ, computed 

from the raw data of air temperature and relative humidity.  

IV.3.3 Chamber measurements and data processing 

The chamber adopted for the experimental comparison was an OTC developed and tested in 

2011 (Fig IV.3), which has been extensively discussed in Chapter III.  
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Figure  IV.3. EC and OTC systems positioned on the experimental field 

The chamber was basically composed by a cuvette containing the plant (one peach tree) and 

two openings, for air inlet and outlet, respectively. The inlet air is supplied by a blower 

connected to the chamber by a pipe. Differences in CO2 and H2O concentration were 

established between the air inlet and outlet. These differences in concentration permitted to 

estimate photosynthesis and transpiration at plant level. 

The chamber structure was built in aluminium profiles. This permitted to obtain the 

required chamber shape, while attaining high stability. The structure was designed for 

resilience against the strong winds characterizing the study area. The chamber had a regular 

hexagonal base, with a side 2.0 m and a height of 2.5 m. The total volume inside the 

chamber was 26.5 m
3
. This volume was judged adequate in relation to the experimental 

conditions. The plastic film covering the chamber was Llumar “NRS90 clear”, which 

ensures about 90% of PAR trasmissivity: (Pérez-Priego et al., 2010). In order to power the 

chamber system, a portable gasoline generator and solar panels were used for different 

purposes. 

A centrifugal blower manufactured by CENTRIBOX (CVB / CVT Series) was used to 

channel air from the atmosphere into the chamber. Proper air mixing was ensured by 

sufficient airflow and by the inlet pipe position. The quality of air mixing was tested by 

analyzing the CO2 variability at the outlet point. In order to measure inlet air flow rate, a 

Pitot tube anemometer and an electronic differential pressure transducer were used. Air 
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flow into the chamber was continuously measured and stored in the data logger, with a 

frequency of 5 s. The adopted flow rate was sufficient to replace the air into the chamber at 

a rate of 1.5 times/min.Two thermocouples (chromel-constantan) were used to monitor the 

temperature difference between inside and outside the chamber. Two radiometers (Kipp & 

Zonen, NR-Lite), were installed to measure the difference in radiation between inside and 

outside the chamber structure. A LICOR 6400 IRGA was used to track gas concentrations 

(CO2 and H2O).  

A system for gas flow analysis, tailored to the specific needs of the experimental chamber, 

was built. The system was composed by the following elements:  

 A Campbell data logger CR800;  

 An air micro pump with double input and double output;  

 Four electrovalves; and 

 An electronic device composed by four power relays controlling the operation of the 

four electro valves and four flux meters.  

A double micropump was used because the distance between the air sampling point and the 

electronic device was about 8 m. The data logger was connected to an ad hoc electronic 

board with two relays. These were connected to electrovalves switching the connections of 

the tubes to implementing the measurement of gas concentration at the inlet and outlet 

points according to a predefined schedule programmed in the data logger.  

In this experiment the data logger was programmed to analyze CO2 and H2O concentrations 

for 5 min every 15 min. During these 5 min, the system alternatively recorded gas 

concentration inside and outside the chamber (2.5 min each). Transition data between 

inside and outside measurements were discarded (15 s of transition data). Pairs of two OTC 

measurement cycles were averaged in order to be compared to EC data (with a frequency of 

30 min). These 30 min average values were used to determine the difference between inside 

and outside gas concentrations. Estimates of whole plant exchange fluxes of CO2 

(mg m
-2

 s
-1

) and transpiration (g m
-2

 s
-1

) were obtained from equations [IV.3] and [IV.4], 

respectively:  

 

        
                    

           
        [IV.3] 

 

         
                     

            
        [IV.4] 



Chapter IV. Comparison between the eddy covariance and open top chamber techniques in a peach orchard located in north eastern Spain 

 

110 

Where:  

         is the average CO2 exchanged in a 2.5 min time period, which corresponds to the 

photosynthetic rate of the plant (mg m
-2 

s
-1

);  

   is the air flow rate produced by the blower (mol 
 
s

-1
); 

                    is the difference between inside and outside CO2 concentration 

(μmol mol
-1

); 

 Chamb represents the chamber basement area (m
2
);  

          corresponds to the plant transpiration (g m
-2 

s
-1
); and 

                    is the difference between outside and inside H2O concentration 

(mlmol mol
-1

 ).  

 M(CO2) and M(H2O) are the molar mass of CO2 (44) and molar mass of H2O (18), 

respectively  

In order to compare the data obtained by EC and the OTC, the same units should be used in 

both methods. Comparison between both methods could only be performed for the periods 

when EC and OTC operation overlapped, and only when wind direction and intensity were 

adequate to produce adequate fetch for EC measurements to be considered correct. In 

practice this was a restrictive condition, derived from the labour intensity of the chamber 

supervision and from the effect of meteorological conditions on EC applicability. 

In this study, the soil inside the chamber was covered with PVC plastic film. As a 

consequence, OTC measurements correspond to plant transpiration, and not to 

evapotranspiration as in the case of the EC system. This introduces an additional 

complexity in the comparison of both methods. 

IV.4 Results and Discussion 

During the experimental period of 6 to 9 October 2011, part of the data obtained with the 

EC and OTC equipment were excluded from the data set. Concerning EC, most of the 

excluded data were due to inadequate wind direction and speed (25% of total data). 

Regarding the OTC, excluded data periods were due to energy problems (failing generator 

and/or IRGA batteries), and limitations in IRGA memory storage (10 % of total data). In 

total, data available for the comparison of both methods only extends to 67% of the 

experimental period. 
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IV.4.1 Disturbances created by the chamber in the plant environment 

The first step in the analysis of results was to characterize the operation of the OTC. For 

this matter, the environment inside and outside the chamber were compared, paying 

particular attention to the variables that can result in relevant differences between the 

results of the EC and OTC methods. These variables include radiation, temperature and 

water vapor concentration.  

Figure IV.4 presents a scatter plot between photosynthetically active radiation (PAR) 

outside and inside the OTC. This Figure evidences a strong correlation (R
2
 = 0.97), and a 

significant reduction in PAR inside the chamber (21% lower than that intercepted by the 

orchard canopy). 

 

Figure  IV.4. Scatter plot of PAR obtained from 6 am to 

6 pm inside vs. outside the chamber (6 to 9 October 2011).  

Figure IV. 5 presents a scatter plot between temperature outside and inside the chamber in 

the period of 6-9 October 2011. Temperature inside the cuvette was on the average 11% 

higher that outside. The determination coefficient was R
2
 = 0.87, reflecting a relevant 

variability resulting from the different environmental conditions during the period of 

analysis, and the effect of the blower to maintain temperature differences within a target 

range. According to Crews et al. (1975) and Girona et al. (1993), these differences do not 

have a relevant effect on the photosynthetic activity of the peach plant. In fact, these 

authors reported that temperature effects are not relevant when air temperature falls within 

the range of 20-32ºC.  
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Figure  IV.5. Scatter plot of air temperature inside vs. outside 

the chamber (6 to 9 October 2011).  

 

Considering the absolute humidity recorded inside and outside the chamber (Fig IV.6), both 

variables are very well correlated. A linear regression model on the outside temperature could 

explain 91% of the temperature variability inside the chamber. Absolute humidity is on the 

average 17% higher inside the chamber than outside. These differences can have a significant 

effect on the plant transpiration rate, thus affecting the significance of the results. Fig IV.7 

presents these data in more detail, showing the time evolution of both variables during the 

experimental time, along with their differences. 

  

Figure  IV.6. Scatter plot of absolute 

humidity  (AbsHum) values during  the 

day time inside vs. outside the chamber 

(6 to 9 October 2011). 

Figure  IV.7. Comparison between outside 

and inside absolute humidity (AbsHum) and 

their difference (6 to 9 October 2011). 
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IV.4.2 Comparing the evolution of CO2 fluxes 

The results of both methods follow the changes of the environmental conditions, having 

negative CO2 fluxes during the day time and the opposite trend during the night time 

(Fig. IV.7).  

  

Figure  IV.8. EC and OTC CO2 data 

correlation (Day time) (6 to 9 October 2011) 

Figure  IV.9. EC and OTC CO2 fluxes trend 

during the experimental time  

Data show good correlation between EC and OTC (Figure IV.8): and a linear regression 

model could explain 70% of the variability in OTC CO2 assimilation (R
2
 = 0.70). EC 

produced more extreme values of day time assimilation and night respiration than the 

OTC. These results are similar previous research efforts on this topic. In fact, Wang et 

al. (2010) described how on (a yearly basis) EC showed 22.5 % higher estimation than a 

chamber, with an R
2
 of 0.71. Figure IV.9 shows the time evolution of CO2 fluxes during 

the experimental period. In the experimental conditions, the results of the chamber are 

more moderate and show smaller short-time variability than those of the EC. The EC 

and OTC measured fluxes are affected by data distortions related to the specificities of 

each method. In the following paragraphs, some of these issues are discussed with a 

view on the experimental conditions. 

Concerning the chamber, data are only related to the aerial part of the peach tree, since 

the soil was excluded from the measured gas exchanges. It is therefore the aerial plant 

that determines the time evolution of the CO2 (and H2O) concentration. This is very 

important when it comes to analysing the OTC fluxes of CO2 during the night time. In 

fact, the measured difference between inside and outside CO2 concentration is (in 

absolute terms) much lower during the night time than during the day time. This is 

because the night plant respiration rate is (in absolute terms) much lower than the day 
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time photosynthetic rate. In order to obtain adequate measurements with the OTC, the 

blower flow rate was optimized to obtain: 1) a measurable difference in CO2 

concentration inside and outside the chamber (around 12 μmol m
-2

 s
-1

 during the day); 

and 2) a moderate disturbance in the temperature and humidity conditions inside the 

chamber. In the reported experiments, the flow rate was kept at a constant flow of 

300 l s
-1

, even during the night time. This aspect has been raised in previous research 

efforts (Poni et al., 2014).  

On the other hand, the EC method may present a distortion of measured data under the 

calm wind conditions that usually occur during the night time. Figure IV.10 shows how 

EC measured respiration was higher for EC than for OTC. Similar results were reported 

by Riederer et al., 2014. In the present study, differences can also be associated to the 

fact that EC measures all nocturnal respiration processes (soil, roots, and canopy), while 

the OTC only measures the respiration of the canopy. In any case, it is necessary to 

highlight that respiration in peach varies with the phenological stage: it is higher during 

the growing stages and gradually reduces towards the end of the growing season 

(Grossman et al., 1994). Figure IV.9 uses measured data from August and October to 

illustrate this difference linked to phenology.  

 
Figure  IV.10. Time evolution of CO2 flux measured with EC and the OTC during the night 

time: a) August, 2 and 4 , 2011; b) October 6 to 9, 2011. 

IV.4.3 Comparing the evolution of H2O vapour fluxes 

Literature search has revealed a limitated numbers of researches have attempted to compare 

in orchards EC and OTC (or chambers in general). All these comparisons focus on CO2 

fluxes. This thesis constitutes the attempt to compare both methodologies on fruit trees in 

terms of H2O fluxes. Several such papers have been identified for field crops (Plake et al., 

2015; Graf et al., 2013). The analysis of H2O fluxes in fruit trees is a complex 

methodological question, since EC measures field scale evapotranspiration, while the OTC 
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often measures plant transpiration. Additionally, EC does not interfere with the canopy 

conditions, while this chapter details significant disturbances in air temperature and 

humidity inside the chamber. In any case, an exploratory analysis of this comparison seems 

in order, and should show relevant correlation between the estimates produced with both 

techniques.  

The results of this comparison are presented in figure IV.11 in the form of a scatter plot. A 

regression analysis indicated that EC evapotranspiration can explain 70% of the variability 

in OTC transpiration, and that OTC transpiration was about 47% of EC evapotranspiration. 

Differences between both variables can additionally be attributed to the different 

measurement scales and to the uncertainty lying behind each method. 

Concerning the effects of the chambers on transpiration, these stem from the relation 

between environmental conditions and plant physiological responses. The most important 

consideration is that during the day time temperature increase inside the chamber results in 

increased vapour pressure deficit. Additionally, a reduction of stomata conductance 

determines a reduction in the transpiration flux. The experimental results are comparable to 

those of Perez-Priego et al. (2015). Working on closed chambers, these authors reported a 

H2O flux reduction of 54% (from 1.55 to 0.85 mol plant
-1

 s
-1

) due to the abovementioned 

effect.  

Fig. IV.12 presents the time evolution of H2O fluxes during the experimental period. 

Differences between EC and OTC are small during the early morning and the late afternoon 

hours, as compared to the midday time.  

  

Figure  IV.11. EC and OTC H2O data 

correlation Day time) (6 to 9 October 2011) 

Figure  IV.12. EC and OTC H2O fluxes 

trend during the experimental time 
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This seems to be caused to the fact that during midday the environmental conditions inside 

the chamber are quite different than those outside the chamber (Perez-Priego et al., 2015). 

Moreover the differences in H2O concentrations between inside and outside the chamber 

are less than the expected, resulting from measurements limitations because of possible 

condensation into the pipes conveying the air to the IRGA. 

IV.4.3 Lessons learnt in chamber design: application to new prototypes 

Chambers modify the environment, causing different plant physiological responses to 

environmental variables. The key issue in relation to this research is the effect of the 

cuvette on plant transpiration, which seems more pronounced than the effect on 

photosynthesis. Perez-Priego et al. (2015) described the conditions that can lead to 

differences on gas flux inside close chambers. These authors reported that increasing 

temperature inside the chamber by 2ºC leads to a knock-on effect on vapor pressure 

deficit (VPD), stomata conductance and transpiration rate by 0.4 KPa, 0.2 mm s
-1

 and 

0.3 mmol plant
-1

 s
-1

, respectively. When temperature raises by 4ºC the same mechanism 

leads to a reduction of transpiration by 50%. It is necessary to clarify that the research 

reported by Perez-Priego et al. (2015) was performed using a closed chamber, while in 

the present study an open chamber was used. These effects should be strongly mitigated 

by the constant air turnover characteristic of OTC designs.  

Another aspect to be considered is the effect of the chamber on photosynthetic activity. 

In this case, attention should be paid to the plastic film covering the structure. "Llumar 

NRS90 clear" was used in both research efforts. Despite the very good transmittance, in 

both cases this film resulted in relevant temperature rise inside the cuvette (Fig. IV.5). 

The effect on the film on temperature rise is more pronounced on large chambers, due 

to the surface/volume ratio (Alterio et al., 2006). Graf et al. (2013) developed a 

chamber oriented to minimize environmental disturbances. The chamber was passively 

ventilated, and the plastic film was fluorinate propylene ethylene (FEP). This study 

showed an increased air temperature of about 1ºC , vapor concentration +22%, and a 

4% reduction in PAR. This chamber results were compared to an eddy covariance 

system, obtaining for CO2 R
2
 = 0.74, with 9 % increased concentration inside. These 

results are impressive, but were obtained for small chambers, difficult to apply on fruit 

trees.  

For all OTC chambers, but particularly large chambers, the challenge is internal 

temperature control, which is related to the air flux entering the chamber, which in turn 
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is related to the difference between inside and outside gas concentration. The inlet air 

flow rate for cooling a large chamber is much higher than what is needed for a small 

chamber. The bigger the chamber, the larger is the empty air volume (inactive volume), 

which is not occupied by photosynthetic parts of the plant. By reducing this inactive 

volume, it is possible to obtain a temperature reduction decreasing the inlet flow rate 

and maintaining acceptable differences in gas concentration inside and outside the 

chamber. The same effect can be obtained by reducing the temperature of the inlet air. 

This will also affect vapour pressure deficit inside, and consequently stomata 

conductance, approaching inside conditions to the outside environment. An additional 

important factor, particularly for transpiration, is wind speed. Chambers modify wind 

conditions respect to the external conditions. Even though OTCs use a blower, wind 

inside is usually lower than outside, particularly in the experimental conditions of this 

Chapter. In this study the blower flow rate was 0.3 m
3
 s

-1
, which is enough to replace 

the total chamber volume in 1´30''. Outside the chamber, a wind speed of 1 m s
-1

 

replaces the same volume in 2.5 s.  

In this study the soil surface underneath the chamber was covered by a polyethylene 

film. The key reason is that pressure inside the chamber is higher than outside. This 

limits soil gas exchanges, basically concerning CO2 (Müller et al., 2009). This results in 

a reduction in measured CO2 and H2O fluxes inside the chamber, making a difference 

with the EC method.  

The chamber whose design is reported in Chapter 3 has very good portability, 

particularly if its large size is considered. However, there are relevant grounds for 

improving the design of the electronic control device and the affection to environmental 

conditions. An IRGA could be devoted to the chamber instead of adapting an IRGA 

designed for external use. Such adaptation has required effective synchronization of 

both devices (IRGA and dataloger) in order to compare all the recorded environmental 

variables. This will result in a less work demanding system. To prevent eventual water 

condensation into the pipes conveying the air to the IRGA, an heating system of these 

pipes should be necessary. Environmental disturbance will be reduced if the blower 

flow rate can be automated to respond to the inside/outside temperature and gas 

concentration differences. This will boost the reliability of the system and day round 

data quality.   
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IV.5 Conclusions 

Concerning the measurement of CO2 fluxes, the comparison between both methods has 

resulted in high correlation (r = 0.84). This was a relevant finding, even though the 

measurement scale of both methods is different, and OTC did not consider soil respiration 

fluxes. The analysis of absolute differences in CO2 flux during the day time indicates that 

OTC values are lower than EC values by an average 18%. This seems due to the reducer 

PAR interception in the OTC (-20%). The plastic film used in the OTC has been previously 

used in research, owing to its 90% PAR transmissivity reported by the manufacturer. Night 

time data shows that the EC CO2 fluxes are higher than OTC fluxes due to the soil 

respiration (prevented in the OTC).  

Concerning H2O vapor fluxes an adequate correlation was observed between both methods 

(r = 0.83). However, OTC trasnporation only amounted to 47% of EC evapotranspiration. 

Such difference cannot be explained by soil evaporation alone. It seems clear that the 

chamber induced disturbance of environmental conditions (temperature and humidity) was 

responsible for a large part of this difference.  

Changes are required in the chamber design to improve OTC data quality in trees. It is 

necessary to adjust chamber design to the tree volume, and to reduce the inside/outside air 

temperature difference. These two arrangements will reduce the variables modifying 

physiological responses, to PAR and wind speed. Special should be paid to the conditions 

of H2O vapor inside the chamber. Reducing the temperature of the inlet air will reduce the 

inside/outside differences in vapor pressure deficit. This will additionally prevent the 

increase in stomata resistance, which has led to a reduction of transpiration in the 

experimental conditions Finally, the analysis would greatly benefit from a second chamber, 

which could provide for more robust statistical comparisons. A second chamber would also 

minimize problems with missing data. Concerning the measurement of soil respiration, the 

blower flow rate should be adjusted to reduce the internal pressure. In such conditions, 

OTC respiration data could be more reliable than EC data.  
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General Conclusions 

Chapter I: Limitations to adopting regulated deficit irrigation in stone fruit orchards: 

a) environmental spatial variability 

1. The orchard area was classified into three soil units characterized by different soil 

water holding capacity. The average readily available water (RAW) of these units 

ranged from 40 to 110 mm. Each unit contained a large variability in RAW, with the 

coefficient of variation reaching 37 %.  

2. The analysis of the meteorological variability indicated that only wind speed showed 

significant differences between on-farm measurement sites and between on-farm sites 

and the regional reference station. Wind speed at the windiest spot averaged 152 % of 

wind speed at the least windy spot in the orchard. The largest difference in average 

yearly reference evapotranspiration (ETo) between measurement points was 

283 mm yr
-1

. Differences in ETo between measurement points were smoothed when 

average ETo was estimated at the five cropping zones of the farm. 

3. The largest difference in average yearly ETo between cropping zones was 175 mm yr
-1

. 

This difference was observed between apricot (1,399 mm yr
-1

) and cherry 

(1,235 mm yr
-1

). However, larger differences in ETo were detected within the cropping 

zones (i.e., 274 mm yr
-1

 for cherry). 

4. The spatial variability of soil physical properties and meteorology should be considered 

at the orchard design phase. This would permit to maximize the benefit derived from 

the adoption of Regulated Deficit Irrigation (RDI). The current system design at the 

study orchard challenges irrigation scheduling in standard or regulated deficit irrigation 

techniques, and requires advanced management for adequate results. Similar 

conclusions probably apply to many stone fruit orchards. 
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Chapter II: Limitations to adopting regulated deficit irrigation in stone fruit 

orchards: b) irrigation performance 

5. An evolution of irrigation practices was observed at the study orchard during the 

studied years (2004-2009). In this period, the irrigation manager reduced water 

application by about 53 mm yr
-1

, while gross irrigation requirements decreased by 14 

and 10 mm yr
-1

 for standard and deficit conditions, respectively. At the end of the study 

period, deficit irrigation was generalised in the orchard.  

6. The orchard irrigation practices did not correspond to an RDI strategy: crop water 

stress (stem water potential lower than -1.5 MPa) could be detected in medium 

maturing peach trees during fruit stages which have been reported to be highly 

sensitive to water stress, while some periods of recommended RDI were not water 

stressed. Full implementation of RDI at the study orchard would conserve additional 

water, lead to optimum yield quality and minimize pruning requirements.  

7. The scheduled irrigation times greatly differed from the measured irrigation times, 

owing to several problems in the irrigation network and even to programming errors. 

The spatial and temporal variability of irrigation discharge at the irrigation laterals was 

remarkable. The manager minimised the effect of environmental and irrigation 

variability by modifying the daily irrigation time for each irrigation valve. Stem water 

potential confirmed some of the trends announced by other analyses, and revealed 

additional traits.  

8. The regular use of a plant water stress indicator seems to be a requirement to succeed 

in commercial RDI operation. 

9. The case study illustrated that complex environmental conditions, a large number of 

crops and cultivars, and moderate performance of the irrigation network can make it 

difficult to attain excellence in orchard water management.  

10. Improved control of the applied irrigation depths - as required to implement an RDI 

strategy - would require explicit characterization and exploitation of soil and climate 

variability and better-performing irrigation systems. 

11.  Intense RDI technology transfer and/or specific automated irrigation controllers will 

be required to overcome the reported limitations, optimize economic benefit and 

effectively conserve water in stone fruit orchards. 
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Chapter III: Design and performance of an open top chamber system to assess net 

photosynthesis and transpiration at whole plant level in peach trees 

12. The chamber prototypes were implemented on a commercial orchard, where peach 

plants were more than twenty years old, and had a very well developed canopy and 

trunk. This environment represents real field conditions, but introduces several 

experimental challenges which were partially overcome during the reported research. 

First of all, the chamber should have a rigid structure to withstand the strong winds 

characterizing the study area. Second, chamber dimensions were very large: it was not 

possible to manage at the same time more than one chamber on such conditions, even 

though the electronic control device had been designed to manage two chambers 

simultaneously.  

13. Progression from the first to the second chamber prototype permitted to solve several 

problems concerning chamber mounting and air leakages. The combination of 

aluminum profiles, wooden frames and rubber tapes resulted in an air-tight chamber. 

Additionally, the resulting chamber is fast to assemble and easy to transport to any kind 

of commercial orchard, giving a leeway to expand the research to fruit species 

characterized by larger trees. 

14. The second open chamber prototype responded adequately to the environmental inputs, 

reproducing trends observed in key variables. Even during the day time, when radiation 

inside the cuvette was reduced by the presence of the plastic film, the observed trends 

were adequate.  

15. There is margin for improving the entire system by further automating the more work 

demanding parts of the experiment, such as data recording and analysis and energy 

supply.  

16. The chamber prototype could be improved in a number of aspects. Minimizing the 

effect of the chamber on the internal PAR by further reducing the size of the 

metal/wood structure, and using more transparent plastic materials are two clear 

research lines for the development of future prototypes. Additionally, chamber 

disturbance could be mitigated by reducing the air temperature at the chamber inlet.  
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Chapter IV: Comparison between the eddy covariance and open top chamber 

techniques in a peach (Prunus persica) orchard located in north eastern Spain 

17. Concerning the measurement of CO2 fluxes, the comparison between both methods 

resulted in high correlation (r = 0.84). This was a relevant finding, even though the 

measurement scale of both methods is different, and the chamber did not measure soil 

respiration fluxes. The analysis of absolute differences in CO2 flux during the day time 

indicates that chamber values are lower than eddy correlation values by an average 

18%. This seems due to the reduced PAR interception in the chamber.  

18. Night time data shows that the eddy correlation CO2 fluxes were higher than the 

chamber fluxes due to soil respiration (prevented in the chamber).  

19. Concerning H2O vapor fluxes, adequate correlation was observed between both 

methods (r = 0.83). However, chamber transpiration only amounted to 47% of eddy 

correlation evapotranspiration. Such difference cannot be explained by soil evaporation 

alone. It seems clear that the chamber induced disturbance of environmental conditions 

(temperature and humidity) was responsible for a large part of this difference.  

20. Changes are required in the chamber design to improve OTC data quality in trees. It is 

necessary to adjust chamber design to the tree volume, and to reduce the inside/outside 

air temperature difference. These two arrangements will reduce the variables 

modifying physiological responses, to PAR and wind speed. Special attention should 

be paid to the conditions of H2O vapor inside the chamber. Reducing the temperature 

of the inlet air will reduce the inside/outside differences in vapor pressure deficit. This 

will additionally prevent the increase in stomata resistance, which has led to a 

reduction of transpiration in the experimental conditions.  

21. Finally, the analysis would greatly benefit from the simultaneous use of a second 

chamber, which could provide for more robust statistical comparisons. A second 

chamber would also minimize problems with missing data.  

22. Concerning the measurement of soil respiration, the blower flow rate should be 

adjusted to reduce the internal pressure. In such conditions, chamber respiration data 

could be more reliable.  
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