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ABSTRACT 

 The availability of irrigation water is increasingly limited compared to a nursery sector 

that crops many varieties of ornamental plants with different water requirements. In this 

situation, the crop of ornamental shrubs has to reduce water consumption without losing 

quality. The aim of this thesis is to study the application of four nursery techniques that can 

reduce water consumption, and the crop optimization of Rhamnus alaternus (native 

Mediterranean shrub with little water requirements) with different levels of shading. The tests 

conducted were: 1) The study of the "pot-in-pot (PIP), which is a holder or socket pot 

permanently placed in the ground with the top rim remaining above and a pot-grown plant 

that is placed within the holder pot. The container-grown plant is then placed within the 

holder pot for the production cycle. We measured substrate matric potentials, substrate 

temperature, water relations, and the development of Myrtus communis grown in PIP and 

"above-ground-pot" (AGP). 2) The use of dendrometers in shrubs of small diameter. 

Dendrometers were set up in three shrubs with ornamental interest and were subjected to 

water stress treatments. The dendrometer measures linear changes in the stem diameter, which 

were related to leaf water potential and evapotranspiration. 3) The effect of five levels of 

shading on R. alaternus and its changes on growth and plant development, aesthetic, water 

relations and consumption. 4) The possibility of using the system Acclima (automated 

irrigation system based on a soil moisture sensor TDT) to produce potted plant (soilless crop) 

and its suitability for researching projects. Begonias semperflorens were studied at six levels 

of substrate volumetric water content (θ) controlled by the system. 5) The irrigation with 

saline water on Euonymus japonicus and the possibility of the system PIP to increase its 

salinity tolerance. We evaluated growth, water consumption, aesthetic, water relations and 

ions accumulation. 

 The results showed the following: 1) The PIP system reduces the consumption of M. 

communis and improved its tolerance to water stress due to the lower extreme temperatures in 

the root, which reduced the ratio shoot dry weight/root dry weight (S/R). 2) The use of 

dendrometer allows the detection of stress in the shrubs of small diameter, but was less 

sensitive compared to the leaf water potential, which limits their use to situations where 

moderate stress is not a problem (hardening or growth control). 3) Rhamnus alaternus is a 

shrub with plasticity to different light levels, but its aesthetic value is compromised with 

levels above 84%, so that 25% and 50% of shading is recommended in spring and summer, 

respectively. 4) The Acclima system allows precise control of θ, which allowed us to asses 

that B. semperflores growth increases linearly up to a moisture level of 0,348 m3·m-3, above 
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which a greter consumption did not increase its growth. 5) Irrigation with saline water 

damages the aesthetic and growth of Euonymus japonicus, however, the PIP reduces these 

damages because produces a lower consumption which increased the leachate and reduced the 

pore water electrical conductivity. In addition, less extreme temperatures in the root favored 

better root development, which reduced its S/R. 

 In conclusion, the use of the techniques studied, would allow a reduction in water 

consumption and the optimization of R. alaternus production by light management. In 

addition, the dendrometer allows estimating the plant water status and the PIP system 

increases the salinity tolerance. 
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RESUMEN 

 La disponibilidad de agua para riego es cada vez más limitada frente a un sector 

viverístico que produce numerosas variedades de plantas ornamentales con requerimientos 

hídricos diferentes. Ante esta situación, la producción de arbustos ornamentales tiene que 

reducir del consumo de agua sin perder la calidad del producto. El objetivo de la tesis, es 

estudiar la aplicación de cuatro técnicas viverísticas susceptibles de reducir el consumo 

hídrico, y la optimización de la producción de Rhamnus alaternus (arbusto mediterráneo 

autóctono con pocos requerimientos hídricos) mediante distintos niveles de sombreo. Los 

ensayos realizados fueron las siguientes: 1) El estudio del sistema “pot-in-pot” (PIP), que 

consiste en introducir la maceta de cultivo en otra enterrada en el suelo donde encaja. Se 

evaluaron los potenciales mátricos y la temperatura del sustrato, las relaciones hídricas, y el 

desarrollo de Myrtus communis producido en PIP y en maceta sobre suelo, sistema “above-

ground-pot” (AGP). 2) El uso de dendrómetros en arbustos de diámetro pequeño. Se 

instalaron dendrómetros en tres arbustos con interés ornamental y se sometieron a 

tratamientos de estrés. El dendrómetro mide los cambios diametrales y éstos se relacionaron 

con el potencial hídrico y la evapotranspiración de los arbustos. 3) El efecto de cinco niveles 

de sombreado sobre R. alaternus y sus efectos en el crecimiento y desarrollo de la planta, 

estética, relaciones hídricas y consumo. 4) La posibilidad de usar el sistema Acclima (sistema 

de riego automatizado basado en un sensor de humedad del suelo TDT) para producir planta 

en maceta (cultivo sin suelo) y para realizar investigación. Se estudiaron Begonias 

semperflorens en seis niveles de humedad del suelo (θ) controlados por el sistema. 5) El riego 

con aguas salinas sobre Euonymus japonicus y la posibilidad del sistema PIP de aumenter su 

tolerancia a la salinidad. Se evaluaron crecimiento, consumo, estética, relaciones hídricas y 

acumulación de iones. 

 Los resultados mostraron lo siguiente: 1) el sistema PIP reduce el consumo de M. 

communis y mejora su tolerancia al estrés hídrico por las menores temperaturas extremas 

sufridas en la raíz, que redujeron el ratio peso seco aéreo/peso seco radical (ratio PSA/PSR). 

2) El uso del dendrómetro permite la detección del estrés en los arbustos de diámetro 

pequeño, pero es menos sensible que el potencial hídrico, lo que limita su uso a situaciones 

donde un estrés moderado no sea un problema (situaciones de endurecimiento o de reducción 

del crecimiento). 3) Rhamnus alaternus es un arbusto con plasticidad a distintos niveles de 

luz, pero su estética se deteriora con niveles superiores al 84%, mientras que se mejora con 

sombreados del 25% y el 50% en primavera y verano respectivamente. 4) El sistema Acclima 

permite un control preciso del θ, lo que nos permitió verificar que B. semperflores aumenta su 
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crecimiento de forma linear hasta un nivel del humedad de 0.348 m3·m-3, por encima del cual 

un mayor consumo no lo incrementa. 5) El riego con aguas salinas, daña la estética y el 

crecimiento de Euonymus japonicus, sin embargo, el PIP reduce estos daños porque produjo 

un menor consumo que incrementó el drenaje y redujo la conductividad eléctrica de los poros 

del sustrato. Además, las temperaturas menos extremas en la raíz favorecieron el mejor 

desarrollo radical, lo que redujo su ratio PSA/PSR. 

 En conclusión, el uso de las técnicas estudiadas, permitirían una reducción del 

consumo de agua y la optimización de la producción de R. alaternus mediante el manejo de la 

luz. Además, el dendrómetro permite una estimación del estado hídrico de la planta y el 

sistema PIP aumenta la tolerancia a la salinidad. 
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 This doctoral thesis was written within the context of the nursery production of 

ornamental plants produced in pots. The aim of this work was to provide the tools and 

knowledge to face some of the threats faced by the industry and to correct some of its 

weaknesses. To carry out this objective, we investigated the adaptability of some techniques 

not fully exploited yet and attempted to enhance some of the strengths the sector already has.  

 At present, the main threat that the ornamental nursery is facing is the scarcity of good 

quality water. Population growth and increased urbanization have increased intensive 

agriculture and competition for water (Jury and Vaux, 2005). Furthermore, the ornamentals 

industry will also need to comply with existing and new laws, regulating the environmental 

impact of production (Fernández et al., 2009). This threat should be added to the greatest 

weakness of the sector, which is the unknown real water needs of many ornamental crops by 

growers, who usually make irrigation decisions based on visual appearance of the substrate or 

plants or by simply using timers (Nemali and van Iersel, 2006). The result is often excessive 

irrigation, resulting in leaching and runoff of water and fertilizer, which may cause 

eutrophication and algal blooms (Majsztrik et al., 2011) as well as CO2 emissions through 

excessive energy use in water pumping. On the other hand, the sector has strengths, which 

have been developed over the years, such as the efforts to improve irrigation-fertilization 

systems (drip irrigation and sprinkler) using modern programmers and the production of high 

quality ornamental plants. Besides, there are the favorable growing conditions of the 

Mediterranean coastal region, with high solar radiation (Rubio et al., 2010). Amidst all this, 

there are new opportunities for the sector to be exploited, such as the new technologies (soil 

moisture sensors, dendrometers, PAR sensors, etc.), which allow plant water needs to be 

evaluated, thus correcting one weakness of the sector. As well as this, there is increasing 

interest in agricultural sustainability on the part of both consumers and governments, which 

may well result in market opportunities for ornamental crops (Dennis et al., 2010) with the 

“sustainable” label. 

 This thesis focuses on: a) system of pot-in-pot (PIP) culture, b) the use of soil moisture 

sensors and dendrometers, c) solar light management, and d) irrigation with saline water and 

its interaction with the PIP system. The potential use of these systems and technologies in 

reducing plant water consumption and improving plant quality was assessed. A general 

description of previous studies of these points follows. 
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1.-Pot-in-Pot 

 

 Pot-in-pot (PIP) production, introduced around 1990 in the USA (Parkerson, 1990), is 

a nursery production method that combines some of the benefits of both field and container 

production. In a PIP system, a holder or socket pot is permanently placed in the ground with 

the top rim remaining above. The container-grown plant is then placed within the holder pot 

for the production cycle (Ruter, 1998b). Previous research into PIP compared with above 

ground potting (AGP) determined that PIP improves biomass production (Ruter, 1998a), 

reduces root zone temperature stress (Young and Bachman, 1996) and enhances efficient 

water use by decreasing container evapotranspiration (Martin et al., 1999). An additional 

advantage over AGP is the elimination of extensive staking and blowover and a more easy 

mechanization. Recent studies by Neal (2010) reported that crabapple and lilac root or shoot 

mass were greater in PIP compared with another four production systems: field-grown, plastic 

container, bag-in-pot and above ground system. 

 The disadvantages of the PIP system include high initial cost of pots and installation, 

potential drainage problems of socket pots in poorly drained soils, and the possibility of root 

elongation into the socket pot and surrounding soil. In PIP production, containers may stick 

together; the bottom of the insert pot may sag, causing an uneven base; and there is little or no 

spacing flexibility once the socket pots are established (Adrian et al., 1998). So, careful 

planning of the layout should be undertaken because of the large initial outlay for production 

and the cost of changing the system (Tilt et al., 1994). The economic analysis reported by 

Adrian et al. (1998) concluded that the PIP system had the highest total capital outlay and 

fixed cost compared with AGP, which related primarily to higher costs associated with 

purchasing and installing socket pots. The PIP system, however, was least costly on a per 

harvested plant basis due to less intensive, labor-saving cultural practices and the ability to 

grow larger plants quickly. 

 In chapter I the benefits of this system in the development of ornamental shrubs grown 

in little pots (about 2.5 L) was assessed. The differences in substrate temperature and soil 

matric potential (estimated with watermark sensors) were investigated in native Myrtus 

communis L. cultivated in PIP and AGP. The way each system affected growth and 

development, water status and gas exchange parameters was also studied. 

 

  



Background and objectives 

32 
 

2. Sensors 

 

 The use of sensors is crucial fact for assessing the plant water status, so that irrigation 

decisions can be made in order to give the plant the water it really needs. In this case, we have 

mainly worked with dendrometers and soil moisture sensors. 

 

2.1. Dendrometers 

 

 Several studies have suggested that one of the most sensitive water indicators is plant 

growth and, more specifically, trunk diameter growth. One of the consequences of this has 

been the proposed use of the dendrometer, an electronic sensor which measures the stem 

diameter variations (SDV) originated by water changes in the trunk tissues (Molz and 

Klepper, 1973). The high frequency measurements obtained with this sensor usually point to a 

maximum diameter value just before sunrise (MXDS) and a minimum diameter value at 

sometime during the afternoon (MNDS), the difference between them being the maximum 

daily shrinkage (MDS). The stem growth rate (SGR) is calculated as the difference between 

two consecutive MXDS. 

 The dendrometer is generally a linear variable differential transducer (LVDT) which 

provides precise, accurate and stable measurements under field conditions. The LVDT 

sensors are attached to the trunk by a special bracket made of invar (FeNi36), an alloy with a 

thermal expansion coefficient close to zero, and aluminum (Zweifel et al., 2000). The linear 

variable differential transducer is a sensor that converts a linear displacement of position from 

a mechanical reference (or zero) into a proportional electrical signal containing phase (for 

direction) and amplitude (for distance) information. Brackets can be made to measure SDV of 

very different trunk sizes, from small stems typical of herbaceous crops (Gallardo et al., 

2006a,b) up to very large trunk sizes as in mature olive trees (Moreno et al., 2006). In 

addition SDV measurements can also be performed with a strain gauge type of sensor 

(Morandi et al., 2007), a device based on a linear potentiometer, which is cheaper than the 

LVDT. 

 It has been suggested that the MDS and the SGR are key indicators of the plant water 

status depending on the species, and numerous works have studied the relationship between 

dendrometric indices and plant water status indicators (the leaf and stem water potential, gas 

exchange, etc.) and environmental variables (vapor pressure deficit, PAR, temperature, 

evapotranspiration, etc.) as reported by Ortuño et al. (2010) and Fernández and Cuevas (2010) 
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in their revisions. However, this research line has focused on fruit trees and some horticultural 

crops (pepper and tomato). So, its potential use in low diameter ornamental crops has not 

been studied yet. However, it is a promising tool for evaluating plant water status for growers. 

Furthermore, it is quite easy to use compared with other instruments (the pressure chamber, 

gas exchange systems, etc.) but more appropriate for research than for nursery production. 

 The objective was to assess whether the dendrometic indices could be used as plant 

water status indicator in well irrigated and water stress conditions in three ornamental shrubs 

grown in pots. The species used were Mediterranean shrubs of ornamental and landscaping 

interest, one of them native (Rhamnus alaternus L.), one representative of Australian flora 

(Callistemon citrinus [Curtis]. Skeels.cv. Splendens) and the other a very popular commercial 

shrub from China and Japan (Pittosporum tobira [Thunb.] Ait. cv. Nana). The present 

research is developed in chapter II. 

 

2.2. Soil moisture sensors 

 

 The measurement of the soil water content (θ) by means of in situ dielectric methods is 

increasingly used because they are non-destructive, provide almost instantaneous 

measurements, require little or no maintenance, can remain in the soil during the winter time 

and can provide continuous readings; they are non-radioactive, and accurate measurements 

may be made near the soil surface, while their cost has decreased substantially in recent years 

(Cardenas-Lailhacar and Dukes, 2010). Some of the techniques based on dielectric methods 

have been classified as time domain reflectometry (TDR), time domain transmissometry 

(TDT), and frequency domain reflectometry (FDR). Most of these instruments operate by 

sending an electromagnetic signal to a probe buried in the soil. When the signal is reflected 

back (TDR), reaches the end of the loop-probe (TDT), or changes its frequency (FDR). The 

signal is then detected and analyzed. The time taken for the signal (TDT and TDR) or the 

frequency of the reflected wave (FDR) varies with the soil dielectric properties, which are 

mainly governed by the water content of the soil surrounding the probes (Topp, 2003; 

Blonquist et al., 2005a). More in depth estimations of the water content using these 

electromagnetic sensors are based on the ability of sensors to measure the ‘real’ part of the 

dielectric permittivity (ε), or property of an electromagnetic signal directly relating to ε, 

which directly relates to θ owing to the ε contrast of soil constituents; εa~1, εs~2-9 and εw~80; 

where the subscripts a, s and w represent air, solids and water, respectively (Blonquist et al., 

2006). Other substrate-related factors like electrical conductivity, temperature and bulk 
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density can cause dielectric loss and affect the permittivity of a substrate (called ‘imaginary 

permittivity’). The effects of imaginary permittivity on ‘real’ permittivity measurement 

accuracy is to a lager extent dependent on measurement frequency of the sensor, with higher 

frequency broadband sensing systems generally yielding better measurements (Blonquist et 

al., 2005b). 

 Granular matrix sensors (GMSs) such us watermark, have been used for many years to 

estimate θ. The GMS is a device that measures soil electrical resistance, which is converted to 

calibrated readings of soil water potential (Ψsoil). The GMS has two electrodes embedded in a 

granular matrix material, which is generally surrounded by a protective synthetic membrane 

and held in a stainless case. This device is buried in intimate contact with soil, and reaches 

equilibrium with the soil water content. Since the development of the GMS, many researchers 

have used it in irrigation scheduling. However, in coarse textured soils (e.g. sand) reduced 

soil/sensor contact may lead to incorrect estimation of the soil water tension (Irmak and 

Haman, 2001). In addition, GMSs exhibit hysteretic behavior (Thompson et al., 2006) and a 

high variability of readings (Taber et al., 2002; Intrigliolo and Castel, 2004), so individual 

sensors should be calibrated for accurate readings (Leib et al., 2003). However, they can be 

appropriate when a relative indication of soil wetness is sufficient, as indicated by reports of 

their successful use for monitoring θ in urban tree-landscapes (Connellan et al., 2000), and for 

irrigation scheduling in onion (Shock et al., 1998a), potato (Shock et al., 1998b), tomato and 

walnut trees (Hanson et al., 2000). 

 At present, modern commercially available soil moisture sensors systems include not 

only a sensor to be buried in the soil but also a controller to interface with the irrigation timer. 

The controller is a milestone in the development of the soil moisture sensor industry because 

it sends a signal to the buried sensor, interprets the signal behavior, and converts it to a 

‘‘sensed’’ soil water content. At the same time, the controller acts as a switch that allows the 

operator to choose a desired soil water content threshold (θTh), above which scheduled 

irrigation events would not be allowed. Typically, the adjustable θTh can be set between 

relatively dry to relatively wet soil moisture conditions; depending on the plant material, soil 

type, installation depth of the sensor, etc. 

 Chapter IV of this thesis focuses on assessing the accuracy of the Acclima CS3500 

irrigation controller, a commercially available TDT soil moisture sensor with irrigation 

controller. This system was tested with Begonia semperflorens L. grown in pots, and its data 

was compared with a well-known automated irrigation system developed by Nemali and van 

Iersel (2006) which can maintain substrate θ at specific thresholds. This irrigation system 
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determines θ with capacitance sensors (FDR) connected to a datalogger (basic knowledge of 

programming and wiring dataloggers is required, which maybe a limitation for growers). 

 

 

3. Light management 

 

 The growth and productivity of a species are affected by changes in canopy light 

interception as a result of differences in carbon assimilation by the whole canopy (Cannell et 

al., 1987). The plant ability to acclimate to different light environments is determined by the 

genetic adaptation of a given species to the light environment of its native habitat (Boardman, 

1977; Pearcy, 1998). This adaptation ability include alterations both at leaf level, associated 

with morphological, anatomical and physiological characteristics and at the whole-plant level, 

mainly related to shoot architecture and biomass allocation patterns (Givnish, 1988; Muraoka 

et al., 1997; Niinemets, 1997a; Valladares and Pearcy, 1998). Comparative studies on leaf 

characteristics of plants grown in high and low light can provide insights into leaf acclimation 

to sun and shade environments, through adjustments that enable the greatest possible 

efficiency of radiant energy use (Givnish, 1988). While plants in shade usually present an 

increased assimilate investment in leaf area to improve light interception (Pearcy and Sims, 

1994; Niinemets et al., 1998) and an increase in leaf longevity (Nilsen et al., 1987; Reich et 

al., 1992), sun leaves are comparatively thicker, with a high leaf dry mass per area, reflected 

in a more efficient quantum utilization and so a high photosynthetic capacity per unit leaf area 

(Wayne and Bazzaz, 1993; Niinemets and Tenhunen, 1997). Adaptation to irradiance also 

involves changes in foliar chemistry. The content of foliar non-structural carbohydrates tends 

to relate positively with irradiance (Niinemets 1995, 1997b; Johnson et al., 1997), reflecting 

increased daily photosynthetic production, due in part to the high stomatal conductance that 

enables greater carbon acquisition. However, in a comparison of sun and shade leaves of 

evergreen sclerophylls, Meletiou-Christou et al. (1994) did not find any significant 

differences in the soluble sugars concentration and even observed in some species a higher 

starch content in the leaves at low light. 

 Rhizopoulou et al. (1991), studying leaves from the same canopy in evergreen 

sclerophylls, observed that sun and shade leaves developed different mechanisms to withstand 

microclimatic conditions. Sun leaves, subject to great evaporation, usually follow an 

avoidance strategy by reducing water loss through a decrease in leaf size and stomatal 

conductance and an increase in leaf thickness. In contrast, shade leaves develope low solute 
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potentials to maintain turgor (Rhizopoulou et al., 1991). Also, Niinemets et al. (1999) 

reported that stomata may exert greater control over water use with increasing irradiance in 

the canopy. There is also evidence of these adjustments in the foliage chemical and 

morphological structure in response to water stress (Niinemets and Kull, 1998). These authors 

observed a higher ability for osmotic adjustment in the upper canopy leaves of Populus 

tremula L. and Tilia cordata Mill., provided by the increase of carbohydrates. 

 It is therefore necessary to know the shade plasticity of any species for both nursery 

production and reforestation success because, as reported by Villar-Salvador (2004), low 

quality plants might exhibit morphological and physiological characteristics that impair their 

performance under stressful conditions. Appropriate conditioning techniques used in the 

nursery during seedling production are crucial for the establishment, survival and subsequent 

growth of plants after transplanting (Franco et al., 2006).  

 Chapter III of this thesis focuses on the light plasticity of Rhamnus alaternus L., an 

important understory species of the Mediterranean area with a high ornamental value because 

of its bright green leathery foliage, which, with its small red fruits, creates a very pleasing 

effect. Its potential use in gardening and the best light levels for its nursery production was 

assessed. 

 

 

4. Salinity 

 

 Of nearly 160 million hectares of cultivated land under irrigation worldwide, about 

one-third is already affected by salt (Singh and Chatrath, 2001). In most coastal or semiarid 

areas this problem is accentuated by competition for high quality water for urban use. Thus 

marginal quality water, somewhat saline, will become important in these areas (Chartzoulakis 

et al., 2002), and it would be desirable to irrigate plants with saline water or to blend saline 

with high quality water, as well as to grow selected salt-tolerant crops (Flowers et al., 2005) 

and/or use systems which improve salinity tolerance of species. 

 The use of low quality water for irrigation affects plants in different ways, depending 

on the degree of salt tolerance of the species (Alarcón et al., 1993), on the level of water 

salinity, and on the characteristics of the water itself. In general, under salinity, plants have 

smaller and fewer leaves, shorter stature and, generally, show a reduction in the length and 

mass of roots (Shannon and Grieve, 1999). These phenomena occur due to the disturbance 

that high salt concentrations cause to, among other things, membrane permeability, water 
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channel activity, stomatal conductance, photosynthesis and ion balance (Sonneveldt, 1988; 

Carvajal et al., 1999; Navarro et al., 2003; Cabañero et al., 2004). 

 Depending upon the composition of the saline solution, ion toxicities or nutritional 

deficiencies may arise because of competition between cations or anions (Shannon and 

Grieve, 1999). When Na+ and Cl- are present in the rhizosphere, they can disrupt the uptake of 

nutrients directly by interfering with transporters, such as those for K+ and NO3
- in the root 

plasma membrane (Tester and Davenport, 2003) or, if accumulated and not 

compartmentalised in vacuoles, can be metabolically toxic, resulting in ‘‘scorched’’ or 

‘‘burned’’ leaves (Shannon and Grieve, 1999). Chloride toxicity manifests itself as slight 

bronzing and leaf-tip yellowing followed by tip death and general necrosis, whereas Na+ 

toxicity starts as a marginal yellowing followed by a progressive necrosis (Ferguson and 

Grattan, 2005). In addition high external salt concentrations can inhibit root growth by 

osmotic effects (Wild, 1988). 

 Plant salt tolerance is the ability to withstand the effects of high salt concentrations in 

the root zone without a significant adverse effect (Shannon and Grieve, 1999). This tolerance 

depends on species, climatic conditions, type of substrate or soil, and irrigation method. 

Although salinity levels of irrigation water were kept constant, root zone salinity increased 

with time, especially when peat-based substrate or clay soil was used (Miyamoto et al., 2005; 

Niu and Rodriguez, 2006a,b). Salt accumulation in the root zone is affected by the physical 

and chemical properties of the substrate, plant size, and environmental conditions because 

these factors influence the substrate moisture content and cation exchange capacity in the root 

zone (Niu et al., 2010). Plants were more susceptible to salinity stress under sprinkler 

irrigation than drip irrigation as a result of direct contact with salts (Wu et al., 2001). Foliar 

salt injuries of a number of landscape plants irrigated with saline water were most affected 

during the hottest and driest periods of summer (Fox et al., 2005; Niu et al., 2007). 

 According to species tolerance, halophytes are able to complete their life cycle in 

200mM NaCl or more (Flowers and Colmer, 2008), while sensitive glycophytes are injured 

by one tenth these salt concentrations. In many glycophytes, tolerance is correlated with an 

ability to limit uptake and/or transport of Na+ and Cl- to aerial parts, these ions being retained 

in the root and lower stem (Maathuis and Amtmann, 1999; Murillo-Amador et al., 2006). For 

woody perennials (species like citrus and grapevines), Cl- is more problematic than Na+ which 

usually tends to be sequestered in roots and woody tissue (Ferguson and Grattan, 2005); for 

other plants, like grasses, Na+ is the primary cause of ion specific damage (Tester and 

Davenport, 2003). 
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 Another key determinant of salt tolerance is likely to be the capacity of plants to 

maintain a high K+/Na+ ratio in their tissues (Maathuis and Amtmann, 1999; Munns and 

James, 2003), which is liable to be reduced because of the competitive effect of Na+ 

concentration in the rhizosphere on K+ uptake (Carvajal et al., 1999; Del-Amor et al., 2001; 

Aktas et al., 2006). Munns and Tester (2008) highlighted the fact that species differ in their 

ability to retain Na+ in lignified roots and stems, while Cl- is not retained and continues to be 

transported to the leaves. Ornamental shrubs might be expected to contain more woody 

tissues than annual species and so tolerance to external NaCl might be more closely related to 

leaf Cl- concentrations than to those of Na+. 

 Chapters V and VI of this thesis focus on the effects of salinity on a commercial 

ornamental plant Euonymus japonicus Thunb. cv. Marieke, and its possible interaction with 

the PIP system (different environmental conditions in the rhizosphere) compared with AGP. 

For this study, a similar automated irrigation system described by Nemali and van Iersel 

(2006) was installed. The possible increase in salinity tolerance with this system was 

assessed. 
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Abstract 

Pot cultivation has the disadvantage of favoring extreme temperatures in the substrate, which 

can damage roots. To reduce this problem, the pot-in-pot (PIP) cultivation system has been 

developed. To determine the influence of PIP systems vs. above-ground pot (AGP) systems in 

native myrtle (Myrtus communis L.) production, an experimental field site was established 

where substrate temperature, soil matric potential (SMP), plant growth, water status, and gas 

exchange were measured. During the one-year experimental period, the PIP system showed 

mean monthly maximum substrate temperatures that were 6.3 °C to 8.6 °C lower than the 

AGP system, while mean monthly minimum temperatures were between 2 °C and 5 °C 

higher. Daily minimum SMP values were more negative in AGP, so the irrigation 

requirements were lower for the PIP system. In general, differences in gas exchange and 

water potential between both systems were very slight, which demonstrated the absence of 

drought conditions as a result of the high irrigation frequency. The AGP system produced 

greater plant height (16%) and shoot dry weight (11%) than PIP, while the PIP system 

increased root dry weight (14%), which was presumably responsible for the lower shoot/root 

index in the PIP cultivated plants. Such behavior is related to substrate temperature 

differences between both cultivation systems. The PIP system produced plants that were 

better able to survive two weeks without irrigation at the end of the experiment. These results 

suggest that the PIP system encourages greater root development and a higher SMP, which 

enables plants to better survive water stress conditions. 

Keywords: Gas exchange, Leaf water potential, Pot-in-pot, Pot plant, Root temperature, Soil 

water potential. 

 

 

1. Introduction 

 

 In the nursery, plant cultivation in pots or containers is a very common practice. On 

the one hand, this is to satisfy market demands for herbal plants and shrubs, and on the other 

because of its many advantages compared with ground cultivation. These advantages include 

lower stress for plants during transport and manipulation, space reduction in the nursery, the 

increased possibility of mechanization, a longer supply period, and greater transplantation 

success (Davidson et al., 1988). However, container cultivation is more affected by 

environmental conditions in the substrate-root complex, where extreme temperatures can 

negatively influence root development. The climatic season (winter or summer) will 
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determine thermal stress through cold or heat. Container characteristics (material, color, form, 

drainage holes, etc.) also influence temperature in the root system, and many studies have 

looked at the use of different container types (Franco et al., 2006). 

 In contrast to traditional cultivation in above-ground pots (AGP), pot-in-pot (PIP) is an 

alternative system that consists of cultivating plants in pots that are themselves inserted in 

other pots buried in the ground. The PIP system was first developed in the southeastern U.S. 

to protect roots from high temperatures in summer but was quickly adapted to northern states 

because of the advantages perceived for winter plant production (Mathers and Zondag, 2002). 

This system was quickly extended to trees, ornamental shrubs, fruit trees, and flowering 

plants. 

 The PIP system offers many advantages over the AGP system, but it is not free of 

problems. In a review of the advantages and disadvantages of this system, Zinati (2005) 

stressed the avoidance of extreme temperatures in the root sphere. The importance of avoiding 

extreme temperatures in the substrate is well documented, especially because of their effect 

on root development. Ruter and Ingram (1992) observed that the normal growth of holly trees 

stopped when temperature exceeded 35°C, whereas in other species this value was lower, at 

32°C (Levitt, 1980). Other authors, such as Kuroyanagi and Paulsen (1988), described how 

wheat plants that receive high temperatures in the root sphere suffer chlorophyll loss and 

show lower protein production in shoots. Mathers (2003) observed that roots on the west sides 

of pots are usually injured or destroyed by high temperatures. Zhu et al. (2004) suggested that 

the moderating of root temperature by PIP prevents the death of Acer rubrum roots in contact 

with the pot wall, whether in winter or summer. 

 Moderation of the substrate temperature influences the crop water balance, reducing 

evapotranspiration in the substrate-plant system (Ruter, 1998) and, as a consequence, 

maintaining higher substrate moisture content (Fain et al., 1998; Ruter, 1997). Less extreme 

temperatures at root level as well as good water availability in the substrate can accelerate and 

improve plant growth and development. Indeed, one of the most interesting and practical 

aspects of PIP for nursery growers is plant growth magnification (Ruter, 1997; Martin et al., 

1999). Ruter (1995) related the moderation of temperature with increased root biomass, 

although the extent of the effect varied according to the species (Ruter, 1993). Zinati (2005) 

observed root biomass increases of 50% in PIP grown plants compared with 20% in plants 

grown in AGP. 

 A well developed root system is especially important in landscape and gardening 

projects to ensure success in transplanting and establishment, although it is also important to 
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choose the species that can best adapt to adverse conditions. Among nursery-grown species, 

native plants represent an incipient and promising market in the ornamental and landscaping 

plant sector. This kind of plant favors biodiversity conservation and shows better adaptation 

to the environment, potentially being more resistant to environmental stresses (Martínez-

Sánchez et al., 2003; Franco et al., 2001). Native plants, which are more used to growing in 

the ground, are more susceptible to the thermal disadvantages of AGP systems. For example, 

Myrtus communis is a sclerophyllous evergreen shrub of the Mediterranean area, very 

important due to its ornamental and medical uses (Romani et al., 2004). However, it can 

suffer stress by drought and high solar radiation (Mendes et al., 2001; Gucci et al., 1991). 

 It is well known that one of the most important aspects for improving water irrigation 

efficiency is the correct choice of cultivation technique. Techniques that improve root 

function and minimize water consumption are considered key factors for improving pot 

cultivation (Mathers, 2003). In this example, a PIP system may help improve water 

management efficiency in nursery production, which is especially important in drought 

conditions and where the water is of low quality, such as in arid and semiarid areas of the 

planet. 

 The objective of this research was to determine, during one year, differences in 

substrate temperature and water content in native myrtle cultivated in two systems: PIP and 

AGP. We also studied how each system affected growth and development, and water status 

and gas exchange parameters. 

 

 

2. Material and methods 

 

2.1. Plant material and growing conditions 

 

 Seedlings of two year old myrtle (Myrtus communis L.) grown in 45 multi-pot forest 

trays (Plasnor S.A., Gipuzkoa, Spain) were used. The seeds were from natural populations of 

myrtle growing in southeast Spain; they were collected in November 2003 and stored dry at 5 

°C. The pots were arranged in a 9  5 configuration, had an inverted pyramid form, and 

measured 60  30  17 cm (240 cm3 volume). The plants were transplanted to black PVC pots 

(cultivation pot) of 2.5 L volume, 16 cm upper external diameter, and 15 cm height. The pots 
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were filled with a mixture of white peat (40%), clay loam soil (30%), and sand (30%). After 

transplantation, all the plants where cut back to approximately 15 cm height. 

 The experiment was performed in an open-air plot of 70 m2 at the Tomás Ferro 

Experimental Agro-Food Station of the Polytechnic University of Cartagena (UPCT) (37° 35' 

N, 0° 59' W). Transplantation of seedlings to cultivation pots was performed on 15 March 

2006, and the experiment finished on 18 June 2007. Weather conditions were taken from a 

meteorological station sited 100 m from the experimental plot. The mean hourly values of 

temperature, relative humidity, and solar radiation were registered. 

 A drip irrigation system was installed, with one dripper per plant (2 L h-1) connected to 

two spaghetti tubes (one each side of every pot). Local irrigation water (pH 7.2; electric 

conductivity 1.7 dS m-1) was used, containing Ca2+ (95 mg L-1), Mg2+ (69 mg L-1), Na+ (145 

mg L-1), Cl- (232 mg L-1), and HCO3
- (110 mg L-1). Both treatments were irrigated between 

12:00 and 14:00 h with the same frequency and volume of water. Irrigation frequency was set 

so that soil matric potential (SMP) reached values of -60 and -120 kPa in AGP. To meet this 

criterion, irrigation frequency varied according to the season: one irrigation per week in 

winter, two irrigations per week in autumn and spring, and three irrigations per week in 

summer. Irrigation amounts were programmed to obtain leaching of 15% to 20% in AGP, 

which produced irrigation water volumes between 400 and 700 mL per pot. Greater volumes 

of water were applied in summer and when the time between irrigations was greater (e.g., 

after the weekend). The leachate in PIP was not collected. At the end of the experiment 

(June), irrigation was stopped for two weeks to study plant survival and response to high 

water stress. 

 

2.2. Experimental design and statistical analysis 

 

 The PIP system consisted of placing cultivation pots in pots already buried in the 

ground. The buried pots were made of black PVC and contained many small drainage holes to 

ensure drainage (5.5 L volume, 17 cm upper exterior diameter, and 30 cm height). An air 

chamber of 15 cm separated the bases of both pots. Once the pots were buried in the ground, 

the plot was covered with a plastic permeable mulch (Horsol 140 g m-2; Projar S.A., Valencia, 

Spain), which was covered with a 4 cm layer of gravel (~2 cm dia.) (Fig. 1). A total of 220 

cultivation pots were placed in 10 rows, 60 cm apart, so that each row had 22 cultivation pots 

(Picture 1). These were placed 55 cm apart, buried pots (PIP) alternating with above-ground 

pots (AGP). A CR1000 datalogger and an AM16/32 multiplexer (Campbell Scientific, Logan, 
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UT) were installed in the center of the plot connected to eight temperature probes (Termistor 

107, Campbell Scientific S.L., Barcelona, Spain) and 12 watermark probes (model 253 

Irrometer Company, Riverside, CA). The data were analyzed using a one-way ANOVA. A 

significance level of ≤5% was accepted. Where appropriate, the least statistical difference 

(LSD 5%) was calculated to indicate differences between treatment means. The statistical 

analysis was performed using Statgraphics Plus 5.1 software (StatPoint Technologies, 

Warrenton, VA). 

 
Fig. 1. Pot-in-Pot general design. 

 
Picture 1. Experimental plot, pot-in-pot (PIP) and above ground pot (AGP) and datalogger in the center of the 

plot. 
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2.3. Growth and development 

 

 On five occasions during the experiment (March, June, and October 2006, and January 

and May 2007), the number of base shoots (N), plant height (H), plant length (L), and crown 

width (A) were measured with a tape measure. The crown area was calculated (Eq. 1). At the 

end of the experiment, the dry weight of six plants was determined, separating shoots and 

roots. To determine root dry weight, roots were washed with pressurized water using a hose 

with flat tip before being introduced in a dryer. The survival percentage was determined at the 

end of the experiment after two weeks without irrigation. A plant was considered to have died 

when, after watering for two weeks and after the imposed drought period, all its leaves were 

dry and no new shoots were evident. 

 Eq. 1. Crown area was calculated as follows: 

4

π

2

LA
CA

2







 

  

where CA is crown area (cm2), A is crown width (cm), and L is crown length (cm). 

 

2.4. Soil matric potential (SMP) and temperature 

 

 The soil matric potential (SMP) was registered using six watermark probes and four 

substrate temperature probes per treatment to perform the SMP corrections due to temperature 

(Thompson et al., 2006). The devices were connected to the datalogger and multiplexer, 

which were programmed to register data every minute and to save the hourly mean value. The 

watermark and temperature probes were installed in random pots, in a southerly orientation 

and 5 cm deep. SMP was estimated using the equation of Shock et al. (1998), which is the 

best way of fitting the studied interval, as described by Thompson et al. (2006). 

 

2.5. Leaf water potential and gas exchange 

 

 Leaf water potential (1) was determined using a pressure chamber (Soil Moisture 

Equipment Corp; Santa Barbara, Cal.) according to Scholander et al. (1965). The stomatal 

conductance and net photosynthesis were measured using a portable photosynthesis system 

(LI-6200, Licor, Inc., Lincoln, Neb.). All measurements were taken at midday in six plants 

per treatment and on three occasions in each of the following months: April, August, 

November, and March. 
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3. Results and Discussion 

 

3.1. SMP and plant water relations 

 

 The mean monthly environmental temperatures during the experimental period ranged 

between 11 °C and 26 °C, and solar radiation ranged between 8.64 and 23.59 MJ m-2d-1 (Fig. 

2). Mean monthly maximum values were 16 °C to 30 °C and 326 to 900 Wm-2, respectively 

(Fig. 3), and mean monthly minimum temperatures varied between 6 °C and 20 °C (Fig. 4). 

The number of days with temperatures higher than 30 °C, 32.5 °C, and 35 °C were 57, 16, and 

0, respectively, with no day showing a minimum temperature below 0 °C. 

 
Fig. 2. Mean monthly temperature and SMP evolution in substrate of PIP and AGP treatments, and mean 

monthly environmental temperature and solar radiation. Error bars are standard errors (n = 4). Values marked 

with an asterisk (*) are statistically significant at P < 0.05. 
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Fig. 3. Mean monthly maximum temperature and SMP evolution in substrate of PIP and AGP treatments, and 

mean monthly maximum environmental temperature and solar radiation. Error bars are standard errors (n = 4). 

Values marked with an asterisk (*) are statistically significant at P < 0.05. 

 
Fig. 4. Mean monthly minimum temperature and SMP evolution in substrate of PIP and AGP treatments, and 

mean monthly minimum environmental temperature and solar radiation. Error bars are standard errors (n = 4). 

Values marked with an asterisk (*) are statistically significant at P < 0.05. 

 

 The mean monthly substrate temperatures in all the experimental months were similar 

in PIP and AGP, ranging between 11 °C and 30 °C. The AGP system showed higher mean 

monthly maximum substrate temperatures than PIP (Fig. 3), with the thermal differences 

between both systems ranging from 6.3 °C to 8.6 °C. Young and Bachman (1996) and Ruter 

(1993) described how, on the hottest days of summer, PIP substrates for different species 

were 2.3 °C and 6 °C lower, respectively, than AGP temperatures. As shown in figure 3, PIP 

moderated substrate temperature increases from June to September, preventing mean monthly 

maximum temperatures >34 °C, unlike in AGP, where 45 °C was reached. In winter, PIP did 
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not show mean monthly maximum temperatures >15 °C, whereas temperatures reached 22 °C 

in AGP. Such thermal differences can influence plant growth and development, but the 

magnitude of this effect will depend on the species (Akinnifesi et al., 2004). 

 Mean monthly minimum substrate temperatures showed the opposite behavior to 

maximum temperatures (Fig. 4), with PIP reaching higher temperatures than AGP. The 

thermal differences between both systems ranged from 2 °C to 5 °C, although the temperature 

differences between both systems were lower than the corresponding maximum values. 

Young and Bachman (1996) and Ruter (1993) found that, on the coolest winter days, PIP 

substrates were 1.1 °C and 3 °C warmer, respectively, than the corresponding AGP values. 

This behavior can be explained by the ground effect, which slowed the temperature loss at 

night. In our case, PIP presented daily temperatures >6 °C, whereas the AGP substrate 

reached 1 °C (Fig. 7). 

 Mean monthly temperatures were similar in both systems (Fig. 2) because AGP 

reached higher daily temperatures than PIP (Fig. 3) but lower temperatures at night (Fig. 4), 

the one compensating the other. 

 The daily maximum and minimum substrate temperatures during a representative 

period of each season are shown in figures 5 through 8, where the high variations of 

maximum or minimum substrate temperatures in AGP contrast with the low variations in PIP. 

These results, together with the monthly temperature register, confirm that PIP significantly 

moderated low and high substrate temperatures, particularly when temperatures were at their 

most extreme. Similar results were obtained by London et al. (1998) for other species. 
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Fig. 5. Representative 31-day period for summer, showing daily maximum and minimum substrate temperature 

in PIP and AGP systems and daily minimum substrate SMP registers in PIP and AGP systems. Error bars are 

standard errors (n = 4 in temperature, and n = 6 in SMP). For clarity, only every fifth standard error value is 

shown. 
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Fig. 6. Representative 31-day period for autumn, showing daily maximum and minimum substrate temperature 

in PIP and AGP systems and daily minimum substrate SMP registers in PIP and AGP systems. Error bars are 

standard errors (n = 4 in temperature, and n = 6 in SMP). For clarity, only every fifth standard error value is 

shown. 
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Fig. 7. Representative 31-day period for winter, showing daily maximum and minimum substrate temperature in 

PIP and AGP systems and daily minimum substrate SMP registers in PIP and AGP systems. Error bars are 

standard errors (n = 4 in temperature, and n = 6 in SMP). For clarity, only every fifth standard error value is 

shown. 
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Fig. 8. Representative 31-day period for spring, showing daily maximum and minimum substrate temperature in 

PIP and AGP systems and daily minimum substrate SMP registers in PIP and AGP systems. Error bars are 

standard errors (n = 4 in temperature, and n = 6 in SMP). For clarity, only every fifth standard error value is 

shown. 
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values (Fig. 3). These differences in SMP at the end of the experiment could have been due to 

the higher water consumption of plants in AGP following growth activation during the 
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differences, possibly because plants were not sufficiently developed enough for the pot size. 

In September and October, the mean monthly minimum SMP values were more negative in 

AGP. These results are related with the minimum daily SMP of a representative period in 

summer and autumn. Regarding figure 5 (summer), the high number of oscillations in daily 

minimum SMP is due to greater substrate drying; however, the differences between both 

systems were barely significant. These low differences in summer SMP between PIP and 

AGP may be explained by greater evaporation because of the higher radiation that the AGP 

pots received, and the higher transpiration in PIP influenced by higher stomatal conductance 

values (Fig. 9). 

 
Fig. 9. Mean stomatal conductance values in PIP and AGP. Value marked with an asterisk (*) is statistically 

significant at P < 0.05. 

 
Fig. 10. Mean leaf water potential values in PIP and AGP. Values marked with an asterisk (*) are statistically 

significant at P < 0.05. 
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Fig. 11. Mean photosynthesis values in PIP and AGP. Values marked with an asterisk (*) are statistically 

significant at P < 0.05. 

 

 In autumn (Fig. 6), when the irrigation frequency was lower, AGP reached more 

negative SMP values than PIP, possibly because transpiration rates leveled out due to similar 

stomatal conductance levels (Fig. 9). Moreover, after summer, some roots from PIP plants 

entered the air chamber between the two pots of the PIP system, which may mean that 

transpired water did not come totally from the substrate, as occurred in AGP. These 

differences between PIP and AGP agree with experiments performed by Martin et al. (1999) 

using Acacia smallii and Cercidium floridum in which AGP needed extra irrigation, as well as 

programmed irrigation, to keep moisture tensions for all rooting substrates between -0.005 

and -0.01 MPa; AGP needed 5.3 L weekly per pot, and PIP needed 3.2 L per pot. 

 In November, December, and January, the mean monthly minimum SMP was similar 

in both systems (Fig. 4), which could be a consequence of lower plant growth due to a 

decrease in temperature and solar radiation. Daily minimum SMP during a representative 

winter period (Fig. 7) showed less negative values, which were very similar in both systems, 

reflecting very low irrigation frequency. These registers showed that AGP reached more 

negative SMP before PIP, which suggests that PIP has lower irrigation requirements. 

 In February, as the temperature began to increase, the mean monthly minimum SMP 

in AGP became more negative than the corresponding values in PIP (Fig. 4), and in spring, 

with this season's better environmental conditions for plants, these differences increased (Fig. 

4). This is reflected in the results shown in figure 8 (spring), where a greater number of SMP 

variations as a result of increasing water needs can be appreciated. Furthermore, AGP clearly 

reached more negative values than PIP, whose substrate conditions remained better. Some 

records in AGP reached SMP < -100 kPa (Fig. 8), which could have caused water stress. 
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Nevertheless, such values were isolated, and the average leaf water potential (Fig. 10), in 

general terms, pointed to no water stress. Indeed, in well developed plants, no leaf water 

potentials under -1.0 MPa were recorded in either system, the values being greater than those 

recorded for leaf water potential registered in other experiments with myrtle plants subjected 

to moderate water stress (Vicente et al., 2006). 

 Figures 12 and 13 shows hourly temperatures and SMP during 10 days of a hot and 

cold period. In the hot period (Fig. 12), after irrigation, SMP was similar in PIP and AGP, and 

remained so at night. As the sun rose, environmental temperatures increased, causing a strong 

increase in substrate temperature until midday in both treatments, but the increase was 

especially pronounced in AGP. This different temperature evolution in PIP and AGP resulted 

in the SMP curves tending to separate, with AGP reaching more negative values than PIP, 

particularly when the time between irrigations was three days or when temperature and vapor 

pressure deficit (VPD) were higher (Fig. 12). From midday, substrate temperature decreased 

in both systems, particularly in AGP, where it became equal to the environmental temperature 

at night, while the PIP substrate temperature remained higher than environmental. However, 

this fact did not prevent the SMP curves from separating. 
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Fig. 12. Hourly environmental temperature, VPD, substrate temperature, and SMP evolution in PIP and AGP 

systems during a 10-day period in summer. Arrows indicate irrigation events. Error bars in temperatures are 

standard errors (n = 4). For clarity, only every fifth standard error value is shown. Vertical bar show LSD at P < 

0.05. 
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Figure 13. Hourly environmental temperature, VPD, substrate temperature, and SMP evolution in PIP and AGP 

systems during a 10-day period in winter. Arrows indicate irrigation events. Error bars in temperatures are 

standard errors (n = 4). For clarity, only every fifth standard error value is shown. Vertical bar show LSD at P < 

0.05. 
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Before dawn, there was a slight increase in SMP in AGP due to the presence of dew 

(minimum VPD of 0.07 kPa), after which the potential decreased. The fall in SMP at midday 

and increase at night became more pronounced as the number of days without irrigation 

increased. With the following irrigation, SMP became similar in both treatments. 

 At the beginning of cultivation (April), plants in PIP and AGP showed similar net 

photosynthesis values (Fig. 11), which can explain the lack of difference in shoot growth 

(Figs. 14 through 16). In August (summer), the differences observed in SMP had no effect on 

leaf water potential, and similar values were observed in both systems. However, the SMP < -

80 kPa registered in summer in AGP could have activated the messages sent by roots, perhaps 

of a chemical kind, which might have lowered stomatal conductance rates and, as a 

consequence, led to lower photosynthetic activity. Such behavior probably helped leaf water 

potential not to fall in these plants. Mendes et al. (2001) found a high sensitivity to stomatic 

closure in myrtle affected by water deficit. This fact, linked to high solar radiation in this 

period, could also influence this stomatal conductance behavior. Niinemets et al. (1999) 

described how stomatic sensitivity was intensified by high solar radiation. 

 

3.2. Growth and development 

 

 Shoot evolution in PIP and AGP was similar during the experimental period, 

increasing from 3.4 to 9.2 shoots per plant from transplanting to the end of cultivation (Fig. 

14). The majority of new shoots in both systems (55%) appeared between June and October. 

Ruter (1993) observed no differences in shoot production in Lagerstroemia indica x fauriei. 

However, in Magnolia x soulangiana, the same author found that PIP plants had more shoots 

than their AGP counterparts. 
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Fig. 14. Number of shoots evolution in PIP and AGP systems. Error bars are standard errors (n = 110). 

 
Fig. 15. Crown area evolution in PIP and AGP systems. Error bars are standard error (n = 110). 

  

N
u

m
b

er
 o

f 
S

h
o

o
ts

 

0 

2 

4 

6 

8 

10 

Seasonal growth in AGP 
Seasonal growth in PIP 
Additive growth evolution in AGP 
Additive growth evolution in PIP 

M
ar

. 

A
pr

. 

Ju
ne

 

Ju
ly

 

A
ug

. 

S
ep

t.
 

O
ct

. 

N
ov

. 

D
ec

. 

Ja
n.

 

F
eb

. 

M
ar

. 

A
pr

. 

M
ay

 

M
ay

 

  

T
o

p
 A

re
a 

(c
m

  
 )

 
2  

0 

200 

400 

600 

Seasonal growth in AGP 
Seasonal growth in PIP 
Additive growth evolution in AGP 
Additive growth evolution in PIP 

M
ar

. 

A
pr

. 

Ju
ne

 

Ju
ly

 

A
ug

. 

S
ep

t.
 

O
ct

. 

N
ov

. 

D
ec

. 

Ja
n.

 

F
eb

. 

M
ar

. 

A
pr

. 

M
ay

 

M
ay

 



Chapter 1: PIP vs. AGP for Myrtus communis production 

66 
 

 
Fig. 16. Plant height evolution in PIP and AGP systems. Error bars are standard error (n = 110). Value marked 

with an asterisk (*) is statistically significant at P < 0.05. 

 

 Crown area seems to be a good horizontal growth index of plants. This parameter was 

characterized by a strong increase during the first months of spring in both cultivation 

systems. During the other months, shoot growth was less intense in both systems. Final values 

indicate that the cultivation system had no significant effect on crown area (Fig. 15). 

However, other authors observed a clear increase in the width in PIP plants compared with 

AGP plants of several species (Martin et al., 1999). The height of PIP plants developed in a 

similar way to AGP plants from transplantation in March to January, after which the AGP 

plants grew in height more than PIP plants until the end of the experiment, when they were 

16% taller (Fig. 16, Picture 2). This effect agrees with Ruter (1993), who found that L. indica 

x fauriei plants where taller when they were cultivated in AGP, although the same author 

found no differences in other species. In our experiment, due to environmental conditions 

characterized by hot summers and mild winters (Figs. 2 through 4), it might be expected that, 

in summer, PIP plants would present higher growth because of the moderating effect on 

substrate temperature (Figs. 3 and 5). However, such behavior did not occur, perhaps due to 

the physiological characteristics of myrtle, which rests at high temperatures (Brosse, 1979). 

The reduced temperature in PIP was not sufficient to activate shoot growth in this plant. 

Moreover, the influence of high solar radiation (Figs. 2 through 4) must be taken into 

consideration, since this was received by plant shoots of both systems and could activate 

adaptation mechanisms in myrtle (Tattini et al., 2006). Whatever the case, the influence of 

PIP on summer growth may depend on the species. For example, during the summer 

  

P
la

n
t 

H
ei

g
h

t 
(c

m
) 

0 

10 

20 

30 

Seasonal growth in AGP 
Seasonal growth in PIP 
Additive growth evolution in AGP 
Additive growth evolution in PIP 

 

M
ar

. 

A
pr

. 

Ju
ne

 

Ju
ly

 

A
ug

. 

S
ep

t.
 

O
ct

. 

N
ov

. 

D
ec

. 

Ja
n.

 

F
eb

. 

M
ar

. 

A
pr

. 

M
ay

 

M
ay

 



Chapter 1: PIP vs. AGP for Myrtus communis production 

67 
 

cultivation of A. smallii, Martin et al. (1999) observed that PIP increased plant height by 80% 

in contrast with AGP, but had no effect on C. floridum. 

 From January to May, plants in AGP became taller than those in PIP, which could be 

related with the higher substrate temperature during the day in winter. The greater exposure to 

solar radiation of AGP could explain this phenomenon, despite the environmental temperature 

being the same for all plants. In this sense, Berninger (1979) described that longitudinal shoot 

growth in gerbera was more linked to soil temperature than air temperature. DIF (day-night 

temperature differential) in substrate was always higher in AGP, especially in January (data 

not shown). In ornamental plant greenhouses, it is common to control DIF to increase or 

reduce height, since the lower the DIF, the lower the plant height growth (Warner and 

Edwing, 2001). This would also explain the response found in this experiment. 

 
Picture 2. Above-ground-pot (AGP) and pot-in-pot (PIP) myrtle plants after one year of experimentation. 

 

 Table 1 shows the greater root growth in PIP, which resulted in a 14% increase in root 

dry weight compared with AGP. In L. indica x fauriei and Magnolia x soulangiana, Ruter 

(1993) observed greater root dry weight (47% and 70%, respectively) when the plants were 

cultivated in PIP. Later works by the same author showed similar behavior in Magnolia 

grandiflora (Ruter, 1995). In A. smallii, Martin et al. (1999) found a higher root dry weight in 
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PIP (167 g) compared with AGP (97 g), although no differences for C. floridum. Furthermore, 

Young and Bachman (1996) recorded an increase of 26% in root dry weight when Ilex x 

attenuate was cultivated in PIP. The larger containers, greater plant development, and 

different environmental conditions of these experiments, as compared with our experiment, 

might have contributed to this greater effect of PIP system on root growth. 

 

Table 1. Dry weight production after 12 months. 

Parameter PIP AGP Significance[a] 

Root (g) 32.45 27.90 * 

Shoot (g) 51.30 57.60 * 

Plant (g) 83.75 85.50 ns 

Shoot/Root index (g/g) 1.58 2.06 * 
[a]* = Statistically significant at P < 0.05; ns = Not significant. 

 

 Myrtle plants in PIP presented 11% less shoot dry weight compared with AGP (Table 

1). This opposite behavior of shoot growth to root growth meant that total dry weight did not 

alter significantly between PIP and AGP, despite the shoot/root ratio being significantly 

higher in AGP than in PIP. In contrast, Ruter (1993) described that L. indica x fauriei 

cultivation in PIP caused a substantial increase in the shoot/root ratio, although Martin et al. 

(1999) did not observe this difference in A. smalli or C. floridum. It has been suggested that a 

diminishing shoot/root index lowers the relative transpiration capacity, unlike water and 

nutrient absorption (Bernier et al., 1995). Mathers (2000) described that slight reductions in 

the shoot/root ratio gives plants greater water stress resistance during nursery production and 

transplantation, which accelerates plant establishment in the field (Owings, 2005). As 

mentioned by Guarnaschelli et al. (2006), these effects are more patent in drought conditions, 

so this change in biomass distribution in plants could improve survival after transplantation. 

Indeed, after two weeks without irrigation at the end of the experiment, the PIP system led to 

90% plant survival, compared with 62% for AGP (Picture 3). The presence of roots in the air 

chamber between the two pots must be evaluated to know to what extent this factor 

influenced survival, because relative humidity was very high in this chamber. Indeed, this 

might be an important criterion to be taken into account for PIP system design. 
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Picture 3. Experimental plot after two weeks without irrigation at the end of the experiment 

 

4. Conclusion 

 

 The most relevant conclusions of this experiment are four. Firstly, the PIP system used 

in myrtle moderated extreme substrate temperatures. Secondly, PIP maintained a higher 

substrate SMP, which suggests lower irrigation needs than in AGP. Thirdly, PIP led to lower 

shoot growth than AGP, because diurnal substrate temperatures in winter were lower than in 

AGP. Lastly, the PIP system favored greater root development due to moderation of the 

substrate temperature in summer, which translated into a lower shoot/root ratio, favoring 

survival in severe water stress situations. 
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Abstract 

The dendrometer has been proposed as a sensitive plant water indicator based on stem 

growth. However studies including dendrometers have been mainly focused on fruit trees and 

less attention has been paid to ornamental shrubs (small plants). In the study described here, 

stem dendrometers were used to ascertain whether there is any relationship between water 

status and dendrometric indices in potted ornamental shrubs (1-2 cm diameter). For this 

purpose three Mediterranean shrubs (Pittosporum tobira, Callistemon citrinus and Rhamnus 

alaternus) were studied under water stress-recovery conditions in winter, spring and early 

summer. At the end of the experiment, an extreme water stress treatment, which resulted in 

plant death (August) was also studied. Stem diameter variations [maximum and minimum 

daily stem values (MXDS and MNDS, respectively), maximum daily shrinkage (MDS), and 

stem growth rate (SGR)], daily evapotranspiration (daily plant ET) and leaf water potential 

(Ψleaf) parameters were considered throughout the experiment. A regression analysis between 

dendrometric indices and daily plant ET showed that MXDS and MNDS were sensitive under 

water stress-recovery conditions, especially, in severe environmental conditions (spring and 

summer). The SGR in C. citrinus, the MDS in P. tobira and both indices in R. alaternus were 

seen to be sensitive during the stress to death period. Although more studies are needed, the 

results confirm that the use of dendrometers in small plants may be useful to provide 

continuous and automated registers of the plant water status under different substrate water 

content and climatic conditions. However, the response of these indices may imply a 

moderate water stress. 

Keywords: Pot plant, maximum daily shrinkage, minimum daily stem diameter, maximum 

stem daily diameter, stem growth rate, evapotranspiration 

 

 

1. Introduction 

 

 Irrigation water is in increasingly short supply, which is a grave problem for the 

nursery sector. There is clear awareness in this sector that high quality production levels need 

to be maintained, while improving water use efficiency. To attain this, the selection of 

appropriate species and efficient irrigation scheduling are the nurseryman’s best tools. It is 

therefore necessary to know the water status of a given species so that irrigation scheduling 

can be adapted to the real water requirements of species (Nemali and van Iersel, 2006). 
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 In irrigation scheduling, it is very common to use soil water sensors because of their 

good precision (Burnett and van Iersel, 2008). However, in pot crops, the efficient use of such 

sensors depends on the physical characteristics of the substrate, minimum soil moisture 

content and the control of electrical conductivity (EC) in the substrate solution. In recent 

years, efforts directed at irrigation scheduling based on plant water status have acquired 

increasing importance, because, as is well known, a plant is the best indicator of its own water 

status. Besides, water status indicators based on plant measurements have the advantage of 

being directly related with crop productivity (Goldhamer and Fereres, 2001; Goldhamer et al., 

2003). Several parameters, including leaf and stem water potential, leaf conductance and 

photosynthesis, are used as plant water status indicators. However, most of these are only 

used in research, because they are expensive and difficult to operate in real field conditions. 

Therefore, studies have suggested that one of the most sensitive water indicators is plant 

growth and, more specifically, trunk diameter growth. One of the consequences of this has 

been the proposed use of the dendrometer, an electronic sensor which measures the stem 

diameter variations (SDV) originated by water changes in the trunk tissues (Molz and 

Klepper, 1973). The high frequency measurements obtained with this sensor usually point to a 

maximum diameter value just before sunrise (MXDS) and a minimum diameter value at 

sometime during the afternoon (MNDS), the difference between them being the maximum 

daily shrinkage (MDS). It has been suggested that the MDS is a key indicator of the plant 

water status (Cohen et al., 2001; Ortuño et al., 2006), and numerous works have studied the 

relationship between dendrometric indices, plant water status indicators, especially the leaf 

water potential (Ψleaf)  (Intringiolo and Castel, 2004; Li et al., 1989; Yatapanage and So, 

2001) and environmental variables such as vapor pressure deficit (Ortuño et al., 2006). 

However, other important indicators such as evapotranspiration (ET) have been less studied 

because of the difficulty involved in its precise determination in soil cultivated trees (Sivyer et 

al. 1997). When a plant is cultivated in a pot, plant ET can be measured with accuracy (Argo 

and Biernbaum, 1994; Navarro et al. 2007), and, in this case, the irrigation volume should at 

least replace the losses occurring through plant transpiration and substrate evaporation. 

 The use of dendrometers to ascertain the plant water status has mainly focused on fruit 

trees, where they have found practical application in irrigation scheduling (Fereres and 

Goldhamer, 2003; García-Orellana et al., 2007; Nortes et al., 2005). Fewer studied in this 

respect has been carried out in ornamental shrubs, especially those of small size and 

cultivated in pots (nursery crops). It is due to the original design of the dendrometer, which 

was from the beginning adapted to large trunk diameters (usual in fruit trees). Also because of 
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the characteristics of pot cultivation, in which the plant water response may differ from that of 

the soil, since environmental conditions have a much stronger influence on the pot substrate 

than on soil, mainly because of temperature changes in the roots (Mathers, 2003; Miralles et 

al. 2009). In this sense, some authors have suggested that MDS behaves differently in pot-

cultivated and soil-cultivated plants under water stress (Gallardo et al., 2006).  

 In gardening and revegetation in Mediterranean areas of Spain, it is very common to 

use ornamental plants adapted to the Mediterranean climate, particularly shrubs. Among this 

group predominate traditional shrubs (autochthonous and allochthonous), widely known and 

offered in commercial nurseries. Secondly, foreign Mediterranean shrubs, mainly Australian 

or South African flora, which have been introduced in recent years because of their rapid 

growth, spectacular flowering and colors, and great variety of forms and volumes. And lastly, 

native shrubs which have opened an incipient and promising market in the ornamental sector, 

reflecting present tendencies as regards biodiversity conservation, and, of course, providing 

greater adaptability to the environment and stronger resistance to stress. In this work we study 

one species of each group: traditional, foreign Mediterranean and native shrubs. 

 The objective of this study was to know whether the dendrometic indices could be 

used as plant water status indicator in well irrigated and water stress conditions in different 

ornamental shrubs grown in pots. The response of stem diameter variations and their 

relationship with the daily evapotranspiration throughout the growing season were compared 

in the three species. 

 

 

2. Materials and methods 

 

2.1. Plant material and growing conditions 

 

 Three different 1.5 - 2 year old Mediterranean shrubs of ornamental and landscaping 

interest were used, one of them native (Rhamnus alaternus L.), one representative of 

Australian flora (Callistemon citrinus [Curtis]. Skeels.cv. Splendens) and the other a very 

popular commercial shrub from China and Japan (Pittosporum tobira [Thunb.] Ait. cv. Nana). 

The first two species have a columnar form, while the last one is short and wide. 

 The plants were transplanted during the first week of November 2007 into black PVC 

pots which contained a substrate of white peat (40%), coco fiber (40%) and perlite (20%), 

amended with 2 g·L-1 of a controlled release fertilizer (osmocote plus 10N-4.8P-14.9K-
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1,2Mg+ microelements; release time 5-6 months at 21 ºC). R. alaternus and C. citrinus were 

transplanted to square pots (2.8 L volume and 15 × 15 cm at the top and 11 × 11 cm at the 

base, 20 cm high). P. tobira was transplanted, first to a circular pot of 14 cm upper external 

diameter (1.5 L volume and 12.5 cm high), and later, in the second week of March to a 

circular pot of 16 cm upper external diameter (2.5 L volume and 15 cm high). The experiment 

took place in a 100 m2 greenhouse with semicircular cover (12.5 m length × 8 m width, 3.5 m 

height at the side and 5.5 m at the centre), covered totally with polycarbonate sheets and 

located at the Tomás Ferro Experimental Agro-Food Station of the Polytechnic University of 

Cartagena (UPCT) in “La Palma” (Cartagena-Spain) (37° 35′ N, 0° 59′ W). 

 The pots were placed on metal tables (1.5 × 3 × 0.9 m) provided with a system to 

collect the water leached per half table. On the tables the plants were set in a 33 × 33 cm 

frame, so that there were 20 plants per half table. The plants were irrigated at 10:00 h using 

computer-controlled automated programmable equipment (irrigation head and fertilization 

Xilema NX300 Hidroponic, Novedades Agrícolas, S.A, Spain) and each pot had one emitter 

(2 L·h-1) connected to two spaghetti tubes (one each side of the pot). During the common 

irrigation period, the doses and frequency differed for each species. The irrigation volume was 

determined by noting when the leaching fraction reached 15-20%, and the irrigation 

frequency by taking into account when pots had lost between 70% and 90% of easily 

available water in the substrate (~19% of pot volume), determined by weight. Irrigation after 

a drought and recovery period was made until field capacity was reached. One month after 

transplanting, when plants were established, fertilization was provided at constant 

concentrations in the irrigation water, which contained 100N-13.1P-99.6K-42.9Ca (ppm) and, 

had a pH of 6. This nutrient solution was made by mixing KNO3, Ca(NO3)2, NH4(NO3), 

K(HPO4) and nitric acid (HNO3) (Antonio Fuentes Méndez, S.A., Totana, Spain) which were 

kept in five individual 500 L tanks at  a concentration of 6 kg·1000 L-1 for fertilizers and 1 

kg·1000 L-1  for nitric acid. The mixture was made up using different injection times that were 

programmed using the above mentioned automated programmable equipment. The fertilizers 

increased the EC of the irrigation water by approximately 0.7 dS·m-1, which, before 

fertilization, had an EC of 1.2 dS·m-1 and a pH of 7.3. 

 The water stress periods involved withdrawing irrigation in winter (from 26 January to 

4 February), spring (from 8 May to 14 May) and early summer (from 11 June to 16 June), 

while the extreme water stress period was applied from 1 to 31 August, which led to plant 

death. 
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 The temperature and relative humidity were recorded continuously by a datalogger 

(HOBO (H08-004-02, MicroDAQ.com, Ltd., USA.). Calculations of the vapor pressure 

deficit (VPD) were made using the equation derived by Snyder et al. (1986). 

 

2.2. Plant water relations 

 

 Midday leaf water potential (Ψleaf) was estimated according to the method described 

by Scholander et al. (1965), using a pressure chamber (Soil Moisture Equipment Co., Santa 

Barbara, CA, USA), for which leaves were sealed in the chamber within 20 s of collection 

and pressurized at a rate of 0.02 MPa·s-1 (Turner, 1988). Five samples were used for each 

species, and measurements were taken in drought periods (described at the previous 

paragraph). The measurements were taken if possible every day except in summer because of 

a problem with the pressure chamber. So, in the summer drought and recovery period only the 

first day and the last day of drought before and after irrigation were registered. In the summer 

drought to death, measurements were made every two days. This methodology was not 

appropriate for P. tobira because it presented a Ψleaf that was difficult to explain, with very 

high values during the whole period, despite symptoms of withering. In this sense and, as in 

other species, the determination of the end point is complicated by resin exudation from the 

pith and cortex or ducts in the xylem (Ritchie and Hinckley, 1975). 

 The bulk modulus of elasticity (ε) was estimated via pressure-volume curves as 

outlined by Wilson et al. (1979), using the formula: ε = (RWCtlp x Ψos ) / (100-RWCtlp), where 

ε is expressed in MPa, Ψos is the osmotic potential at full turgor (MPa) and RWCtlp is the 

relative water content at the turgor loss point. Pressure-volume curves were obtained before 

the application of water stress in the first week of June in three leaves per plant and five plants 

per species. 

 The leaf dehydration kinetic was studied for each species using the same balance-

programmer system described above. To study each species, three balances (Analytical 

Sartorius, Model 5201. Capacity 5.2 kg and readability of 0.01 g) inside the greenhouse were 

used in the first week of June. For each species, 12 leaves per plant were taken from the 

central part of each plant, avoiding young and old leaves. The leaf petioles were immersed in 

distilled water for two days (in plastic bottles sealed with parafilm) and kept in darkness at 5-

6 ºC. The saturated leaves were then dried with absorbent paper and placed on the balances, 

where their weight was registered every 5 minutes. The leaves remained on the balances until 

the weight was constant, which occurred in less than 48 hours in all cases. After that, the 
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leaves where introduced in an oven at 60 ºC until they reached constant weight, thus 

providing the dry weight. 

 

2.3. Determination of stem diameter variations 

 

 In the second week of December 2007, the dendrometers were installed on the stems 

of the three species to determine the stem diameter variations (SDV). The dendrometers 

(Ecomatic DD, Munich, Germany) were installed four cm from the substrate on the main stem 

of each plant (four per species) facing northwest (picture 1). The measurements were 

registered every 30 minutes by a datalogger (Ulogger Ecomatik, Munich, Germany). The 

SDV had 12 bit resolution and an error of 7 µm. The MDS was calculated from the SDV as 

the difference in diameter between the maximum, reached just before sunrise (MXDS), and 

the minimum (MNDS), reached sometime during the afternoon. The stem growth rate (SGR) 

was calculated as the difference between two consecutive maximum daily trunk diameters 

(Ortuño et al. 2010). To facilitate the comparison of the MXDS and MNDS data among 

species, the maximum values were set at zero so that any losses were registered as negative 

values. 

 The SDV measurements were registered from 1 January to 1 September, during which 

time three drought periods were scheduled (winter, spring and early summer), followed by a 

fourth one during which the plants died (August). To confirm plant death, it was irrigated for 

two weeks and when it was seen that the leaves remained dry and produced no new shoots, it 

was considered dead. 

 
Picture 1. Detail of dendrometer and balance installed at C. citrinus. 
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2.4. Evapotranspiration determination 

 

 The plant ET was measured gravimetrically by balances (Analytical Sartorius, Model 

5201, Capacity 5.2 kg and readability of 0.01 g) with a MITRA programmer that recorded the 

weight and temperature every hour. Balances (three for each species) were installed at the 

same time as the dendrometers. On each balance, a PVC tray slightly inclined to one side and 

with drainage holes was placed so that the leaching could be collected. This tray also 

protected balances from water damage and prevented extra weight from being recorded 

through water leaching. 

 

2.5. Treatments, design and statistical analysis 

 

 The plant ET and SDV of the three species were studied during irrigation and water 

stress periods with a randomized complete block design. There were four blocks of 20 plants 

per species which were set on one half of a cultivation table. The data were analyzed using a 

simple ANOVA with a P≤0.05. Where appropriate, the least statistical difference (LSD 

P≤0.05) was calculated to indicate differences between treatments. Regression analyses were 

also determined between SDV indices and daily plant ET, and Ψleaf. The statistical analysis 

was performed using Statgraphics Plus 5.1 software and the regression analysis was 

performed using SigmaPlot 10.0 software. 

 

 

3. Results 

 

3.1. Study of the indices derived by the stem diameter variations (SDV) 

 

 To interpret the SDV data, the MNDS, MXDS and MDS were studied for each species 

and representative 25 day period (Fig. 1). In winter, a water stress period of nine days was 

applied. R. alaternus showed an increasing diameter growth tendency before the stress period 

(Fig. 1A), but during the stress both MNDS and MXDS decreased until they reached their 

lowest values by the end of the water stress period; however, no changes in MDS were found. 

Four days after suspending the water stress, the diameter quickly recovered in terms of 

growth and stabilized. C. citrinus behaved in a very similar way, although the trends were less 

pronounced (more noise, Fig. 1B). However, P. tobira showed a great loss in MNDS by the 
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eighth water stress day, resulting in a high MDS; and after the first day of irrigation, both the 

MNDS and MXDS recovered, leading to high value of MDS. 

 In spring and summer during the seven and six days of water stress, respectively, only 

P. tobira showed higher MDS in the summer. R. alaternus behaved similarly in both seasons 

(Fig. 1D and G). C. citrinus showed a greater fall in MNDS in spring (Fig. 1E), but a less 

pronounced decrease in summer (Fig. 1H); the MDS response was smoother. P. tobira again 

showed the highest MNDS decrease by the end of the water stress period and sharpest 

recovery after irrigation, except in spring, when the MNDS did not fall significantly although 

MDS remained high because the MXDS continued to increase (Fig. 1F and I). 

 In the severe 31 day water stress period (Fig. 2), the stem growth rate (SGR) started to 

register negative values (diameter decreasing) in all the plants until it reached a minimum, 

after which it tended to increase to zero and stabilize at the end as a result of plant death (after 

about 14, 15 and 15 days for R. alaternus, C.citrinus and P. tobira, respectively). However, C. 

citrinus showed a more irregular tendency than the other two species (Fig. 2A) and it suffered 

a sudden decrease in SGR and an increase in MDS after 14 days of water stress (Fig. 2B). The 

MDS response for R. alaternus and P. tobira was a peak during the first days of water stress 

(just the contrary to the SGR). C. citrinus only showed a gradual decrease during the water 

stress period except for the sudden change described. 
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Fig. 1. Daily evolution during 25 days of MXDS, MNDS and MDS for winter, spring and summer for drought 

and recovery period. Drought period is between the two dotted lines (no irrigation in this period). Vertical bars 

show LSD at P≤0.05.  
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Fig. 2. Daily evolution during 31 days of SGR and MDS for drought to death in summer. Drought period starts 

at the dotted line (irrigation was stopped at this moment). Arrows shows the day the plants died. The large arrow 

indicates last irrigation before drought. Vertical bars show LSD at P≤0.05.  
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3.2. Evapotranspiration 

 

 Higher plant ET levels are associated with high VPD, long days and large plants 

(Montero et al. 2001). In general terms, daily plant ET decreased when water stress was 

applied and when VPD was lower (Fig. 3 and 4). In winter, the differences between the water 

stress period and irrigation period were slight and C. citrinus showed greater daily plant ET 

(Fig. 3A). In spring, C. citrinus showed the sharpest fall in daily plant ET, while P. tobira 

seemed unaffected by water stress (Fig. 3B). In all three species, the sharpest fall in plant ET, 

as well as the sharpest increase after irrigation was observed in summer but the daily plant ET 

rate was the lowest in R. alaternus (Fig. 3C). In severe water stress conditions a strong 

decrease in daily plant ET was observed, although a constant residual daily plant ET was still 

evident after the plants of the three species had died. 
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Fig. 3. Figures A, B and C show daily plant ET evolution during 25 days of R. alaternus, C. citrinus  and P. 

tobira for winter, spring and summer with drought and recovery period. Drought period is between the two 

dotted lines (no irrigation in this period). Vertical bars show LSD at P≤0.05. D, E and F show average daily VPD 

values during the same period. 
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Fig. 4. Figure A shows daily plant ET evolution during 31 days of R. alaternus, C. citrinus  and P. tobira for 

drought to death in summer. Drought period starts at the dotted line (irrigation was stopped at this moment). 

Vertical bar show LSD at P≤0.05. Figure B shows average daily VPD values during the same period. 
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3.3. Plant water relations 

 

 In the winter drought recovery period, leaf water potential (Ψleaf) decreased in R. 

alaternus and C. citrinus until it reached values of -2.59 MPa and -2.67 MPa, respectively. 

After irrigation Ψleaf increased to -1.56 MPa and -1.0 MPa for R. alaternus and C. citrinus, 

respectively (Fig. 5), values which can be considered reference values for shrubs without 

water stress (De Herralde et al., 1998; Munné-Bosch et al., 1999). 

 In the spring and summer drought-recovery periods, Ψleaf reached more negative 

values than in winter in both species (Fig. 5B and C). In the drought to death conditions, the 

Ψleaf just before the beginning of the water stress period was -2.55 MPa and -1.29 MPa, in R. 

alaternus and C. citrinus, respectively (Fig. 5D). As the drought progressed, both species 

reached very negative values of about -4.00 MPa and remained at this level until the leaves 

were dry, except in the last register of C. citrinus, when it was higher.  As regards to the 

elasticity bulk modulus (ε, derived from P-V curves), R. alaternus and C. citrinus had high ε 

values  12.17 MPa and 15.51 MPa, respectively). 

 

3.4. Regression analysis between daily plant ET and stem diameter indices 

 

 The regression analyses for the water stress period fitted quadratic curves, except for 

MDS and R. alaternus in spring and for MNDS and C. citrinus in summer, which were linear 

(Table 1). The curves for MXDS and MNDS were directly related to daily plant ET. 

However, the MDS curves showed two different daily plant ET values for the same MDS 

value in spring and, especially, in summer: when the daily plant ET started to decrease as a 

result of water stress, the MDS first increased and then decreased, showing an inverted 

parabola. In winter, all the regression analyses were quadratic and in R. alaternus only ET-

MDS was significant (Table 1). In C. citrinus, MXDS was also significant and showed the 

highest R2 for this period, while in P. tobira the regressions had R2<0.30 (Table 1). However, 

despite the fact that some regressions were significant, the daily plant ET was fairly constant 

and there was no clear relationship because the curves were nearly parallel to the X axis. 
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Fig. 5. Leaf water potential evolution for drought and recovery periods winter (A), spring (B) and summer (C) 

and drought to death period (D). Arrows show irrigation moments. Horizontal bars are standard error (n=5). 
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Table 1. Regression analysis between daily ET and stem diameter indices during water stress and recovery 

periods. 

 
R. alaternus C. citrinus P. tobira 

  Winter  

ET/MXDS ns  
y=0.096x2-8.595x+189.2 

R²=0.50*  
y=-0.232x2+20.36x-352.7 

R²=0.29* 

ET/MNDS  ns ns 
y=0.106x2-3.100x-157.1 

R²=0.22* 

ET/MDS 
y=-0.126x2+8.331x-28.75 

R²=0.40*  
y=0.045x2-3.450x+157.8 

R²=0.42* 
y=-0.339x2+23.46x-195.6 

R²=0.28* 
  Spring  

ET/MXDS 
y=-0.020x2+5.166x-138.3 

R²=0.65* 
y=-0.040x2+9.712x-551.3 

R²=0.60* 
y = -0.194x2 + 52.19x - 3393

R² = 0.20* 

ET/MNDS 
y=-0.020x2+5.859x-346.2 

R²=0.48*  
y=-0.063x2+15.81x-1050 

R²=0.98* 
y = -0.095x2 + 27.32x - 2045.

R² = 0.23* 

ET/MDS 
y=-0.580x+200.9 

R²=0.55* 
y=0.022x2-6.103x+498.6 

R²=0.48* 
y = -0.097x2 + 24.47x - 1321. 

R² = 0.11* 

  Summer  

ET/MXDS 
y=-0.001x2+0.503x+129.6 

R²=0.63* 
y=-0.001x2+0.777x-58.27 

R²=0.56* 
y=-0.002x2+1.345x-5.847 

R²=0.85* 

ET/MNDS ns 
y=0.599x-227.2 

R²=0.90* 
y=0.003x2-1.000x-46.56 

R²=0.87* 

ET/MDS 
y=-0.001x2+0.486x+112.6 

R²=0.30* 
y=-0.001x2+0.219x+165.1 

R²=0.63*  
y=-0.005x2+2.346x+40.71 

R²=0.87* 

The number of data used for each regression were n=36 (winter) n=28 (spring) and n=24 (summer). 

*Statistically significant at P<0.05, ns (not significant). 

 

 In spring and, especially, in summer, all the R2 increased. The highest R2 for R. 

alaternus in both periods was ET-MXDS and for C. citrinus ET-MNDS with R2>0.90 (Table 

1). P. tobira showed good correlations for both indices in summer, but for spring the 

correlations were very weak R2<24 and showed a constant daily plant ET rate (Table 1). 

 In the irrigation period all the regressions became linear (Table 2). In general, they 

showed a positive relation between daily plant ET and stem indices (the higher the daily plant 

ET, the more the growth) except in winter for MXDS and MNDS in C. citrinus and P. tobira, 

when they were inversely correlated. The R2 were generally <0.50, except in summer, when 

R. alaternus and C. citrinus had a greater R2 for ET-MXDS (Table 2).  
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Table 2. Regression analysis between daily ET and stem diameter indices during irrigation periods. 

 
R. alaternus C. citrinus P. tobira 

  Winter  

ET/MXDS y=1.712x+21.56; R²=0.46*  ns y=-2.310x+183.3; R²=0.28* 
ET/MNDS y=1.306x-41.85; R²=0.36* y=-0.774x+30.72; R²=0.37* y=-3.903x+112.4; R²=0.40* 
ET/MDS y=0.406x+63.41; R²=0.16* y=0.545x+47.02; R²=0.29* y=1.593x+70.91; R²=0.39* 
  Spring  

ET/MXDS ns y=1.169x+10.89; R²=0.37* y=1.623x-42.41; R²=0.14* 
ET/MNDS ns y=0.830x-49.17; R²=0.44* y=1.212x-142.8; R²=0.17* 
ET/MDS y=0.425x+29.51; R²=0.49* ns ns 
  Summer  

ET/MXDS y=0.250x+7.176; R²=0.76* y=0.426x-27.71; R²=0.64* y=0.405x+93.98; R²=0.39* 
ET/MNDS ns y=0.168x-101.7; R²=0.20* y=0.521x-90.77; R²=0.34* 
ET/MDS y=0.226x+49.01; R²=0.47*  y=0.258x+73.99; R²=0.41* ns 
The number of data used for each regression were n=124. *Statistically significant at P<0.05, ns (not 

significant). 

 

 The regressions in the extreme water stress for ET-SGR were inverted peak functions. 

All the species showed a fairly constant SGR because the SGR inverted peak was produced 

when plant ET decreased to 100-130 mL·day-1 (Fig. 6A). R. alaternus and P. tobira had 

moderate correlations ET-SGR and C. citrinus was weak. The ET-MDS regressions were 

quadratic, with R2>0.70, except in C. citrinus, which showed the lowest R2 (Fig. 6B) and also 

the most open parabola of the three. So, in R. alaternus and P. tobira the MDS tended to 

increase at the beginning of the water stress, but, when the daily plant ET rate reached about 

200 mL·day-1 in R. alaternus and 300 mL·day-1 in P. tobira, the MDS started to decrease (Fig. 

6B). However, in C. citrinus, because of its open parabola, it was difficult to see any 

tendency, and the MDS tended to be more or less constant until the daily plant ET had 

decreased to rates below 100 mL·day-1. The SGR-Ψleaf correlations were three grade 

polynomial, which mainly described an inverted peak (more closed for R. alaternus) whose 

minimum point was between -4.00 and -3.00 MPa (Fig. 6C). The MDS-Ψleaf was only 

significant for R. alaternus and similar to the ET-MDS correlation, but with the highest point 

at about -3.00 MPa (Fig. 6D).  



Chapter 2: Stem diameter variations in three small ornamental shrubs 

92 
 

Yhmd

S
G

R
 (
m

)

-200

-150

-100

-50

0

50

100

R. alaternus
C. citrinus

S
G

R
 (
m

)

-200

-150

-100

-50

0

50

100

R. alaternus
C. citrinus
P. tobira

Daily plant ET (mL per pot)

0 100 200 300 400 500

M
D

S
 (
m

)

0

100

200

300

R. alaternus
C. citrinus
P. tobira

A C

B

hmd (MPa)

-4 -3 -2 -1

M
D

S
 (
m

)

0

100

200

300

R. alaternus
C. citrinus

D

 
Fig. 6. Analysis of regression between daily ET-SGR (A), daily ET- MDS (B), Ψhmd-SGR (C) and Ψhmd-MDS 

(D)  during drought to death period. The regression analysis equations are: ET-SGR y=-177/((1+((x-

100.1)/15.65)2) R2=0.48* for R. alaternus, y=-88.32/(1+((x-122.07)/50.20)^2) R2=0.33* for C. citrinus and y=-

5.661+-106.6*e^(-0,5*(((x-125,5)/41,03)^2)) R2=0.52* for P. tobira. ET-MDS y = -0.002x2 + 1.343x + 74.47 R² 

= 0.71* for R. alaternus, y = -0.001x2 + 0.748x + 122.4 R² = 0.37* for C. citrinus and y = -0.003x2 + 1.899x + 

42.49 R² = 0.83* for P. tobira. Ψhmd-SGR y=-9426.3-9292.03x-3002.1x2-316.8x3 R2=0.37 for R. alaternus, y=-

227,09-348.21x-174,47x2-24,6x3 R2=0,42 for C. citrinus. Ψhmd-MDS y=-654.06-569.76x-94.76x2 R2=0.42 for R. 

alaternus, not significant in C. citrinus.* Statistically significant at P≤0.05. 

 

 

4. Discussion 

 

 The stem dendrometer indices showed a response to water stress. This was especially 

clear in P. tobira, which is of great interest because of the difficulty involved in obtaining 

Ψleaf, suggesting that this may be an easy way to ascertain the water status of this plant. 

Previous studies in peach and plum found a more sensitive response of SDV to different 
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irrigation treatments than stem water potential (Remorini and Massai, 2003; Intrigliolo and 

Castel, 2004). The strongest responses were found for MXDS and MNDS in all the water 

stress and recovery periods, but especially in high water demanding conditions (spring and 

summer). This behavior could be related to the greater tissue water loss by the higher daily 

plant ET rates (Cohen et al., 1993; Alarcón et al., 2000; Nicolás, 2003). In the drought to 

death, C. citrinus suffered a strong decrease in diameter after 14 days (Fig. 2B), which could 

reflect a sudden collapse of stem tissues, leading to plant death due to strong leaf dehydration 

as reflected by the leaf dehydration kinetic  (data not shown). This fact can explain the value 

of Ψleaf one day before the collapse (Fig. 5D) because only a few young leaves remained alive. 

 In general, MXDS had a similar response to MNDS and the diameter growth 

decreased under water stress, which was also observed by Wei et al. (2007) in conifers. 

Nevertheless, in P. tobira during the spring water stress period, MXDS continued to increase 

(Fig. 1F), while MNDS decreased slightly (Fig. 1E and 1D). The transplantation of P. tobira 

to a bigger pot in  spring would have decreased the plant/substrate ratio, favoring greater 

water availability and maintaining daily plant ET rates constant (Fig. 3B), and the greater 

water availability did not permit a significant decrease in MNDS. Gallardo et al. (2006) in 

pepper also observed the absence of any response of the MDS to drought when the plants 

were cultivated in the field rather than in pots because of the greater water availability. 

 MDS increased in fruit trees subjected to moderate water deficit (Huguet el al., 1992). 

However, in this experiment this behavior was only clear in P. tobira for spring and summer. 

On other hand, in the drought to death period, R. alaternus showed an increasing MDS, which 

after suffering moderate stress (Ψleaf <-3.00 MPa), started to decrease again (Fig. 6D). This 

change in MDS behavior may be attributed to the end of water recruitment form the bark, 

including phloem and cambium, when the water stored in the stem is reduced (Garnier and 

Berger 1986; Huguet et al. 1992; Remorini and Massai, 2003). After plant death, MDS and 

daily plant ET were constant, probably as a result of hydration at night due to the presence of 

dew and the dehydration of wood and substrate during the day. Furthermore, the dendrometer 

could also be affected by temperature (Link et al. 1998), which would contribute to the 

residual MDS. In winter, none of the studied species showed any MDS response and C. 

citrinus did not show any MDS response in any period. Perhaps, the low vegetative activity 

and VPD in winter were not sufficient to produce an MDS response (Huguet et al. 1992; 

Ginestar and Castel, 1996). The lack of a clear MDS response in C. citrinus may be related 

with its hydraulic architecture, as Moriana et al. (2003) found in olive trees. 
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 The regression analysis of these indices and the daily plant ET confirmed that there is 

a relationship between plant water status and dendrometric indices, as has been also reported 

in several studies (Ortuño et al., 2010). However, in our experiment, when daily plant ET 

rates were low (in winter) the correlations were weak or not significant (R2≤50). The 

regression analyses in drought to death showed SGR response to low daily plant ET and Ψleaf 

values, which confirmed the usefulness of this index to provide information on plant water 

status as reported by Moriana and Fereres (2002) in olive trees. However, in R. alaternus and 

P. tobira the MDS fit was only useful with daily plant ET and in R. alaternus with Ψleaf. 

Furthermore, MDS use is more suited to humid soils (Huguet et al. 1992; Ortuño et al. 2004) 

compared with SGR, which in this study, responded to lower daily plant ET and Ψleaf values 

than MDS (Fig. 6). 

 The irrigation period fits showed that when there was no water restriction the 

transpiration was greater in days with higher water demand (Nicolás, 2003). The 

dendrometric indices were directly related to the daily plant ET rate, except MNDS and 

MXDS in winter for C. citrinus and P. tobira, which may be related to no diameter growth 

where just higher water demand reduces the diameter because of water uptake from the stem 

tissues. Downes et al. (1999) described this behavior as different interactions of cambium 

activities and environmental conditions in two species of Eucaliptus. 

 The results described for the different periods of drought reflected different responses 

that depended on the environmental conditions and the species. For example, in winter, 

MNDS needed more days to decrease significantly than in spring and summer. However, 

even thought the indices responded more quickly in severe environmental conditions, the Ψleaf 

response was usually faster (one or two days after the drought started). Under drought to 

death conditions, the Ψleaf was more sensitive than the dendrometric indices, as reported in the 

results section (SGR or MDS did not respond until Ψleaf<-3.00 MPa). This was contrary to the 

findings of other authors, e.g. Ortuño et al. 2010. This different behavior could be related with 

the speed at which water is used; this may activate a regulation mechanism that increases the 

stomatal resistance when the water reserves of the cultivation media are decreasing and affect 

the Ψleaf (Bañón et al. 2003). Moreover, the use of pots implies that the substrate water is used 

in a more uniform way compared with soil, where variability increases as the stress becomes 

more pronounced (Russo et al., 1994). 
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5. Conclusion 

 

 The dendrometric indices are sensitive to water stress in small ornamental shrubs. 

MXDS and MNDS showed a good response in the studied species, especially under severe 

environmental conditions, although Ψleaf was more sensitive to water stress. The SGR and the 

MDS in the drought to death period were sensitive to daily plant ET ratios between 130 and 

300 mL·day-1, respectively, and to Ψleaf <-3.00 MPa. C. citrinus showed no correlations with 

MDS-Ψleaf, and Ψleaf could not be determined in P. tobira; on the other hand P. tobira had the 

best R2 for the MDS and SGR-daily plant ET correlations. The correlations obtained for the 

irrigation periods confirmed the different behaviors of the dendrometric indices under water 

stress. These results suggest that irrigation could be based on the evolution of these indices, 

especially SGR in C. citrinus, MDS in P. tobira and both in R. alaternus, although a moderate 

stress may result. This condition may not be a problem for ornamental shrubs, because 

although it may affect plant growth and quality it can also be useful for plant hardening and 

growth control (Bañón et al., 2003). Many different irrigation protocols involving moderate 

stress have been studied in fruit trees; for example, Ortuño et al. (2009) applied the protocol 

proposed by Goldhamer and Fereres (2004) to adult lemon trees. The application of this 

protocol to fruit trees may lead to a loss of production since it submits the trees to a constant 

deficit between irrigations, which makes application of this criterion more interesting for use 

in ornamental crops than in fruit trees. However, before irrigation scheduling based on SGR 

or MDS can be developed for ornamental shrubs, it will be necessary to compare well-

irrigated plants with stressed plants and to ensure that the minimum irrigation frequency is at 

least every other day. 
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Abstract 

Light management and species light plasticity are critical factors for proper crop production in 

nurseries. So, to assess the light necessities of Rhamnus alaternus, which is a promising 

native evergreen Mediterranean shrub of ornamental and ecological interest, it was exposed to 

five shade levels (0%, 32%, 48%, 84% and 93%) for one year (0% of shade received annual 

mean maximum photosynthetic photon flux density [PPFD] of 1293±415 µmol·m-2·s-1 with a 

summer mean maximum PPFD of 1541±225 µmol·m-2·s-1 [mean±s.d.]). The treatments 

providing 84% and 94% shading produced less compact plants, with greater height and less 

stem diameter, greater specific leaf area and higher shoot/root index. In general, the shading 

produced dark green leaves except the 94% treatment, in which the leaves were lighter 

because the relative chlorophyll content was reduced. Leaf thickness was reduced in all the 

shading treatments compared with the control. The stomatal density and pore area were 

reduced with the 84% and 93% shading treatments, as was photosystem II (PSII) efficiency 

and the leaf soluble sugar content (falling to 60% of the control level); in contrast, non-

photochemical quenching increased. The 93% treatment caused irreversible damages in PSII 

because dark-adapted PSII efficiency was reduced. The results show that solar radiation can 

be used as a tool to improve plant quality during the nursery period. We conclude that shading 

screens providing more than 84% shade are not recommendable in terms of photochemical 

activity, soluble sugar content and overall plant quality. Shading screens of 32% and 48% 

improve R. alaternus quality in spring and summer, respectively. As regards its interest as an 

understory species for reforestation programs, we also conclude that this shrub can be adapted 

to a wide range of shade intensities, although its proper development would be compromised 

in very strong shading conditions. 

Keywords: pot plant, chlorophyll fluorescence, water relations, soluble sugars, leaf anatomy. 

 

 

1. Introduction 

 

 The acquisition and effective use of light are crucial for seedling establishment in the 

forest understory. Light varies greatly both in time and space in the Mediterranean 

environment, and this phenomenon intermittently hampers or accelerates plant growth 

(Montgomery and Chazdon, 2002).   It is therefore necessary to know the shade plasticity of 

any species for both nursery production and reforestation success because, as reported by 

Villar-Salvador (2004), low quality plants might exhibit morphological and physiological 
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characteristics that impair their performance under stressful conditions. Appropriate 

conditioning techniques used in the nursery during seedling production are crucial for the 

establishment, survival and subsequent growth of plants after transplanting (Franco et al., 

2006). Though it is not the only way for plants to acclimate to a changing environment, 

morphological plasticity in seedlings is thought to be an important adaptation to shade 

(Messier and Nikinmaa, 2000) and has received much attention in forest ecology literature 

(e.g. DeLucia et al., 1998). 

 Rhamnus alaternus L. is a perennial dioecious shrub distributed throughout the 

Mediterranean Basin, which flowers during late winter and early spring, with a peak in mid-

February. It produces fleshy fruits that ripen in late spring and early summer, and thus 

represents an important water and nutrient source for birds and small mammals (Gulias et al., 

2004). These characteristics make R. alaternus an important understory species of the 

Mediterranean area, where it is well adapted to high temperature, high solar radiation and 

vapor pressure deficit (VPD) (Martínez-Sánchez et al., 2008). Besides, it has a high 

ornamental value because of its bright green leathery foliage, which, with its small red fruits, 

creates a very pleasing effect. It is also well adapted to growing in pots. However, there is still 

uncertainty as regards the shade tolerance classification of R. alaternus and its physiological 

traits in response to light stress. As reported by Poorter (1999), species classified as shade 

tolerant are able to germinate, grow and survive in low light environments (1-5% of daylight), 

whereas shade intolerant species require high light environments (>50% of daylight) to 

germinate and grow. However, characterization of inter- and intra-specific variations in shade 

tolerance is poor because the physiological basis for these variations is not well defined 

(Carter and Klinka, 1992). 

 Both the light level and the species in question can lead to differences in 

photosynthetic pigments, electron transport, photosynthesis rates, etc. (Boardman, 1977). 

These differences result in morphological and biochemical adaptive changes in response to 

these conditions (Lichtenthaler et al., 2007). The changes that result from greater shading are 

thinner leaves with greater leaf area and different colors, this last aspect affected by higher 

concentrations of chlorophyll per unit dry weight (Naidu and De Lucia, 1998; Niinemets, 

1999).  

 At the physiological level, light changes affect growth and productivity of plants, due 

to its influence on carbon assimilation (Cannell et al., 1987). In general, sunny leaves have 

greater efficiency in the use of quantum and thus high photosynthetic capacity per leaf area 

(Niinemets and Tenhunen, 1997; Wayne and Bazzaz, 1993).  This may contribute to 
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explaining why switching high-light grown leaves to low irradiance conditions has been 

found to be associated with substantial decreases in foliar levels of total non-structural 

carbohydrates (Veneklaas and den Ouden, 2005). 

 The amount of chlorophyll fluorescence provides quantitative information on the 

stabilized photosynthesis state and on the plant protective mechanisms against stress induced 

by excess radiation (Meng et al., 2001), which makes it an important tool for evaluating the 

effect of light. Evapotranspiration (ET) can also be affected by shade, as mentioned by 

Rhizopoulo et al. (1991), who observed that sunny leaves under severe evaporation reduce 

water loss through lower leaf size and stomatal conductance, and increased thickness. Leaf 

water potential is less affected by leaves under shade (Mendes et al., 2001). So, the ET will 

influence water consumption and plant water status, which is a very important issue in semi-

arid Mediterranean conditions, where water is a limiting factor. Therefore, shade can have a 

positive effect on irrigation scheduling (Sorrentino et al., 1997) to modify the water use 

efficiency (WUE) because this variable is influenced by both photosynthesis and stomatal 

conductance (Donovan, 1994). 

 The aim of this work was to study the shade plasticity of R. alaternus to evaluate its 

potential use in reforestation and the best light level for its nursery production. The effects of 

five illumination levels were evaluated on morphological (plant architecture), anatomical 

(distribution of biomass, leaf anatomy, leaf area and leaf color) and physiological 

(photosynthesis, chlorophyll, stomatal conductance, fluorescence and leaf water potential) 

parameters of R. alaternus plants. 

 

 

2. Material and methods 

 

2.1. Plant material and crop conditions 

 

 One year old seedlings of R. alaternus from wild seeds were used, grown in 60 multi-

pot forest trays measuring 60 cm (length) × 30 cm (width) × 17 cm (height) (240 cm3 volume) 

with an inverted pyramid form (Plasnor S.A. Legazpi, Spain). The pots were arranged in a 10 

× 6 configuration and the trays were placed in the greenhouse with a 50% shading screen 

during its first year. Fifty percent shading during this nursery period is used by the forest 

nursery (Viveros Ajauque S.L., Fortuna, Spain) to germinate and grow forest crops in forest 

trays. Their experience with R. alaternus is considered acceptable, because they have had 
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polyethylene raffia; PROJAR SA, Valencia, Spain) with a different percentage of shade 

provided by the supplier: 25% (S25), 50% (S50), 65% (S65) and 80% (S80). The control 

tables had no shading screens (0% shade S0). Environmental climatic conditions (Fig. 2) were 

recorded from August 2007 to October 2008 for each of the treatments by three micro-HOBO 

(HOBO Micro Station Data Logger H21-002 MicroDAQ.com, Ltd., Contoocook, NH) which 

recorded the hourly average values of temperature (ºC), humidity (%) and PAR on each of the 

tables (Temperature/RH Smart Sensor S-THB-M008, MicroDAQ.com, Ltd., Contoocook, 

NH; HOBO Photosynthetic Light (PAR) sensor S-LIA-M003 Smart Sensor MicroDAQ.com, 

Ltd., Contoocook, NH). This data showed that the shading percentage provided by the 

supplier did not correspond with percentage obtained from the real PPFD measurements, so 

real shading percentages for each treatment were: 32±8% for S25, 48±7% for S50, 84±6% for 

S65 and 93±2% for S80 (mean±s.d.). The real PPFD data were obtained by averaging the 

percentage of PPFD reduction for each day and shading treatment. The percentage of 

reduction was calculated as: ((PPFD no shade - PPFD shade)/PPFD no shade) x 100, where 

PPFD no shade is the real PPFD for the no shade treatment S0 and PPFD shade is the real 

PPFD for each shading treatment with its respective shading net S25, S50, S65 and S80. 
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Fig. 2. Mean maximum daily photosynthetic photon flux density (PPFD) in the different shading treatments 

(from 1 August 2007 to 31 October 2008). 
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 The crop table dimensions were 3 m long, 1.30 m wide and 0.80 m high. On each of 

the tables, 12 pots were placed and arranged in two rows of six separated by 1 m. Plants in the 

same row were 0.4 m apart. The described plant arrangement ensured that plants did not 

shade each other. The shade screens were held up by rectangular, 1.80 m long and 0.30 m 

wide supports (two supports on opposite sides of the table). The supports were attached to the 

table by steel wire of 0.5 mm diameter. Between the supports, plastic wire of 2 mm diameter 

was fixed to support the shading screen. Finally, to achieve greater tension in the mesh and 

wind resistance, it was clamped to the table with steel crocodile clips. The distance from the 

table base to the screen top was about 1 m, which ensured that the plants could develop 

properly without touching the screen (Picture 1). 

 
Picture 1. Experimental table design, 0% of shading (front) and 32% of shading (behind).  

 

 The plants were irrigated using two arrow-drippers installed on opposite sides of the 

pot which were connected to an emitter of 2 L·h-1 with two microtubules. The amount of 

water applied was set to produce 15-20% leaching in the control treatment and irrigation 

frequency was fixed to avoid excessive drying of the substrate, which would affect its 

rehydration. This volume changed in each season, but the water supplied to the plants in each 

season was the same in all treatments. Thus, in fall and winter each irrigation lasted about 10 
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minutes, but about 15 minutes in spring and summer. The average contribution in fall was 400 

mL·pot-1 three times a week, in winter 475 mL·pot-1 twice a week, in spring 560 mL pot-1 

three times a week, and in summer 570 mL·pot-1 three times a week. 

 

2.2. Measurements of DW, leaf area and growth indexes 

 

 In the first week of October 2008, leaf area and dry weight (DW) of roots, stem and 

leaves was determined in six plants per treatment (two from each replicate). The leaf area was 

determined with a LI-3100C (LI-COR Biosciences, Lincoln, NE). Individual leaf area was 

calculated as plant leaf area/total number of leaves. To calculate the DW, leaves, stems and 

roots were introduced in clearly identified envelopes and placed in a natural convection 

bacteriological stove (model 2002471, JP Selecta SA, Barcelona, Spain) at 60 º C until 

constant weight was reached. Finally, the DW was determined by weighing with a GRAM ST 

series precision balance (sensitivity of 10 mg and up to 1200 g, Gram Precision SL, 

Barcelona, Spain). 

 The growth indexes determined were the shoot DW/root DW (S/R) and the specific 

leaf area (SLA) (leaf area/leaf DW). 

 

2.3. Measurements of water evapotranspired, leaching and water use efficiency 

 

 The water applied to the pots during the experiment was determined by irrigation time, 

and was verified using plastic graduated beakers which collected the water from a single 

dripper. Drainage was recorded in three plants per treatment (one per repetition) placing the 

plants on a tray made of polyethylene (38 cm wide x 53 cm long x 9 cm height) and then 

measured in 1000 mL graduated beakers. Both, irrigation volume and leaching were 

performed once a week throughout from October 2007 to September 2008. The water 

evapotranspired was determined as the difference between water supplied and leached. The 

water use efficiency (WUE) was expressed by the ratio of total DW gain/water 

evapotranspired throughout the experimental period. 

 

2.4. Measurements of leaf color and relative chlorophyll content (RCC) 

 

 The color and RCC measurements were made for 12 plants of each treatment (four per 

repetition) the first week of October 2008. For the determination of both, representative plant 
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leaves were chosen, taken from south-facing mid-height and mature. The color was 

determined with a shot in the middle of the leaf blade with a Minolta CR10 colorimeter 

(Konica Minolta Sensing, Inc., Osaka, Japan) that calculated the color coordinates (CIELAB): 

lightness (L), tone (hue angle, H) and saturation (chrome, C). The RCC was measured using 

the same criteria as for color but with a SPAD-502 chlorophyll meter (Konica Minolta 

Sensing, Inc., Osaka, Japan) which estimates RCC with the light transmitted through the leaf 

at 650 nm (wave length photosynthetically active) and 940 nm. For each measurement the 

average of three shots was determined. 

 

2.5. Measurement of gas exchange and leaf water potential 

 

 The midday stomatal conductance (gs) and net photosynthesis rate at midday (Pn) were 

measured using a CIRAS-2 Portable Photosynthesis System (PP Systems, Amesbury, 

MA). The flow rate of the chamber was 200 mL·min-1 with 350 ppm of CO2, 100% relative 

humidity and ambient light (a sunny day during the week that measurements were made was 

chosen to ensure homogeneity in the measurements). 

 Leaf water potential at midday (Ψhmd) was estimated in accordance with the method 

described by Scholander et al. (1965), using pressure chamber (Soil Moisture-Hammel, 

mod. 3000, Soil Moisture Equipment Co, Santa Barbara, CA), in which the leaves were 

placed within 20 seconds of collection and increasing the pressure at 0.02 MPa·s-1 (Turner, 

1988). 

 The measurements were made in six plants per treatment (two from each repetition) in 

the last week of September 2007, December 2007, March 2008, June 2008 and September 

2008. A sunny day within the week was chosen. The leaves were selected with the same 

criteria as described for the color measurement. 

 

2.6. Measurement of plant architecture and compactness index 

 

 To determine the plan architecture, the following parameters were measured: plant 

height, shoot number and shoot length (those born from the main stem), and base stem 

diameter. All the parameters were determined in the same weeks as the gas exchange and 

Ψhmd in 12 plants per treatment (four from each repetition), and also in 15 plants for the plant 

morphology characterization in the first week of June 2007 before the experiment began. The 

diameter was determined using an electronic gauging device SYLVAC (sensitivity of 0.01 
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mm and maximum 150 mm, TECMICRO SA, Madrid, Spain) and a yellow flexometer Blister 

(3 m long, 1 mm precision, Germans Boada S.A., Rubi, Spain) for the shoot length and plant 

height. The compactness index was determined as: (total number of shoots+1)/(shoot length+ 

height). This index was developed in this research and tested for this species, which is more 

compact when the plants have shorter shoots and a greater number of the same. 

 

2.7. Measurement of leaf cell layers in cross section 

 

 The cell layer thickness was determined in six leaves of different plants from the same 

treatment (two from each replicate) during the second week of October 2008, selecting the 

leaves using the same criteria as for color measurements. The leaves were picked immediately 

prior to measurement to prevent dehydration, thus giving the thickness of the cell layers in 

cell turgid conditions. The layer measurements assessed were: upper cuticle, upper epidermis, 

palisade parenchyma, spongy parenchyma, lower epidermis and lower cuticle. Cross section 

samples were obtained using a manual microtome blade with a precision of 10 μm (Shibuya, 

SH-551, Microciencia S.A., Barcelona, Spain). Subsequently, the sample was placed on a 

slide with water and covered using a cover glass before observation with an optical 

microscope Olympus model phases BX41TF (Olympus corporation, Tokyo, Japan) with a 

magnification of 200. The thicknesses were measured using the lens strip. 

 

2.8. Measurement and extraction of soluble sugar contents 

 

 To determine the concentration of leaf soluble sugars (glucose, sucrose and fructose) 

10-20 leaves per plant (depending on leaf size) were collected the second week of October 

2008. Mature leaves from mid height were chosen. A total of six samples from each treatment 

(two from each repetition) were collected for the extraction. The leaves of each sample were 

cleaned with ethanol in the laboratory, cut by scissors into little pieces and 1 g was weighed 

on a GRAM ST Series Accuracy scales (sensitivity of 10 mg up to 1200 g, Gram Precision 

SL, Barcelona, Spain). Then the 1 g of pieces was introduced into a 100 mL beaker with 50 

mL of ethanol 80%. The mixture was blended with an Ultraturrax T-25 (ITC. SL, Barcelona, 

Spain) for 1 min at 10,000 rpm. The beaker was then introduced in a 80 ºC water bath for 15 

min using an analogue magnetic stirrer model ACS-100 C / C "(ITC, SL, Barcelona, Spain), 

introducing a magnetic stirrer bar in the water to maintain temperature homogeneity. The 

mixture was filtered using a DP 145 110 filter paper (Albet-Hahnemuehle S.L., Barcelona, 
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Spain) and a funnel, and collected in a round based flask. To wash the sample, another 50 mL 

of 80% ethanol was added. After a second filtering, the flask was placed at a rotary evaporator 

R-210/215 (BÜCHI Labortechnik AG, Flawil, Switzerland) with a water temperature of 50 °C 

and a vacuum pump RD model (DVP Vacuum Technology SLR, San Pietro in Casale, 

Italy). Once all the ethanol had evaporated, the sugars were collected by shaking 2 mL of 

water five times to dissolve the sugars stuck to the wall. The 10 mL solution was filtered 

through 0.45 μm Millipore Millex-HN nylon microfilters (Millipore Corporation, MA) and 2 

mL were introduced in a test tube using a micropipette. Finally, 8 mL of distilled water were 

added to obtain 10 mL for sugar determination by ion-exclusion liquid chromatography, as 

described by Chinnici et al. (2005).  

 

2.9. Stomatal density and pore size 

 

 Stomatal characterization involved observing and counting the stomata on images 

made by scanning electron microscope (SEM). Three pieces from the upper and three pieces 

from the lower surfaces, which were cut from the right middle part of six leaves per treatment 

(two from each replicate, one for upper and other for lower), were collected in the second 

week of October 2008, following the criteria described for color. The collected leaves were 

cleaned with ethanol prior to being cut into pieces. The samples (pieces) were dehydrated in 

graded acetone (30%, 50%, 70%, 90%, 100%, 15 min each), critical point dried with a critical 

point dryer (Leica Microsistemas S.L.U., Barcelona, Spain) and attached to aluminium stubs. 

The specimens were coated with gold during 60 seconds at 2.2 kV and 15 mA (Metals Bio-

Rad Polaron Division 200A, Quorum Technologies Ltd., East Grinstead, UK) and viewed in a 

SEM (Hitachi S3500N, 0.5-30 kW, Hitachi Ltd., Tokyo, Japan) operating at 5 kV. Digital 

photos were taken at 500-2000 increments to determine stomatal density and pore size, 

respectively. Measurements were performed using the image analysis software ImageJ ver. 

1.43 (McGill University, Montreal, QC, Canada). 

 To calculate the single pore area the ellipse area formula was used: area = π (a × b) (a 

and b are the semiaxes of the ellipse, i.e. half the vertical and horizontal diameters). For each 

sample, the average of six single pores was determined. To calculate the individual leaf pore 

area, and plant pore area, the following formulas were used: ‘individual leaf pore area’ 

mm2=(‘individual leaf area’ mm2 × ‘stomatal density’ stomas·mm-2) × (‘single pore area’ 

mm2); ‘plant pore area’ mm2=‘individual leaf pore area’mm2 × ‘plant leaf area’ mm2. 
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2.10. Measurement of chlorophyll fluorescence 

 

 The chlorophyll fluorescence was measured in the last week of September 2008 in six 

leaves per treatment (two per replicate) using a Pulse Modulated Fluorimeter FMS-2 

(Gomensoro Scientific Instrumentation, SA, Madrid, Spain). The leaves measured were 

chosen following the criteria described for color. The method and parameter determined were 

the same as described by Sheng et al. (2008). 

 

2.11. Statistical analysis 

 

 The shading effects were studied with a randomized complete block design. There 

were three blocks of 12 plants per treatment which were set on a crop table. The data were 

analyzed using a simple ANOVA with a P<0.05. When the ANOVA indicated significant 

effects, means were separated using the least significant difference test (LSD), with P<0.05 

considered to be statistically significant. The statistical analysis was performed using 

Statgraphics Plus 5.1 software (Manugistics Inc., Rockville, MD). 

 

 

3. Results 

 

3.1. Shoot evolution 

 

 Shading stimulated longitudinal growth of the primary shoots (Fig. 3A). Three 

patterns of behavior were observed in: (i) control plants, which developed shorter shoots, (ii) 

plants grown under S25 and S50 treatments, which developed shoots of intermediate length, 

and (iii) plants cultivated with the two highest levels of shading, which developed the longest 

shoots. Four months after pinching, S65 and S80 plants showed lower development as regards 

the number of shoots. This parameter increased sharply in control plants in winter and 

increased slowly during the spring and summer (Fig. 3B). S25 and S50 treatments led to 

almost identical plant evolution but the stronger shading reduced sprouting during spring and 

summer, which resulted in a lower number of shoots for S65 and S80 plants at the end of the 

year. Shading greatly favored plant height following pinching at the beginning of fall (Fig. 

3C). However, from this point to the end of the experiment, the control plants grew more, 

although the shading treatments produced taller plants at the end of the experiment. Plants 
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under S80 in the winter were shorter than in the spring due to shoot fall caused by very long 

and shoots of poor consistency. The base stem diameter showed an opposite evolution to 

height, because the shading reduced diameter growth, resulting in greater diameter for the S0, 

S25 and S50 plants. Spring stimulated diameter growth in all cases (Fig. 3D). 
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Fig. 3. Seasonal evolution of average shoot length (those born from the main stem) (A), number of shoots per 

plant (B), plant height (C) and main stem diameter (D). Measurements correspond to the fist week of June 2007 

(the beginning of experimentation), and to the last week of September 2007, December 2007, March 2008, June 

2008 and September 2008. Vertical bars indicate SE (n=12).  

 

3.2. Plant growth and leaf color 

 

 Plant DW was only reduced by S80, especially in roots (62% less than in the control). 

Shoot DW was also affected (27% less than in the control) (Table 1). This fact increased the 

S/R ratio from 3.7 (control) to 7.4 in S80. S65 also increased its S/R despite there were no 

statistical differences in DW. S65 and S80 increased plant leaf area to nearly double that of 

the control. Control plants had the greatest number of leaves and S80 the least (about 40% 

less); the rest of treatments were similar and showed intermediate values (Table 1). These 
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results meant that individual leaf area became 1.91 and 2.34 times greater for S65 and S80, 

respectively, compared with control. The SLA increased with the degree of shading, 

particularly in S80 (255% compared with the control). The compactness index was reduced 

by shading, particularly in S65 and S80, with S25 and S50 showing intermediate values 

(Picture 2).  

 The colorimetry study showed that control plants had the lowest green tone, S25 and 

S50 had intermediate values, and S65 and S80 had the highest values. Luminosity was lower 

in S65 than in S80. The saturation only increased in control plants (Table 1). 

 

Table 1. Effect of shading on growth, development and leaf color. 

Parameters 
Shading (%) 

0 (S0)  32 (S25) 48 (S50) 84 (S65) 93 (S80) 

Plant DW (g) 143.3b 159.2b 162.0b 146.7b 93.9a 

Shoot DW (g) 112.8b 121.5b 131.9b 121.6b 82.2a 

Root DW (g) 30.5c 37.7d 30.0cd 25.1b 11.6a 

Shoot/root 3.70a 3.26a 4.41ab 4.71b 7.38c 

Plant leaf area (dm²) 25.39a 20.19a 23.78a 41.19b 49.23b 

Leaves per plant 1484c 957b 1057b 1261b 888a 

Individual leaf area (cm2) 1.71a 2.11a 2.25a 3.27b 5.54c 
Specific leaf area (cm2/g) 43.9a 57.2b 62.3b 97.9c 156.2d 

Compactness index 0.27a 0.10b 0.10b 0.05c 0.05c 

Color Tone (H) 106.0a 109.3b 111.8b 115.4c 116.5c 
Luminosity (L) 35.9b 35.6b 35.0b 32.9a 37.9c 
Saturation (C) 22.0b 19.6a 19.9a 19.8a 19.1a 
*Different letters in the same row indicate statistically significant differences between means at P<0.05 

according to the least significant difference (LSD) test. 

 

3.3. Leaf soluble sugars concentration 

 

 The treatments S25 and S50 did not affect the total soluble sugar concentration in 

leaves compared with the control, but stronger shading (S65 and S80) reduced it by about 

40% (Table 2). Sucrose and fructose were affected in the same way, the former being more 

concentrated. Glucose concentration was significantly different between treatments, however, 

this behavior was unrelated with shading (Table 2). 
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Picture 2. Representative plants after nearly one year of experimentation. Left R. alaternus with 0% of 

shanding, right R. alaternus with 93% of shading. 

 

Table 2. Effect of shading on leaf soluble sugar concentrations (mg g-1 DW). 

Parameters 
Shading (%) 

0 (S0)  32 (S25) 48 (S50) 84 (S65) 93 (S80) 

Total sugars 120.3b 112.8b 115.5b 71.0a 66.1a 

Glucose 8.3c 5.2b 8.1c 3.2a 7.7c 

Fructose 5.0c 2.2b 3.9bc 0.8a 1.2a 

Sucrose 107.0b 105.4b 103.6b 67.1a 57.2a 
*Different letters in the same row indicate statistically significant differences between means at P<0.05 

according to the least significant difference (LSD) test. 

 

3.4. Leaf blade thickness and stomatal characteristics 

 

 Leaf blade thickness fell as shading increased in intensity (Table 3) between 25% 

(S25) and 62% (S80) compared with the control (Picture 3). The epidermis (upper and lower) 

was not affected. The upper cuticle thickness was reduced by half in S80. The lower cuticle 

was affected by all the shading treatments, especially by S80 (57% thinner than the control) 

(Picture 4). The parenchyma tissues were the thickest layers, especially spongy parenchyma 

which represented about half leaf thickness. These layers were reduced in thickness by 

shading of 48% and above. The spongy parenchyma was more strongly reduced, by about 

60% in S80 (Picture 3). 
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 Stomatal density was only reduced by S65 and S80 (about 37% compared with the 

control) (Picture 5). Compared with the control, single pore area increased in S25 and S50, 

but was reduced by S65 and S80. The individual leaf pore area was only smaller in the 

control, and the plant leaf pore area was smaller in both control and S25 (Table 3). 

Table 3. Effect of shading on transversal leaf section dimensions (µm) and stomatal characteristics. 

*Different letters in the same row indicate statistically significant differences between means at P<0.05 

according to the least significant difference (LSD) test. 

 
Picture 3. Images obtained with optical microscopy. Cell layers thickness of treatments 0% of shanding (left) 

and 93% of shading (right). 

Parameters 
Shading (%) 

0 (S0)  32 (S25) 48 (S50) 84 (S65) 93 (S80)

Upper cuticle 10.0a 8.8ab 8.1ab 6.9bc 5.0c

Upper Epidermis 18.8a 15.0a 15.0a 13.8a 11.9a

Palisade parenchyma 170.0a 145.0a 88.8b 101.8b 48.8c

Spongy parenchyma 253.8a 173.8a 125.0b 115.6bc 100.0c

Lower epidermis 15.6a 12.5a 12.5a 10.6a 14.4a

Lower cuticle 16.3a 7.5b 8.8b 8.1b 5.6b

Stomatal density (stomas/mm²) 197.0b 197.0b 189.0b 165.0a 135.0a

Single pore area (µm2) 19.3b 25.4c 25.5c 17.6a 17.2a

Individual leaf pore area (mm2) 0.65a 1.05b 1.08b 0.95ab 1.29b
Plant pore area (mm2) 965a 1009a 1145b 1193b 1145b
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Picture 4. Images obtained with optical microscopy. Cuticle thickness of treatments 0% of shading (left) and 

93% of shading (right). 

 
Picture 5. Images obtained with electron microscopy. Stomatal density of treatments with 0% of shanding (left) 

and 93% of shading (right). 

 

3.5. Irrigation and leaching 

 

 The average amount of water evapotranspired during the experiment was about 1 

L·pot-1 and week, except in S80 which used about 30% less (Fig. 4). Water use efficiency 

(WUE) was the same for all the treatments (data not shown). The irrigation leaching evolution 

(Fig. 4) showed that in fall S65 and S80 produced the highest leaching (45% and 70%, 

respectively). This behavior was similar in winter, although S65 had the same leaching as the 
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control. In spring, leaching was similar in all treatments, but was increased in summer by 

shading (Fig. 4). 
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Fig. 4. Average seasonal irrigation and leaching in the different shading treatments. Data was calculated as the 

mean of 13 weeks per season of the tree repetitions. Vertical bars indicate SE (n=39). 

 

3.6. Photosynthesis, stomatal conductance and leaf water potential 

 

 S65 and S80 led to more constant and lower photosynthesis rates during the 

experimental period. The rest of the treatments showed greater photosynthesis rates during 

fall and winter, especially the control. Control plants maintained the Pn during fall, but the 

value of this parameter fell sharply during the winter (Fig. 5A). 

 The evolution of midday gs was similar in all the shading treatments, except in S80, 

which showed erratic behavior. This evolution was similar to Pn for the control plants (Fig. 

5B). At the end of spring, all the treatments showed very low gs rates, which increased 

strongly at the end of summer, especially in S25, S50 and S65 (Fig. 5B). 

 Ψhmd evolution was similar in all the treatments, although the control plants usually 

had slightly higher values than shaded plants. Ψhmd was strongly reduced during spring, and 

showed minimum values at the beginning of summer. At the end of summer Ψhmd recovered 

and continued to increase in fall (Fig. 5C). 
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Fig. 5. Seasonal evolution of (A) photosynthesis (Pn), (B) stomatal conductance (gs) and (C) leaf water potential 

(Ψhmd) in the different shading treatments. Measurements correspond to the last week of September 2007, 

December 2007, March 2008, June 2008 and September 2008. Vertical bars indicate SE (n=6). 

 

3.7. Photochemical efficiency and relative chlorophyll content (RCC) 

 

 Dark-adapted photosystem II efficiency (Fv/Fm) was only reduced in S80. However, 

light-adapted photosystem II efficiency (éPSII) was reduced in S65 and S80. The non-
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photochemical quenching (NPQ) response increased in S65 and S80 (opposite to éPSII). The 

electron transport rate (ETR) response was similar to éPSII (Table 4). 

 The RCC was lower in both control and S80 (Table 4).  

Table 4. Photochemical efficiency and relative chlorophyll content (RCC) study. 

Parameters 
Shading (%) 

0 (S0)  32 (S25) 48 (S50) 84 (S65) 93 (S80) 

Fv/Fm 0.82b 0.83b 0.84b 0.81ab 0.78a 

éPSII 0.33b 0.31b 0.33b 0.20a 0.18a 

NPQ 2.27a 2.36a 2.39a 2.99b 2.94b 

ETR 56.2b 52.6b 55.1b 34.1a 29.8a 

RCC 65.3a 72.8b 69.6b 71.3b 63.5a 
*Different letters in the same row indicate statistically significant differences between means at P<0.05 

according to the least significant difference (LSD) test. 

 

 

4. Discussion 

 

 The light level produced clear differences between growth and development in R. 

alaternus, although only the drastic reduction in solar radiation (93%) decreased dry matter 

(Table 1). The roots were more affected than shoots, as indicated by the increasing S/R ratio. 

The 84% shading also affected this ratio, although shoot biomass was not affected. Villar-

Salvador (2004) also found a significant S/R increase in Quercus ilex seedlings with a shading 

of 45%. These data are in accordance with the theory of "functional equilibrium" (Brouwer 

1963), where a decrease in light induces an increasing S/R ratio (Table 1). The reduction in 

evaporative demand, due to shading, affected the water absorption needs, which possibly 

diminished root growth.  

 Shading reduced the number of leaves, as Mendes et al. (2001) found in Myrtus 

communis. Under shade, the SLA increased due to leaf thinning (Tables 1 and 3), which is 

coherent with the observations of Abrams and Kubiske (1990) in five conifers trees in the 

understory of Wisconsin forest. Niinemets and Kull (1998) also found in five deciduous 

temperate woody species (Populus tremula, Fraxinus excelsior, Tilia cordata, Corylus 

avellana and Fagus sylvatica) that the SLA was reduced with increasing irradiance because 

thickness and leaf density increased. 

 Epidermis thickness was not affected by shading, possibly due to the single cell layer, 

while the parenchyma (spongy and palisade) was strongly reduced (Table 3). These results are 
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related with those found by Dimassi-Theriou and Bosadalidis (1997) in kiwifruit, in which 

parenchyma thickness increased when leaves were subjected to high light radiation. The 

reduction in parenchyma thickness by shading (thinner leaf) led to better light penetration to 

the chloroplasts (Evans, 1999). This thickness reduction and the increasing individual leaf 

area could be a leaf adaptation mechanism to low light conditions, which would have led to 

greater light capture. 

 Shading produced taller plants due to shoot growth as they looked for light, indicating 

the activation of some phototropism responses (Takemiya et al. 2005) to modify plant leaf 

distribution in order to limit mutual shading. This response would explain the decreased 

number of leaves and number of shoots as a result of shading (Table 1 and Fig. 3B), as 

reported by Sorrentino et al. (1997) in lily. Shading also reduced stem diameter growth (Fig. 

2D), as reported by Cregg et al. (1993) in loblolly pine, in which reductions in diameter 

growth were observed almost immediately when the shade treatments (50% and 72%) were 

imposed. This indicates that the branch cambium was a low priority sink for current 

photosynthates compared with the growing foliage. This would agree with Kramer and 

Kozlowski (1979), who reported that under stress, cambium growth is reduced before shoot 

apical meristems, and Buisson and Lee (1993), who registered less diameter growth in papaya 

plant developed under artificial shade.  

 Compactness and leaf color are two important quality criteria in potted plant.  R. 

alaternus is not very compact during its first years (Martínez-Sánchez et al., 2008), and 

shading reduced the compactness index (Table 1). This was because the shoot length 

increased and the number of shoots decreased. At the end of the experiment, leaf color in 

control plants was characterized by a green yellowish tone, low saturation and slight darkness. 

Shading improved leaf color, a greener tone (increasing H), although it was slightly less 

saturated (less C). Germana et al. (2001) observed that a 70% reduction of PAR produces a 

darker green color in mandarin leaves, as Brand (1997) observed in Kalmia latifolia subjected 

to shading. 

 The water supplied was the same for all the treatments, while the least water 

evapotranspired was by S65 and S80, as seen from the greater amount of leached water 

collected. In fall and winter, S25 and S50 evapotranspired more (Fig. 4) because the plants 

were bigger than the control plants (Fig. 3A and 3C). In contrast, S65 and S80 had lower 

water needs, possibly because shading decreased Pn and gs (Fig. 5A and 5B). The similar 

drainage in spring (despite shading) was due to the fact that shaded plants had a greater leaf 

area than the control, so a similar gs is translated into greater transpiration, thus compensating 
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the greater evaporation of the control. The severe climatic conditions of the summer induced 

plant stomata closure (Fig. 5A and 5B). Under these conditions, substrate evaporation 

strongly influences water consume in the pot (Alarcón et al., 2006). Thus, the control plants 

suffered greater substrate evaporation because they were more exposed to wind and light than 

the other shading treatments (natural R. alaternus development exacerbates this effect). As a 

consequence, water evapotranspired was inversely proportional to shading percentage (Fig. 

4). 

 Although water evapotranspired was clearly affected by shading, WUE was not 

because shading reduced both water evapotranspired and biomass production. Dai et al. 

(2009) found similar results in Tetrastigma hemsleyanum, although Germana et al. (2001) and 

Syvetsen (1987) found greater WUE in plants subjected to shading. The last author attributed 

this behavior to the greater chlorophyll content resulting from shading conditions, which 

maximize light capture capacity (Kura-Hotta et al., 1987; Lei et al., 1996) and favor 

photosynthesis (Mao et al., 2007). Other studies in woody plants (Niinemets, 1997) and 

shrubs (Rhizopoulou et al. 1991; Andersen et al. 1991) showed chlorophyll increasing as a 

result of shading, as was observed in this experiment (Table 4); however, this did not happen 

under S80, which points to a degree of photosynthetic damage due to light stress. The 

increase in chlorophyll could be a plant adaptation to low light levels in order to maintain the 

photosynthesis rate. Usually, higher chlorophyll content is related with darker green leaves 

(Newman and Follet, 1988), as occurred in this experiment (Table 1 and 4). Visually, S25, 

S50 and S65 leaves were darker green than control plants, although S80 produced lighter 

green leaves. Greater luminosity and greener tone, and lower saturation in S80 (Table 1), 

would be correlated with this behavior. 

 Strong shading (S65 and S80) reduced stomatal density and single pore area (Table 3), 

an effect also observed by Mendes et al. (2001) in myrtle and Israeli et al. (1995) in bananas. 

Niinemets and Tenhunen (1997) reported that stomatal density improves CO2 absorption 

(greater photosynthetic rate), and R. alaternus control plants had the greatest Pn and gs under 

non-stressful solar radiation (in fall and winter Figs. 5A and 5B). However, the DW results 

(Table 1) showed similar biomass production, except for S80. This behavior can be explained 

by the plant leaf pore area (Table 3), which increased at shading percentages of ≥48% 

compared with control and would compensate the lower Pn rates, except for S80 where plant 

growth was affected. On the other hand, the Pn in control plants during spring and summer 

was lower than in S25 and S50, probably because these environmental conditions at midday 

were stressful, which hindered the absorption of CO2 and produced photorespiration 
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(Sorrentino et al., 1997). The fall in gs and Ψhmd at the end of spring in all the treatments (Fig. 

5B and 5C) confirmed the stressful environmental conditions, which caused stomatal closure 

in an attempt to avoid water loss (Dai et al., 2009; Tenhunen et al., 1984). At the end of 

summer, the climatic conditions were less stressful and shading softens them even further, 

which resulted in greater gs in all shading treatments except for S80 than in control plants 

(Fig. 5B). Sofo et al. (2009) found that a reduction in sun light in summer increased Pn in 

olive trees, as in our experiment in S50 and S65. However, strong shading (93%) negatively 

affected the Pn, which remained low throughout the crop year (Fig. 5A), implying 

photosynthetic damage. 

 The plants subjected to 48%, 84% and 93% shading had a worse water status than the 

control, according to the Ψhmd values (Fig. 5C). This behavior was contrary to that found by 

Mendes et al. (2001) in myrtle, in which Ψhmd was cushioned by shading in august. The thick 

cuticle of control plants may have reduced water loss (Jenks et al., 2007), thus maintaining 

greater Ψhmd than in shaded plants. Similarly, the content of solutes might have had an effect, 

the lower soluble sugars content at the end of the experiment in leaves subjected to strong 

shading (Table 2), in theory, not helping to maintain the Ψhmd. 

 Chlorophyll fluorescence analysis studies the photosynthetic activity of plants. Such 

an analysis was performed to verify the damage produced by shading described in the 

preceding paragraphs. The values of Fv/Fm and éPSII (Table 4) showed that strong shading 

(84% but especially 93%) reduced the photochemical activity of PSII, reducing the 

photosynthetic capacity of the plant. The 93% shading reduced Fv/Fm, which indicate 

irreversible damages in PSII (Correia et al., 1992). S65 and S80 increased their NPQ and, as 

also reported by Maxwell and Johnson (2000), an increase in NPQ may be the result of the 

plant developing a system of protection against light excess or intrinsic damage in the leaf. 

Therefore, S65 and S80 plants had low éPSII (Table 4) and Pn (Fig. 5A), which confirms light 

energy dissipation and malfunction in reaction centers (Araus et al., 1998). Any other damage 

related to photorespiration or disorders in electron transport was dismissed because the lower 

ETR corresponded to lower Pn values (Fryer et al., 1998). 

 According to Melis (1999), a decreasing ETR and Pn, and increasing NPQ indicate 

plants damage by excess of light. However, in this study these conditions in ETR and Pn 

appeared under strong shading, which indicates that both light excess and light deficiency are 

harmful. Other authors reported that the adaptation to low solar radiation improves PSII 

efficiency (Anderson and Osmond, 1987; Demming-Adams, 1998), but, in this case, a slight 

light reduction did not affect the PSII, which indicates that R. alaternus presents plasticity to 



Chapter 3: Rhamnus alaternus growth under four simulated shade environments 

124 
 

lower levels of light. On the other hand, as reported by Flowers et al. (2007), a decreasing 

ETR can produce photoinhibition and chlorophyll loss. The results in Table 4 confirm that 

S80 did not reduce leaf RCC levels compared with the control, which makes it difficult to 

relate chlorophyll loss with a reducing ETR in this species. 

 

5. Conclusion 

 

 R. alaternus is a light-adapted species with plasticity to lower light environments. 

However, strong light reduction (84% shading) reduced the photochemical efficiency of 

photosystem II and photosynthesis. When the light reduction was drastic (93% shading), 

photosystem II suffered irreversible damage, and both Pn and Fv/Fm had lower values. So, this 

species is interesting as an understory species in Mediterranean forests, where shade is not 

drastically reduced, because of its adaptation mechanisms to light changes. One of these facts 

is the capacity of increasing leaf area to compensate lower gas exchange rates per unit area. 

From a nursery point of view, shading ≥84% would produce low quality plants, with a low 

compactness index and high S/R index. As reported in our experimental results, shading 

between 32% and 48% could be applied in spring and summer, respectively, in the hours of 

strongest radiation (by means of an automatic shading screen). This would optimize 

photosynthesis and improve leaf color. 
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Abstract 

Irrigation control systems that irrigate container-grown plants based on crop water needs can 

reduce water and fertilizer use and increase the sustainability of ornamental crop production. 

The use of soil moisture sensors to determine when to irrigate is a viable option. We tested a 

commercially available irrigation controller (CS3500, Acclima, Meridian, ID), which uses 

time domain transmissometry (TDT) sensors to measure soil volumetric water content (θ). 

The objectives of this study were: a) to test the accuracy of TDT sensors in soilless substrate, 

b) to quantify the ability of the Acclima CS3500 irrigation controller to maintain stable θ 

readings during the production of container-grown begonia (Begonia semperflorens L.), by 

turning a drip irrigation system on and off as needed, and c) to study the growth and 

photosynthetic physiology of begonia at six θ levels. Calibration of the TDT sensors in pots 

filled with substrate (but without plants) showed that the θ determined by the TDT sensors 

had a very close relationship (R2=0.99) with the gravimetrically determined θ, but the TDT 

sensors underestimated θ by about 0.08 m3·m-3. Therefore, a custom calibration of the TDT 

sensors for the soilless substrate was necessary to get accurate θ data. The irrigation controller 

was programmed to maintain six θ thresholds, ranging from 0.136 to 0.472 m3·m-3 (based on 

our own sensor calibration) and was able to maintain θ readings within 0.008 m3·m-3 of the 

threshold. Theta and Sigma probes were used to collect comparative θ and bulk electrical 

conductivity (EC) data, respectively. The results showed a strong correlation with TDT sensor 

measurements of θ (R2=0.92), but a moderate relationship for bulk EC (R2=0.53). The 

begonias had similar dry weight at θ levels of 0.348 m3·m-3 and higher, while total 

evapotranspiration increased linearly with the θ threshold. The lowest θ threshold reduced leaf 

size, net photosynthesis (Pn), and stomatal conductance (gs). Overall, the TDT sensors can 

provide accurate measurements of θ in soilless substrate, but need a substrate specific 

calibration. The Acclima CS3500 controller, using TDT sensors, was able to maintain stable θ 

readings throughout a production cycle. These results suggest that this irrigation controller 

may be suitable for production of greenhouse crops, as well as in drought stress research. 

Keywords: automated irrigation, Begonia semperflorens, greenhouse production, leaching, 

time domain transmissometry, water use. 
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1. Introduction 

 

 Water conservation through more efficient irrigation has received much attention in 

recent years, especially in regions suffering from drought and with limited water availability. 

Population growth and increased urbanization have increased competition for water (Jury and 

Vaux, 2005). Furthermore, consumers and governments are increasingly interested in 

agricultural sustainability, resulting in market opportunities for sustainable ornamental crops 

(Dennis et al., 2010). The ornamentals industry will also need to comply with existing and 

new laws, regulating the environmental impact of production (Fernandez et al., 2009). 

Sustainable ornamental crop production must include appropriate irrigation practices. 

Excessive irrigation results in leaching and runoff of water and fertilizer, which may cause 

eutrophication and algal blooms (Conover and Poole, 1992; Majsztrik et al., 2011). More 

efficient irrigation practices can also reduce energy use and CO2 emissions. 

 To achieve more efficient irrigation, growers should not use timers or make irrigation 

decisions based on the visual appearance of the substrate or plants (Nemali et al., 2007). 

Instead, environmental measurements such as evapotranspiration (Allen et al., 1998) and soil 

or substrate θ or tension (Shock and Wang, 2011; Topp and Ferre, 2002) can be used to infer 

plant water needs and to schedule agricultural, municipal, or residential irrigation (Blonquist 

et al. 2006). Measurements of θ are particularly useful for precise irrigation scheduling in 

uniform nursery container mixes (Shock and Wang, 2011). Jones (2007) concluded that soil θ 

is the most valuable environmental or plant variable for irrigation control, allowing for easy 

automation. Automating irrigation based on soil water tension has been used for decades (see 

Shock and Wang, 2011), while the use of soil or substrate θ has become more feasible in 

recent years with the advent of low cost sensors (e.g., Nemali and van Iersel, 2006). 

 Nemali and van Iersel (2006) developed an automated irrigation system that can 

maintain substrate θ at specific thresholds. The system was accurate and successfully used in 

further work to study irrigation efficiency in gaura (Gaura lindheimeri Engelm. & Gray 

‘Siskiyou Pink’ (Burnett and van Iersel, 2008) and petunia (Petunia ×hybrida) (van Iersel et 

al., 2010). This irrigation system determines θ with capacitance sensors connected to a 

datalogger. The datalogger can control irrigation by opening and closing solenoid valves as 

needed. The limitation of this system is that a basic knowledge of programming and wiring 

dataloggers is required. However, there are commercially available irrigation systems that not 

only include soil moisture sensors, but also an interface to control irrigation. Cardenas-

Lailhacar and Dukes (2010) tested four commercial, sensor-based irrigation systems in a 
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coarse textured soil (Arredondo fine sand) and concluded that TDT sensors (Acclima) could 

be used for accurate control of θ in field plots with Bermuda grass [Cynodon dactylon (L.) 

Pers.]. McCready et al. (2009) tested the same TDT sensor in a similar soil (field capacity 

about 11%) but with three different θ levels (7% dry, 10% medium and 13% wet) and showed 

that θ levels of 7 and 10% reduce water use, although 7% reduced St. Augustine grass 

[Stenotaphrum secundatum (Walter) Kuntze] quality. 

 The TDT sensor measures the permittivity of the soil by sending an electromagnetic 

signal along a waveguide and measuring the propagation time of that wave. This propagation 

time depends on the soil dielectric properties, which are mainly governed by the water content 

of the soil surrounding the probes (Blonquist et al., 2005a). The TDT sensor provides accurate 

apparent permittivity measurements, which can be used to estimate θ (Blonquist et al., 2005a). 

The distortion parameters of the returned wave are used to determine the bulk EC. The 

dimensions of the TDT sensor are 20.3 cm × 5.4 cm × 1.4 cm (l × w × h) and they explore 

about 200 mL of soil or substrate (Blonquist et al., 2006). These sensors have potential use in 

the irrigation of ornamental crops, as well as irrigation and drought stress research. However, 

TDT sensors may need a specific calibration for soilless substrate, since the dielectric 

properties differ from those of mineral soil for which the standard factory calibration was 

developed. Using TDT sensors with an irrigation controller (e.g., CS3500, Acclima) can 

provide similar information as the automated irrigation system described by Nemali and van 

Iersel (2006). To assess the potential of such irrigation control for use with container-grown 

plants, the accuracy and performance of the sensors, controller, and irrigation system need to 

be tested. Thus, the aims of this study were: 1) to evaluate the built-in calibration of TDT 

sensors in soilless substrate and their accuracy in determining θ, 2) to quantify the ability of 

the Acclima CS3500 irrigation controller to maintain stable θ readings during the production 

of container-grown begonia (Begonia semperflorens L.), by turning a drip irrigation system 

on and off as needed, and 3) to study the growth and photosynthetic physiology of begonias at 

six θ levels. 
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release fertilizer (Osmocote Plus 14-14-14; 14N-4.2P-11.6K; The Scotts Co., Marysville, OH) 

at a rate of 15 g/pot.  

 Pots were arranged in 12 rows of five plants and irrigation of each row of plants was 

controlled using a 2.5 cm solenoid valve (Watermaster, Orbit Irrigation Products, Bountiful, 

UT) connected to an irrigation controller (CS3500, Acclima). A TDT sensor was inserted into 

the substrate at an approximate 45º angle in one of the five pots in a row, and irrigation of all 

five pots was based on the θ reading of that sensor. The sensors were connected to the 

irrigation controller which measured the sensor output every 10 minutes, providing readings 

of θ (but not calibrated for our substrate) and temperature. Bulk electrical conductivity (bulk 

EC) was measured twice a day. Each irrigation line also had a flow meter (DLJ50, Daniel L. 

Jerman Co., Hackensack, NJ) to monitor water use in each experimental unit. Each plant was 

watered using a pressure-compensated drip emitter (2 lph, Netafim USA, Fresno, CA) with a 

spaghetti tube going to each pot (Picture 2). To allow establishment of the plants, θ was 

maintained at 0.429 m3·m-3 for one week before the treatments started. 

 The irrigation controller was programmed to maintain six θ set points, each replicated 

twice. Set points programmed into the irrigation controller were 5, 12, 19, 26, 33, and 40%. 

After applying our substrate-specific calibration to the TDT-sensor readings, these set points 

corresponded to actual θ levels of 0.136, 0.210, 0.281, 0.348, 0.412 and 0.472 m3·m-3. When 

the θ dropped below the set point, the irrigation controller opened the corresponding solenoid 

valve for 15 s, thus applying approximately 8.3 mL of water to each plant. To configure the 

irrigation system, and to establish the irrigation protocols described, the Irrigation Manager 

software (Acclima) was used. 

 The experiment was conducted in a glass-covered greenhouse at the University of 

Georgia in Athens, GA (lat. 34°N, long. 84°W). Environmental conditions in the greenhouse 

were monitored using a temperature/RH sensor (HMP50, Vaisala, Woburn, MA) and a 

photosynthetic photon flux sensor (SQ-100, Apogee Instruments, Logan, UT) connected to a 

datalogger (CR200, Campbell Sci. Inc., Logan, UT). Sensors were measured every minute to 

obtain daily averages, minimum and maximum values. Daily light integral (DLI, mol·m-2·d-1) 

was calculated by integrating the photosynthetic photon flux measurements throughout the 

day. Daily minimum and maximum temperatures were 18.0 ± 2.3 °C and 26.9 ± 3.2 °C, daily 

minimum and maximum relative humidity 46 ± 18% and 82 ± 7%, and the DLI was 13.7 ± 

6.8 mol·m-2·d-1 (mean ± s.d.) over the 66 d of the experiment. 

 Since there was no leaching, except for the first five days at the 0.472 m3·m-3 

threshold, total evapotranspiration of each group of plants was determined as the sum of the 
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total amount of water applied, as determined from flow meter readings, plus the change in the 

amount of water in the substrate during the experiment was determined from the initial and 

final θ measurements and the volume of the pots [(θinitial-θfinal) × 3.65 L]. 

 
Picture 2. Experimental plot. The Acclima CS3500 irrigation controller, Begonias, solenoid valves, flow meters 

and TDT-sensor can be observed. 

 

2.3. Independent measurements of θ and EC 

 

 To obtain independent data for evaluation of the accuracy of the TDT sensors, weekly 

measurements of θ, and bulk and pore water EC were taken with a Theta probe (Delta-T 

devices, Cambridge, UK) and Sigma probe (Delta-T devices), respectively. The Sigma probe 

measures bulk EC and calculates the pore water EC as described by Hilhorst (2000). Bulk EC 

is a measure of how well the substrate (including air, solution and substrate particles) 

conducts electricity, while pore water EC determines the electrical conductivity of the 

solution in the substrate. For Theta probe measurements, a calibration developed specifically 

for soilless substrates (Nemali et al., 2007) was used. A total of four pots per experimental 

unit were measured each time. 

 



Chapter 4: TDT soil moisture sensor for precise automated irrigation 

138 
 

2.4. Measurements at the end of the experiment 

 

 Stomatal conductance (gs) and net photosynthesis (Pn) were measured at midday using 

a leaf photosynthesis system (CIRAS-1; PP Systems, Amesbury, MA) and instantaneous 

water use efficiency was calculated as Pn/gs. The air flow rate through the cuvette was 200 

mL·min-1 with a [CO2] of 420 µmol·mol-1, an air temperature of 20 °C, a vapor pressure 

deficit of 1.6 kPa, and a photosynthetic photon flux of 2000 µmol·m-2·s-1. The measurements 

were made on four plants per replication. Chlorophyll fluorescence was also measured on four 

leaves per replication using a pulse modulated fluorometer (mini-PAM, Walz, Effeltrich, 

Germany). The method and parameters determined were the same as described by Sheng et al. 

(2008), but with an actinic light of 510 µmol·m-2·s-1 for the light adapted measurements. 

 At final harvest, the area of one fully-expanded leaf from the upper 1/3 of the canopy 

of each plant was determined using a leaf area meter (LI-3100, LI-COR Biosciences, Lincoln, 

NE). Shoot dry weight (DW) was determined after drying the shoots in a convection oven at 

60 ºC. 

 

2.5. Experimental Design and Statistical analysis 

 

 The design was a randomized complete block with six treatments and two replications. 

Experimental units consisted of groups of five plants, one of which had a TDT sensor in the 

pot to control irrigation. Data collected at the end of the experiment were subjected to 

ANOVA (StatGraphics Plus 5.1, StatPoint Technologies, Warrenton, VA). When the 

ANOVA indicated significant effects (P < 0.05), means were separated using Fisher’s LSD. 

Regression analyses were performed using SigmaPlot 10.0 (Systat software Inc., San Jose, 

CA). 

 

 

3. Results and discussion 

 

3.1. Calibration of sensors 

 

 There was an almost perfect, quadratic relationship between the θ as measured by the 

TDT sensors and the weight-based measurement of θ of the substrate (Fig. 1). Since the 

different θ calibration points were obtained with 12 different TDT sensors, these calibration 
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results also indicate that there are no major differences among different sensors. However, the 

standard calibration for the TDT sensors was not accurate for the soilless substrate used in our 

study. The TDT sensors consistently underestimated θ, which resulted in errors of up to 0.08 

m3·m-3. Estimation of θ using dielectric sensors is based on the ability of sensors to measure 

the ‘real’ part of the dielectric permittivity (ε), or a property directly related to ε. The total ε of 

a soil depends on the ε of the air (ε ≈ 1), soil solids (~2-9) and water (~80) in the soil 

(Blonquist et al., 2006). Since water has a much higher ε than air or soil solids, the overall ε 

of a soil is closely related to θ. However, ε differs among different soils and substrates, thus 

affecting the calibration of the sensors. By performing a substrate-specific calibration, we 

were able to convert the TDT measurements to the actual θ of the soilless substrate. The TDT 

sensors were not able to measure the θ of very dry substrate (< 0.08 m3·m-3) since the sensors 

consistently read 0 m3·m-3 in such dry substrates (results not shown). Blonquist et al. (2005a) 

concluded that TDT sensors had the accuracy of time domain reflectometry sensors in 

determining θ under laboratory conditions, and were less affected by bulk EC and temperature 

than other, lower frequency (50 MHz) sensors (Blonquist et al., 2005b). 
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Fig. 1. The relationship between the substrate water content (θ) of a bark-based soilless substrate, as measured 

by TDT sensors using the factory calibration for mineral soil, and the θ determined based on wet and dry weight 

and volume of the substrate (volumetric θ). At a volumetric θ below 0.08 m3·m-3, the TDT sensors read 0 m3·m-3 

and those data were not included in the calibration. 
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3.2. Substrate Water Content Control 

 

 The θ readings of the TDT sensors were close to the threshold θ (average θ levels, 

based on our calibration, were 0.146, 0.212, 0.285, 0.350, 0.415 and 0.474 m3·m-3, 0.002 to 

0.010 m3·m-3 above the threshold), and with little variation once the threshold θ was reached 

(Fig. 2). The standard deviation between daily θ means was higher in the driest treatment 

(0.0044 m3·m-3 vs. 0.0020 m3·m-3 in the wettest treatment), which is consistent with previous 

findings (Nemali and van Iersel, 2006; van Iersel et al., 2010). This may be the result of the 

decreased hydraulic conductivity of peat-based substrates at lower water contents (Naasz et 

al., 2005), which slows water movement through the substrate and may result in a less 

uniform water distribution (van Iersel et al., 2010). 

 Fluctuations in θ were about 13 times smaller than those reported by Nemali and van 

Iersel (2006). One of the reasons for the very stable θ could be the short irrigation time (15 

seconds) used, applying only 8-9 mL per irrigation event, much smaller than the 100 mL 

applied by Nemali and van Iersel (2006). Van Iersel et al. (2010) reported that reducing the 

amount of water applied per irrigation event reduced fluctuations in θ.  

 The θ in the 0.472 m3·m-3 treatment increased on day 5 because the substrate had to be 

slightly compacted to avoid continuous leaching and improve contact between the substrate 

and sensor. On day 55, there was a small θ decrease in all treatments because of problems 

with the water supply. This decrease was less evident in the driest treatment, probably due to 

its lower evapotranspiration. 
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Fig. 2. Average substrate volumetric water content (θ) readings of the TDT sensors over a 66 d period, during 

which begonias were grown in 3.65 L pots. A substrate-specific calibration (see Fig. 1) was used to determine θ. 

Dashed lines indicate the θ threshold at which the containers in the various treatments were irrigated. Error bars 

indicate the standard deviation (n=2). 

 

3.3. Theta and Sigma probe correlations 

 

 There was a strong, quadratic relationship between the TDT-sensor readings (using 

our substrate-specific calibration) and the Theta probe measurements of θ over the course of 

the experiment (R2 = 0.91) (Fig. 3). Theta probe readings were always lower than those of the 

TDT sensors, likely because the Theta probe only measures about the top 6 cm of the 

substrate while the TDT sensors explore nearly the entire depth of the pot and the top part of a 

substrate normally is drier than the bottom part (Wallach, 2008). Overall, the TDT sensor can 

be considered a good θ sensor for soilless substrates, because it can be calibrated for such 

substrates and is responsive to changes in θ. Furthermore, its readings are strongly correlated 

with those of the Theta probe, which has been reported to be accurate in soilless substrates, 

with little sensitivity to temperature or EC (Nemali et al., 2007). 
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 The bulk EC measured with the TDT sensor had a weak correlation with pore water 

EC (r2 = 0.30) and a moderate correlation with the bulk EC (r2=0.53), as measured with the 

SigmaProbe (Fig. 4). One of the factors causing these poor correlations was that the bulk EC 

measured by the TDT sensors was almost always 0 dS·m-1 at θ below 0.28 m3·m-3. These 

results suggest a limited usefulness of the TDT sensors for bulk EC measurements in soilless 

substrate. On the other hand, the use of a controlled release fertilizer may increase variability 

in the data, because the SigmaProbe measures only a small volume of substrate. This may 

result in inconsistent reading if the EC of the substrate is not uniform, as may be the case with 

controlled release fertilizers. The poor correlation between TDT sensor bulk EC 

measurements and pore water EC is not surprising, since pore water EC depends on substrate 

properties, the dielectric permittivity (and thus θ), and the bulk EC (Hilhorst, 2000). 
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Fig. 3. The relationship between substrate volumetric water content (θ) measurements by time domain 

transmissometry (TDT) sensors (using our substrate-specific calibration) and a Theta probe. Data were collected 

weekly in pots that were irrigated when θ dropped below one of six different θ thresholds. 
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Fig. 4. The relationship between bulk electrical conductivity (EC) measurements collected with time domain 

transmissometry (TDT) sensors and the pore water EC (top) and bulk EC (bottom) as measured using a 

SigmaProbe. 

 

3.4. Evapotranspiration and plant growth 

 

 The evapotranspiration increased linearly as the threshold θ increased (r2 = 0.68) (Fig. 

5). Leaching was only noticed during the first five days of the experiment and only in the 

0.472 m3·m-3 treatment. Average evapotranspiration over the 66 d experiment was 64 mL·d-1 

in the 0.472 m3·m-3 treatment and only 22 mL·d-1 in the 0.136 m3·m-3 treatment. Conover 

(2010) reported an average water use of angel-wing begonias (Begonia coccinea) of 68 mL·d-

1, similar to that at our highest θ threshold. Van Iersel et al. (2010) also reported increasing 

water use with increasing threshold θ, but with a much stronger correlation (r2=0.89). On the 

other hand, Burnett and van Iersel (2008) saw leaching and excess irrigation at the highest θ 
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threshold, resulting in a quadratic relationship between θ and water use. The leaching at the 

beginning of our experiment may explain the high standard deviation in the 0.472 m3·m-3 

treatment, but there is no apparent reason for the high variability in the 0.348 m3·m-3 treatment 

(Fig. 5). This may have been caused by differences in plant size or microclimatic conditions. 

Shoot DW increased as the θ threshold increased, but there were no statistical differences in 

DW at a θ of 0.348 m3·m-3 or above (Table 1). Burnett and van Iersel (2008) found a linear 

growth response in gaura, and van Iersel et al. (2010) a quadratic response in petunia, with 

little additional growth above a threshold of 0.25 m3·m-3.
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Fig. 5. Cumulative evapotranspiration from treatment initiation until the termination of the experiment (66 d), as 

a function of the substrate volumetric water content (θ) threshold at which begonias were irrigated. 
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Table 1. Effect of different volumetric water content (θ) threshold values for irrigation scheduling on stomatal 

conductance (gs), net photosynthesis (Pn), instantaneous water use efficiency (WUEi), area of the fully expanded 

leaves, and shoot dry weight (DW) of Begonia semperflorens after two months of irrigation using an Acclima 

CS3500 irrigation controller. 

θthreshold  
(m3·m-3) 

gs 
(mmol·m-2·s-1) 

Pn 
(µmol·m-2·s-1) 

WUEi 
(µmol/mol) 

Leaf size 
(cm2) 

Shoot DW 
(g) 

0.136 73 b* 9.1 c 128 a 37.0 c 2.20 d 
0.210 166 a 14.7 a 109 ab 61.0 ab 4.06 c 
0.281 168 a 12.4 ab 76 b 55.9 b 4.34 bc 
0.348 189 a 14.3 a 80 b 68.3 ab 5.98 ab 
0.412 135 a 10.9 bc 82 b 74.8 a 5.99 ab 
0.472 174 a 12.2 ab 73 b 68.9 ab 6.50 a 
*Means within a column followed by the same letter are not significantly different (P < 0.05). 

 

 There was a quadratic relationship between evapotranspiration and shoot DW. Shoot 

DW increased linearly as evapotranspiration increased from 1.3 to 3.1 L (Fig. 6). The slope of 

the regression line is an estimate of the water use efficiency of the plants, indicating that the 

plants could produce 3 g of dry matter for every liter of water used. This is similar to the 2.54 

g·L-1 reported for petunia under greenhouse conditions, with θ ranging from 0.05 to 0.40 

m3·m-3 (van Iersel et al., 2010). When evapotranspiration exceeded 3.1 L/plant, there was a 

tendency for a decrease in DW with increasing evapotranspiration. This could be due to 

overirrigation negatively impacting root activity. Nemali and van Iersel (2006) reported a 

similar behaviour in four bedding plants species, where the highest threshold θ tended to 

reduce shoot DW. 

 The area of the fully-expanded leaf was greatly reduced by low θ (Table 1). Such leaf 

area reduction is a well-known drought response, reducing the transpiring surface area of 

many species, e.g., oleander (Nerium oleander) (Bañón et al., 2005) and gaura (Burnett and 

van Iersel, 2008). The area of the fully-expanded leaf was strongly and positively correlated 

with shoot DW (r2 = 0.93) (data not shown), suggesting that reduced leaf elongation may be 

partially responsible for growth reductions under drought conditions. 

 

3.5. Photosynthetic activity 

 

 The Pn and gs were reduced and the instantaneous water use efficiency increased at the 

0.136 m3·m-3 threshold, but they were similar among the other treatments (Table 1). Earl 

(2003) also found that Pn and gs in soybean and cotton were only decreased in the most severe 
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drought treatment (a substrate water content of 20% of container capacity). There were no 

treatments differences in maximum quantum yield of photosystem II (Fv/Fm = 0.80), 

photosystem II efficiency (φPSII=0.16), and non photochemical quenching (NPQ=2.28). 

Similar φPSII in all treatments and lower Pn in the lowest θ treatment, suggest that this 

treatment may have had increased photorespiration, a normal response to drought (Maxwell 

and Johnson, 2000; Wingler et al., 1999). Cha-um and Kirdmanee (2010) found that Fv/Fm 

and φPSII of eucalyptus (Eucalyptus camaldulensis) were not sensitive to drought stress, 

although Pn and NPQ decreased under severe drought. The Fv/Fm results indicate that 

photosystem II is not damaged by this level of drought (Maxwell and Johnson, 2000), which 

is consistent with the suggestion of Fracheboud and Leipner (2003) that chlorophyll 

fluorescence is not a very useful indicator for drought stress in C3 plants. However, the 

drought stress resulted in morphological and physiological changes (stomatal closure, 

reduction of leaf size) in the begonias to reduce water loss, but also reducing growth. The 

strong correlation between leaf size and shoot DW is consistent with findings by Montesano 

and van Iersel (2007), who found that growth reductions of tomato (Solanum lycopersicum 

L.) exposed to salinity stress are caused more by effects on leaf elongation than by effects on 

leaf photosynthesis. 
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Fig. 6. Shoot dry weight of begonias as a function of total evapotranspiration since the start of the irrigation 

treatments. The quadratic regression curve was fitted to all data points, while the linear regression includes only 
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those treatments which did not receive excess water (open symbols). The slope of this regression line is an 

estimate of the water use efficiency of the begonias.  

 

4. Conclusion 

 

 The TDT sensors provide accurate measurements of θ after a substrate-specific 

calibration. The CS3500 irrigation controller, using TDT sensors, accurately maintained θ 

readings at different, user-specified levels. Growth of begonias was reduced by a θ threshold 

below 0.348 m3·m-3. The lowest threshold θ (0.136 m3·m-3) reduced shoot DW, leaf area, leaf 

photosynthesis, and stomatal conductance. However, photosystem II was not damaged by the 

drought stress. Overall, shoot DW was much better correlated with the area of the uppermost 

fully-expanded leaf than with leaf photosynthesis. This suggests that drought effects on plant 

growth are caused more by reductions in photosynthetically active surface area than by 

photosynthesis per unit leaf area. 

 The CS3500 irrigation controller, using TDT sensors, was able to irrigate plants as 

needed, suggesting that it can be used for irrigation control of container-grown crops as well 

as for drought stress research. The CS3500 irrigation controller has the advantage that it is 

commercially available and easy to install without the need for programming knowledge. Due 

to the length of the TDT sensors, their use will be limited to pots of at least 20 cm height. 

Although the TDT sensors also measure bulk substrate EC, further research must be done to 

test its value. Under our experimental conditions (soilless substrate and slow release 

fertilizer), the TDT sensor generally measured a bulk EC of 0 dS·m-1 at θ below 0.28 m3·m-3, 

which would limit its usefulness. 
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Abstract  

Irrigation techniques which can improve saline irrigation tolerance are needed to produce 

good quality plants. The aim of this study was to determine whether the pot-in-pot (PIP) 

cultivation system can improve the saline irrigation tolerance at 9 dS·m-1 of Euonymus 

japonicus compared with above ground potting (AGP) in terms of water use efficiency 

(WUE), irrigated water evapotranspired (IWET), stem diameter variations and photochemical 

efficiency. A 172 days experiment starting on 6 March with four treatments was set up: AGP 

and PIP with control irrigation at 1.2 dS·m-1 (AGP-c and PIP-c, respectively); and AGP and 

PIP with saline water at 9 dS·m-1 (AGP-s and PIP-s, respectively). A soil moisture sensor-

controlled irrigation system was used to irrigate all the treatments when AGP-c reached a 

volume water content (θ) of 0.33 or 0.35 m3·m-3. The θ gradually increased in saline irrigated 

plants as the experiment progressed. PIP-s led to a higher θ than AGP-s in general, although 

the θ was lowest in PIP-c treatment between 12 July to 2 August. The IWET was greater in 

AGP treatments than in PIP (lowest in PIP-s), and the dry weight (DW) was only reduced in 

AGP-s. The WUE was lowest in AGP-s and highest in PIP-s. Daily IWET was positively 

correlated with the daily light integral (DLI) and age in the control irrigation treatments, while 

under saline irrigation the IWET was only correlated with DLI, presumably as a result of 

greater stomata regulation and lower plant growth. Stem growth was greater in PIP 

treatments. AGP-s plants did not grow, while PIP-s stopped growing by the middle of July. 

The MDS was inversely correlated with θ between 12-July and 2-August only in the irrigation 

control treatments, particularly PIP-c. Salinity decreased net photosynthesis in AGP-s plants, 

which suffered photorespiration. The results show that PIP can improve WUE and salinity 

tolerance of Euonymus japonicus because it maintains plant growth. 

Keywords: Pot plant, maximum daily shrinkage, stem growth rate, evapotranspiration, water 

use efficiency, daily light integral, volume water content, automated irrigation, gas exchange. 

 

 

1. Introduction 

 

 The favorable growing conditions of the Mediterranean coastal region in Spain (high 

solar radiation) contrast sharply with the scarcity of good quality water, which forces growers 

to use water with moderate or high saline concentrations (Rubio et al., 2010). Further, a high 

population density, especially in coastal areas, has a great reduction in woodlands and an 

increase in intensive agriculture (Naveh and Lieberman, 1994). Such conditions have led to 
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the overexploitation of aquifers, which has resulted in their salinization through sea water 

intrusion and fertilizer infiltration. In areas like the Spanish Mediterranean, it would be 

desirable to irrigate plants with saline water or to blend saline with high quality water, as well 

as to grow selected salt-tolerant crops (Flowers et al., 2005). Besides, there are other factors 

which may affect salt tolerance, and good management may help produce good quality plants. 

Niu et al. (2010b) reported that salt tolerance of plants depends on species, climatic 

conditions, type of substrate or soil, and irrigation method. However, the cultivation system 

can also influence the salt tolerance. 

 Pot-in-pot (PIP) production, introduced around 1990 (Parkerson, 1990) in the USA, is 

a nursery production method that combines some of the benefits of both field and container 

production. In a PIP system, a holder or socket pot is permanently placed in the ground with 

the top rim remaining above. The container-grown plant is then placed within the holder pot 

for the production cycle (Ruter, 1998). Limited research has been carried out to determine the 

potential benefits of PIP production using saline irrigation. Niu and Rodriguez (2006) 

reported that, although salinity levels of the irrigation water were kept constant, root zone 

salinity increased with time. Salt accumulation in the root zone is affected by substrate 

properties, plant size and environmental conditions because these factors influence the 

substrate moisture content and cation exchange capacity in the root zone (Niu et al., 2010b). 

Previous research into PIP compared with above ground potting (AGP) determined that PIP 

reduces root zone temperature stress (Young and Bachman, 1996) and enhances efficient 

water use by decreasing container evapotranspiration (Martin et al., 1999). These facts can 

then affect salt accumulation (less evapotranspiration) and root development (lower 

temperature). 

 Euonymus japonicus is a commercial woody perennial shrub, with good aesthetic 

qualities, which is frequently planted in public areas, such as streets, recreation areas and car 

parks. Percival (2005) determined that two cultivars of the same genus species (Euonymus 

fortunei) were within the first four in order of salinity tolerance within 30 woody perennials 

species studied. However, there is little information concerning the response of this species, in 

terms of water consumption and growth to saline irrigation. 

 The volume water content (θ) can be easily monitored with soil moisture sensors and 

can provide information on water uptake by roots, which is often limited by the osmotic 

component of salinity (Rodríguez et al., 1997). Furthermore, irrigation can be easily 

automated with a soil moisture sensor (Jones, 2004), which, under saline irrigation conditions, 

is very important because leaching plays an important role in salt-tolerance and can be 
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controlled more accurately with this automated irrigation system. Along with plant growth, 

trunk diameter growth was studied, because several studies have suggested that is one of the 

most sensitive water indicators (Ortuño et al., 2010) and also suitable for shrubs of small 

diameter (Miralles et al., 2010a). Therefore stem diameter variations (SDV) originated by 

water changes in the trunk tissues were studied by dendrometer (Molz and Klepper, 1973). 

The high frequency measurements obtained with this electronic sensor usually point to a 

maximum diameter value just before sunrise (MXDS) and a minimum diameter value 

sometime during the afternoon (MNDS), the difference between them being the maximum 

daily shrinkage (MDS) and the difference between two consecutive MXDS the stem growth 

rate (SGR). It has been suggested that both MDS and the SGR are related with the plant water 

status (Ortuño et al., 2010), and could be sensitive to both salinity and the cultivation system 

used. 

 The objective of this study was to evaluate the potential benefits of the PIP system for 

reducing saline effects (growth reduction and photosynthetic damages) in Euonymus 

japonicus, and changes in water consumption. For this, plants were irrigated with good 

quality and saline water in PIP and AGP, and the following points were studied: 1) the effects 

on θ, dendrometry and photochemical efficiency; and 2) the irrigated water evapotranspired 

(IWET) and its water use efficiency (WUE). 

 

 

2. Material and methods 

 

2.1. Plant material and crop conditions 

 

 One year old seedlings of commercial Euonymus japonicus var. Marieke were grown 

in 96 multi-pot trays measuring 60 cm (length) × 30 cm (width) × 3 cm (height) (Plasnor S.A. 

Legazpi, Spain). The pots were arranged in a 12 × 8 configuration, had an inverted cube form, 

and a volume of 56 cm3. The seedlings were transplanted in January 2010 to black PVC pots 

(cultivation pot) of 2.5 L volume, 16 cm upper external diameter and 15 cm height. The 

substrate was a mixture of white peat, coco fiber and perlite (40/40/20, v/v/v), and was 

amended with 3 g·L-1 of a slow release fertilizer (osmocote plus 14-14-14; 14N-4.2P-11.6K; 

release time 2-3 months at 21 ºC; The Scotts Company LLC, Marysville, OH). A total of 250 

seedlings were transplanted to the pots (one seedling per pot). For establishment, the plants 
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were grown in a greenhouse for two months, after which 220 plants were transferred to the 

experimental plot (Picture 1). 

 
Picture 1. Experimental plot at the end of the experiment. 

 

 The experiment was conducted in an open air plot of 70 m2 at the “Tomás Ferro” 

Experimental Agro-Food Station of the Polytechnic University of Cartagena (UPCT), (37º35' 

N, 0º59' W), starting on 6 March 2010 and ending on 24 August 2010 (172 d). Weather 

conditions were taken from a Meteorological Station sited 100 m from the experimental plot. 

The mean, maximum and minimum daily values of temperature and relative humidity, solar 

radiation data [daily light integral (DLI)], and daily precipitation were registered. Calculations 

of the vapor pressure deficit (VPD) were made using the equation derived by Snyder et al. 

(1986). 

 

2.2. Experimental design 

 

 The PIP system consisted of placing cultivation pots in pots already buried in the 

ground. The buried pots were made of black PVC with a grilled bottom to ensure drainage 

(5.5 L, 17 cm upper exterior diameter and 30 cm height). An air chamber of 15 cm separated 
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the bases of both pots. Once the pots were buried in the ground, the plot was covered with a 

plastic permeable mulch (Horsol® 140 gr/m2 PROJAR S.A., Valencia, Spain), which was 

covered with a 4 cm layer of gravel (~2 cm Ø). 220 cultivation pots were placed in 10 rows, 

60 cm apart so that each row had 22 cultivation pots. These were placed 55 cm apart, buried 

pots (PIP) alternating with above ground pots (AGP). A drip irrigation system was installed 

with one auto-compensated 2 L·h-1 dripper (Netafim USA, Fresno, CA) per plant connected to 

one spaghetti tube which finished in an arrow. Each row of 22 pots received the same quality 

of water during the experiment, so five rows received saline water (9 dS·m-1) and the other 

five good quality water (about 1-2 dS·m-1). This resulted in a total of four treatments with five 

blocks of 11 plants each: AGP with good water (AGP-c), PIP with good water (PIP-c), AGP 

with saline water (AGP-s) and PIP with saline water (PIP-s). 7.5 grams per pot of slow release 

fertilizer (described above) was applied on 1 March and 1 June. 

 A datalogger CR1000 (Campbell Scientic, Ltd, Logan, UT) was installed in the center 

of the plot. This registered data of substrate temperature with two temperature probes 

(Termistor 107, Campbell Scientific S.L., Barcelona, Spain) per treatment, volume water 

content (θ) with five soil moisture sensors (Decagon Devices, Ltd., Pullman, WA) per 

treatment and dendrometry with five LVDT dendrometers (Ecomatik DD, Munich, Germany) 

per treatment (Picture 2). Both, soil moisture sensors and LVDT sensors were connected to 

the CR1000 through two multiplexers (one with 16 LVDT sensors and the other with 20 soil 

moisture sensors and four LVDT sensors). The CR1000 was programmed to collect data 

every 10 minutes and to calculate average θ and its standard error per treatment. The θ was 

obtained from the voltage readings of the soil moisture sensor using our own substrate-

specific calibration (θ=3.765×voltage-0.451, R2=0.93) determined using the procedure of 

Nemali et al. (2007). The CR1000 determined the maximum and minimum daily diameter and 

the number of irrigation events on a daily basis. The maximum daily shrinkage (MDS) was 

calculated from the stem diameter variations (SDV) as the difference in diameter between the 

maximum, reached just before sunrise (MXDS), and the minimum (MNDS), reached some 

time during the afternoon. The stem growth rate (SGR) was calculated as the difference 

between two consecutive maximum daily trunk diameters (Ortuño et al., 2010). The 

accumulated stem growth was determined by adding each SGR to the previous measurement. 
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Picture 2. Detail of plant with dendrometer and soil moisture sensor (only the wire is visible). 

 

 Irrigation was applied when the average θ of the AGP-c treatment reached the 

threshold of 0.33 m3m-3 from 6 March to 7 June. After this date, the threshold was increased 

to 0.35 m3m-3 (because of an error in the CR1000 program), until the 24 August. The 

automated irrigation control was based on that described by Nemali and van Iersel (2006), but 

using a CR1000 instead of a CR10X, with the 12 VDC switch connected to a relay which 

controlled the good water and saline water pumps through an Agronic 3000 irrigation 

controller (Sistemes Electronics Progres, S.A., Lerida, Spain). The saline solution of 9 dS·m-1 

was obtained by adding about 4 g·L-1 of sodium chloride to the irrigation water in a 1000 L 

water tank. Each time an irrigation event took place, all the plants were irrigated for the same 

time (about 15 minutes and 550 ml) which led to average leaching of ~32% (~180 mL) for 

AGP-c. Leaching (32%) was the double the fraction recommended for irrigation with good 

water in the area, in order to ensure that no substrate salinity would affect the good water 

irrigation treatments. This irrigation criterion was established because previous studies with 

the PIP system concluded that it saves water (Miralles et al., 2009), while Navarro et al. 

(2007) observed a significant increase in θ, as the salinity stress increased, so the highest 

water needs were associated with the AGP-c treatment. 
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2.3. Irrigation water evapotranspired and water use efficiency 

 

 Samples of irrigation water and leachate were collected once a week in bottles and 

plastic bags, respectively. The bottles were placed inside the buried pots with one dripper in 

the bottle to collect the irrigation volume (three replicates were used for each type of 

irrigation water). The bags were placed inside the empty chamber in five replicates of the PIP 

system or inside buried pots below five replicates of the AGP treatments, where pot-grown 

plants were held in place by a mesh structure (Picture 3). When two or three irrigation events 

were registered in the same week the irrigation and leachate were averaged. The irrigation 

water evapotranspired (IWET) between two irrigation events was calculated as the difference 

between the amount of irrigation water applied and the leachate of the second irrigation event 

if no precipitation was registered in this period. The accumulated irrigation and IWET, 

regardless of precipitation, were calculated adding each irrigation and IWET to the previous 

measurement. The daily mean IWET within a period without precipitation was determined as: 

IWETb/D, where D is the number of days between two consecutive IWET values with no 

precipitation between them, and IWETb is the second IWET datum registered in that period. 

 The water use efficiency (WUE) was calculated as the total dry weight (DW) 

harvested on 30 July divided by the total IWET from 13 April to 30 July. To calculate the 

DW, five plants per treatment (shoots and roots) were introduced in clearly identified 

envelopes and placed in a natural convection bacteriological stove (model 2002471, JP 

Selecta SA, Barcelona, Spain) at 60 ºC until constant weight was reached. Finally, the DW 

was determined by weighing with a GRAM ST series precision balance (sensitivity of 10 mg 

and up to 1200 g, Gram Precision SL, Barcelona, Spain). 

 

2.4. Gas exchange and chlorophyll fluorescence 

 

 The midday stomatal conductance (gs) and net photosynthesis rate at midday (Pn) were 

measured using a CIRAS-2 Portable Photosynthesis System (PP Systems, Amesbury, MA). 

The flow rate of the chamber was 200 mL·min-1 with 350 ppm of CO2, 100% relative 

humidity and 1500 µmol·m-2·s-1 of photosynthetic photon flux density (PPFD). The 

measurements were made in five plants per treatment. 

 The chlorophyll fluorescence was measured in five leaves per replicate using a Pulse 

Modulated Fluorimeter FMS-2 (Hansatech Instruments Ltd, Pentney, England). The method 
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used and parameters determined were the same as described by Sheng et al. (2008) but using 

an actinic light of 400 PPFD for the light adapted measurements. 

 Gas exchange and chlorophyll fluorescence were measured on 20/May, 21/June and 

20/July. 

 
Picture 3. Detail of bags for leaching collection. AGP (left) with the mesh structure to support the plant, PIP 

(right) with the bag inside the space between pots. 

 

2.5. Study of correlations 

 

 Correlations between mean DLI, mean VPD and days after first irrigation (DAFI) vs. 

daily mean IWET were studied. To calculate mean DLI and mean VPD, the daily mean 

registers were averaged for the same days as for the daily mean IWET. The DAFI were 134 

days, day 1 being 13 April and day 134 the 24 August. 

Correlations between MDS vs. minimum daily θ were also determined for the period 

12 July and 2 August. 
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2.6. Statistical analysis 

 

 The design was a randomized complete block. There were five blocks of 11 plants per 

treatment, which were set in the same row. A total of five replicates (one per block) were 

used, except in the case of substrate temperature for which there were two replicates. 

Variability in θ between replications is shown as the least statistical difference (LSD 5%) to 

indicate differences between treatment means. The accumulated IWET and stem growth 

variability are shown as the square root of the sum of squares of standard deviations. Data for 

the measurements of gas exchange, chlorophyll fluorescence and water use efficiency were 

subjected to a two-way ANOVA with a P <0.05 using the software Statgraphics Plus 5.1 

(StatPoint Technologies Inc., Warrenton, VA). The regression analyses were performed with 

the software sigmaplot 10.0 (Systat software Inc., San Jose, CA). 

 

 

3. Results and discussion 

 

3.1. Substrate water content and stomatal conductance 

 

 The automated irrigation system was generally able to maintain AGP-c θ above the 

thresholds established (Fig. 1). However, irrigation on 13 April and 4 June were triggered at a 

lower θ than the θthreshold for AGP-c because on the first date, the pumps were not properly 

connected, and on the second date there was an electricity cut (the CR1000 continued to work 

because it had a battery). For the first 38 days of the experiment, plants were not irrigated 

because of their small size, frequent precipitation and mild environmental conditions (DLI 

and VPD, not high, Fig. 2). However, as environmental conditions became warmer, irrigation 

frequency started to increase (once a week at the beginning and three or four times a week at 

the end of experiment). The marked increased of θ on 14 June and, to a lesser extent, on 13 

August reflects stronger rainfall, allowing a more uniform water distribution than with the 

dripper. De Rijck and Schrevens (1998) reported that the solution supplied to a rockwool slab 

by dripper irrigation had a tendency to flow down rather than to spread horizontally, which 

would explain the greater θ increases when the precipitation occurred in our experiment. At 

the end of the experiment, the θ data showed a tendency for the saline treatments to keep 

more humidity in the substrate than control irrigation, especially the PIP-s treatment. This 
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result agrees with that obtained by Navarro et al. (2007) in Arbutus unedo seedlings treated 

for six months with 5.45 and 9.45 dS·m-1. 
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Fig. 1. Average volume water content (θ) of each treatment. Horizontal dashed lines indicate the θ threshold to 

irrigate when AGP-c reached 0.33 m3·m-3 from 6 March to the 7 June and 0.35 m3·m-3 from 7 June until 24 

August (the end of experiment). Vertical dashed lines indicate the period during which θ was correlated with 

maximum daily shrinkage (MDS) (12 July to 2 August). Vertical bar shows LSD at P<0.05. 

 

 Under control irrigation conditions, θ in PIP-c was similar to AGP-c until the end of 

June, and lower from 23 July to the 3 August, after which θ values in PIP-c were higher than 

AGP-c (Fig. 1). Miralles et al. (2009) found hardly any differences in soil matric potential 

between PIP and AGP in summer in Myrtus communis. This may be explained by the higher 

transpiration in PIP, influenced by the higher stomatal conductance, which would compensate 

the greater substrate evaporation observed in AGP. In this experiment, no differences in gs 

between both systems were found (Fig. 3B), possibly because the gas exchange measurements 

on the 20th of July were taken with similar θ in control irrigation treatments (both AGP and 

PIP). In addition, the environmental conditions of summer (high VPD and low θ, Fig. 1 and 2) 



Chapter 5: PIP maintains plant growth and reduces water consumption in Euonymus japonicus 

162 
 

could cause stomatal closure in order to avoid water loss at midday (Dai et al., 2009; 

Tenhunen et al., 1984). On the other hand, higher previous θ in PIP-c could have delayed the 

stomatal closure, producing a greater θ decrease. Saline irrigation treatments had higher gs at 

the end of experimentation (Fig. 3B), and higher θ (Fig. 1), which may be due to low stomatal 

regulation at midday. In Sophora secundiflora irrigated with saline water at 3.0 dS·m-1 Niu et 

al. (2010a) reported a 38% lower gs than in the control. Lloyd and Howie (1991) also reported 

lower values of gs in the morning in orange trees treated with 20 mol·m-3 NaCl, due to the 

inability of the stomata to function. So, although midday gs was the same, or greater, in saline 

irrigation as in the control irrigation, the daily gs must have been lower in saline irrigation 

because θ was higher and IWET was lower (Fig. 1 and 4). The possibility that measurement 

of gs with the methodology used may not be representative of the entire plant (van Iersel and 

Bugbee, 2000) would explain these findings. 
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Fig. 2. Daily light integral (DLI) and mean daily vapour pressure deficit (VPD) from 6 March 2010 to the 24 

august 2010. Vertical dashed lines indicate the period during which θ was correlated with maximum daily 

shrinkage (MDS) (12 July to 2 August). 
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Fig. 3. Photosystem II efficiency (éPSII) (A), Stomatal conductance (gs) (B), and  net photosynthesis (Pn) (C). 

This data were analyzed with a two way-ANOVA, and both éPSII and gs were only significant for the irrigation 

factor (control and saline). Pn had a significant interaction, so all the treatments were plotted separately. Error 

bars indicate the standard error (n=10 in éPSII and gs; n=5 in Pn).  
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3.2. Water use 

 

 The amount of water applied during the experimental period was 19.63 L·pot-1 in the 

control irrigation and 21.78 L·pot-1 in the saline irrigation (Fig. 4) (each saline irrigation event 

using an average of 55 mL extra of water). This difference was due to the way in which the 

water pumps worked. The IWET was greater in AGP systems than in PIP, and in the control 

irrigation compared with saline irrigation (Fig. 4). As a consequence, the mean leaching 

fraction was about 32% in AGP-c, 40% in PIP-c, 39% in AGP-s and 48% in PIP-s. Martin et 

al. (1999) reported that Acacia smallii and Cercidium floridum required 5.3 L weekly per pot 

in AGP, and 3.2 L per pot in PIP. This can be explained because AGP produced strong 

substrate evaporation in the pot (Alarcón et al., 2006). On the other hand, PIP reduced water 

loss because this system protects the pot from solar radiation and has an air chamber between 

the two pots which provides nearly 100% of relative humidity at the base of the pot (Miralles 

et al., 2009). 
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 The IWET curves showed two slopes, one from the beginning to the end of June and 

another steeper slope until the end of the experiment, especially in the control irrigation 

treatments. However, after precipitation events (Fig. 4), the IWET stopped because the 

rainwater had to be consumed. The two slopes observed could be related to the environmental 

conditions and plant growth changes. So, the regression, DLI (environmental variable) vs. 

IWET and days after first irrigation (DAFI) (plant size variable) vs. IWET were studied 

(Table 1). Only IWET vs. DLI was significant for the saline irrigation, while both correlations 

were significant in the control irrigation, although better for the IWET vs. DAFI. For the 

cultivation system, both correlations were significant, although IWET vs. DLI was slightly 

greater.  

Table 1. Regression analysis between irrigated water evapotranspired (IWET) and both DLI and days after first 

irrigation (DAFI). 

 IWET vs. DLI IWET vs. DAFI 

Salt y=-72.68+7.81x; R²=0.18** ns 
Control y=14.34+4.89x; R²=0.07* y=69.02+0.73x; R²=0.18** 
AGP y=-28.34+6.77x; R²=0.12** y=86.15+0.55x; R²=0.09* 
PIP y=-30.00+5.93x; R²=0.12* y=74.32+0.43x; R²=0.07* 
The data were analyzed for the factor irrigation water (salt and control) and the factor cultivation system (AGP 

and PIP) because the interaction was not significant. *Statistically significant at P < 0.05, **Statistically 

significant at P < 0.005, ns (not significant). 

 

 In Petunia van Iersel et al. (2010) reported that irrigation volume in all treatments 

(different θ threshold) tended to increase during the experiment, probably as a result of 

increased water use by larger plants and changes in DLI. Kim and van Iersel (2009) also 

developed a similar correlation for abutilon (Abutilon x hybridum) and lantana (Lantana 

camara) for DLI and age, and also for the VPD although this was not as strongly correlated. 

In our study, the VPD was not significant and the R2 were weaker than those reported in the 

above works. These differences in results may be related to two factors: 1) the different 

irrigation systems (absence of leaching), and 2) the different crop conditions (no 

precipitation). Burnett and van Iersel (2008), reported greater between-replication variations 

at the two highest θ because of leaching, when studying mean total applied irrigation 

volumes. Perhaps, different substrate hydration rates by drip irrigation (De Rijck and 

Schrevens, 1998) produce quite dry zones which could decrease hydraulic conductivity in 

peat-based substrates (Naasz et al., 2005). This decrease in hydraulic conductivity slows 

water movement in the substrate and potentially results in less uniform water distribution, 
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thus increasing variability (van Iersel et al., 2010). So, the IWET estimation when there is 

leaching is less accurate because irrigation does not moisten the substrate homogenously and 

does not replace all the water evapotranspired, because leaching is produced before the 

substrate reaches field capacity. This becomes more important as the substrate becomes dryer, 

which may explain why salinity treatments at the end of the experiment have a more stable 

and greater θ than control irrigation (Fig. 1). The non significant correlation between IWET 

vs. DAFI observed with saline irrigation may be related with the fact that growth stopped in 

this treatments (no growth in AGP-s at any time and growth cessation by mid July in PIP-s), 

as shown by accumulated stem growth (Fig. 5A). So, the plants used water for maintenance 

and not to growth, which made the DAFI component less important. Navarro et al. (2007) 

also reported greater θ in Arbutus unedo plants irrigated with saline water as well as a 

significant decrease in total biomass, leaf area, plant height and water flowing through the 

root system. 

 E. japonicus plants showed lower total DW production and WUE in AGP-s (about 

5.39 g and 0.52 g DW·L-1, respectively), while PIP-s had a similar DW as irrigation control 

treatments (about 10.2 g) and a greater WUE (0.20 g DW·L-1 more than the control at 1.03 g 

DW·L-1). Geissler et al. (2009) obtained similar results in salt treated Aster tripolium because 

stomatal resistance increased and growth stopped. Karlberg et al. (2006) suggested that WUE 

becomes lower under saline conditions because the plant allocates relatively more 

photosynthates to counteract the adverse effects of salinity due to ion toxicity. Thus, fewer 

assimilates remain for plant growth compared to non-stressed plants. On the other hand, this 

author also reported that WUE can remain unchanged or increase at high soil salinities if the 

plant only responds as if under water stress due to high soil osmotic potential, which leads to 

stomata closing. So, the WUE of the PIP system showed that ion toxicity was avoided, and 

was only affected by high soil osmotic potential, which caused water stress. Several studies 

have reported greater WUE under water stress, e.g. Jaleel et al. (2008) in two varieties of 

Catharanthus roseus. 
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Fig. 5. Accumulated stem growth diameter (A), Stem growth rate (SGR) (B) and maximum daily shrinkage 

(MDS) (C). Vertical dashed lines indicate the period during which volume water content (θ) and MDS were 

correlated (12 July to 2 August). Error bars indicate the square root of the sum of squares of standard deviations 

in the accumulated stem growth diameter (A). In SGR (B) and MDS (C) error bars indicate the standard error 

(n=5). 
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3.3. Dendrometry and photochemical study 

 

 The SGR was not statistically significant between treatments (Fig. 5B). However, the 

accumulated stem growth was greater in PIP treatments, and AGP-s plants did not grow (Fig 

5A). The MDS was higher in control treatments from 12 July to 2 August (correlation period), 

especially in PIP and when θ values were the lowest (Fig. 1 and 5C). The results of MDS-θ 

correlations in that period (Fig. 6) showed no significance in the saline treatments and a weak 

and modest correlation in AGP-c and PIP-c, respectively. These correlations were linear and 

reflected the fact that lower θ produced greater MDS. The lack of MDS-θ correlations during 

the rest of the year (data not shown) could be related to less stressful environmental 

conditions and to the higher θ in PIP (lower θ would have produced greater MDS). The lack 

of growth in saline treatments (AGP-s throughout the experimentation period and PIP-s by the 

middle of July) could justify the absence of MDS-θ correlation due to saline stress. No 

correlations were reported between θ and stem diameter by Fernández and Cuevas (2010) in 

their review. One of the reasons may be related to the greater θ variability in soil than in a pot, 

which increases as the stress becomes more pronounced (Russo et al., 1994), reducing the 

correlation compared with other variables studied (leaf water potential, evapotranspiraton 

[ET], VPD, midday temperature, etc.). However, in young lemon trees grown in pots, Ortuño 

et al. (2004) found a moderate correlation between θ and MDS at the beginning of deficit 

irrigation, in agreement with the results of Huguet et al. (1992), which showed that MDS is a 

versatile indicator of transpiration stream intensity when the soil water content is not strongly 

depleted. Miralles et al. (2010b) reported in Myrtus communis under severe water stress, 

correlations between maximum and minimum daily diameter vs. ET as well as θ vs. ET, 

which suggests that this dendrometric indeces might also be related with θ. In Rhamnus 

alaternus and Pittosporum tobira, Miralles et al. (2010a) described that as water stress 

increased in summer, MDS first increased and then decreased as stress became more severe, 

while SGR registered negative values when stress started and tended to zero when it became 

severe. According to previous studies, E. japonicus could be starting to suffer water stress at a 

θ near or below 0.35 m3·m-3 during summer. The absence of stem growth in AGP-s and later 

in PIP-s indicated the presence of saline stress, although the MDS did not show a clear 

response compared with control irrigation treatments. This behavior is related with that 

reported by Moriana et al. (2003) in olive trees, in which MDS did not respond to water 

stress. On the other hand,  Moriana and Fereres (2002) proposed SGR as a water stress 
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indicator for olive trees, because a decrease in stem growth is one of the earliest responses to 

plant water stress, particularly in young trees. 
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Fig. 6. Correlation between maximum daily shrinkage (MDS) and volume water content (θ) during the period 12 

July to 2 August. **Statistically significant at P < 0.005, **Statistically significant at P < 0.0005, ns (not 

significant). 

 

 The net photosynthesis (Pn) decreased in AGP-s treatments after the second record 

taken in 21 June (Fig. 3C), which explained the lower DW and the absence of stem growth in 

these treatments. Niu et al. (2010a) also registered a 30% lower Pn in Sophora secundiflora 

irrigated with saline water (EC of 3.0 and 6.0 dS·m-1). Torrecillas et al. (2003) also found a Pn 

decrease in salt treated plants (irrigated with 70 and 140 mM of NaCl) compared with control 

plants of Cistus albidus and C. monspeliensis. So, the PIP system alleviated the negative 

effect of saline irrigation on Pn. 

 The chlorophyll fluorescence study showed statistical differences in photosystem II 

efficiency (éPSII) with lower value in salt irrigated plants than in control plants on 21 June 

(Fig. 3A). The maximum quantum yield of PSII (Fv/Fm) and non-photoquemical quenching 

(NPQ) were the same throughout the period and in all treatments with an average value of 
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0.79 and 2.71, respectively. Percival  (2005) reported that increasing salinity reduced Fv/Fm 

values in thirty woody perennials subjected to salinity with two exceptions (Brachyglotis 

duneding hybrids ‘Sunshine’ and Euonymous fortunei ‘Silver Queen’), in which Fv/Fm values 

increased. This later response is associated with improved photosynthetic efficiency in 

response to excess salinity. So, both Euonymus japonicus and E. fortunei are species that 

develop adaptation mechanisms to salinity which do not affect chlorophyll fluorescence in 

general terms. The lower éPSII could be a response to lower Pn, although its subsequent 

increase could indicate the presence of photorespiration or disorder in electron transport 

because Pn did not recover (Fryer et al., 1998). On other hand, saline irrigated plants 

presented sings of leaf tip burn, perhaps because they accumulated salt in the tips, which did 

not affect the leaf as a whole and would have produced similar records for chlorophyll 

fluoresce, because when measuring a leaf the burnt part was avoided. Other works reported 

changes in chlorophyll fluorescence parameters under saline irrigation, such as Niu et al. 

(2008) in three rose rootstocks in which Fv/Fm decreased with salt and Cha-um and 

Kirdmanee (2010) in Eucalyptus camaldulensis, in which Fv/Fm, éPSII and NPQ were reduced 

in NaCl treated plants. 

 

4. Conclusions 

 

 The PIP cultivation system improved Euonymus japonicus tolerance to salinity. This 

produced similar DW in PIP-s plants as in control irrigated plants (both PIP-c and AGP-c) 

and a higher WUE because of the lower IWET. Stem growth was enhanced by PIP in both 

saline and control conditions and PIP-s delayed plant growth cessation by about four months 

compared with AGP-s. The Pn was not affected in PIP-s but was reduced in AGP-s plants, 

which maintained a similar éPSII, pointing to the presence of photorespiration. So, the use of 

PIP with saline water in the production of this species is useful to obtain  E. japonicus plants 

without growth loss. 
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Abstract 

The appropriate management of crop conditions can improve the salt tolerance of ornamental 

species and produce good quality plants with saline irrigation. The aim of this study was to 

determine whether the pot-in-pot (PIP) cultivation system can improve the saline irrigation 

tolerance at 9 dS·m-1 of Euonymus japonicus compared with above ground potting (AGP) in 

terms of growth and development, aesthetic quality, ion accumulation and leaf water and 

osmotic potentials. A five month experiment starting on 6 March with four treatments was set 

up: AGP and PIP with control irrigation at 1.2 dS·m-1 (AGP-c and PIP-c, respectively); and 

AGP and PIP with saline water at 9 dS·m-1 (AGP-s and PIP-s, respectively). A soil moisture 

sensor-controlled irrigation system was used to irrigate all the treatments when AGP-c 

reached a volume water content (θ) of 0.33 or 0.35 m3·m-3. With saline irrigation PIP reduced 

the damaged leaf area, increased plant dry weight (DW) and the compactness index to control 

levels, and kept plant survival high (93% compared with 57% in AGP-s). The substrate 

temperatures were milder in PIP independently of the irrigation water, and the pore water EC 

was 36% lowered in PIP-s than in AGP-s. PIP reduced the Cl- accumulated in leaves, but did 

not influence Na+, Ca2+, Mg2+ or the K+/Na+ ratio. The lower amount of Cl- accumulated 

increased Ψo in PIP. Saline irrigation produced a general accumulation of Cl- and Na+ in 

leaves and decrease Ca2+, Mg2+, K+/Na+ ratio, Ψo, S:R ratio and height. In general, the PIP 

increased the salinity tolerance of Euonymus japonicus, the main effect being the lower Cl- 

ion uptake, which improved its aesthetic value (less damage and greater compactness index 

and growth). 

Keywords: Pot plant, automated irrigation, aesthetic value, ornamental, pore water electrical 

conductivity, biomass distribution. 

 

 

1. Introduction 

 

 The supply of high-quality water has become increasingly limited in many areas of the 

world, especially in arid and semiarid regions such as the Mediterranean area. However, this 

area has a great potential for growing crops due to its high solar radiation. Many ornamental 

growers try to make the most of the climatic conditions using low quality water. However, the 

use of low quality water for irrigation affects plants in different ways, depending on the 

degree of salt tolerance of the species (Alarcón et al., 1993), on the level of water salinity, and 

on the characteristics of the water itself. Typical plant responses to salinity include reduced 
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shoot and root growth and reduced whole plant size (Munns, 2002). As salinity stress 

becomes more severe, foliar damage such as leaf burn, scorch, necrosis, and premature 

defoliation sometimes occur (Niu et al., 2010a), negatively affecting plant aesthetic quality, 

which is of serious concern since in ornamental plants, visual quality is more important than 

maximum growth (Niu et al., 2008). Growth decrease is related with the osmotic component 

of salinity which limits the water extracted from the soil (Rodríguez et al., 1997). Leaf 

damage is related to the Na+ and Cl- accumulated in leaves and not compartmentalized in 

vacuoles, which can be metabolically toxic (Shannon and Grieve, 1999). 

 Plant salt tolerance is the ability to withstand the effects of high salt concentrations in 

the root zone without significant adverse effect (Shannon and Grieve, 1999). This tolerance 

may be determined by: 1) the ability to limit uptake and/or transport of Na+ and Cl- to aerial 

parts, since these ions are retained in the root (Murillo-Amador et al., 2006), 2) the capacity to 

maintain nutrient uptake (Chaparzadeh et al., 2003); 3) the capacity of plants to maintain a 

high K+/Na+ ratio in their tissues (Maathuis and Amtmann, 1999); 4) the capacity to maintain 

a positive water balance through osmotic adjustment, which involves an active increase in 

tissue solute concentration (Torrecillas et al., 2003). 

 The salt tolerance of a species can be altered by other factors, and good management 

can help produce good quality plants. Niu et al. (2010b) reported that salt accumulation in the 

root zone is affected by the substrate properties, plant size, and environmental conditions 

because these factors influence the substrate moisture content and cation exchange capacity in 

the root zone. So, any factor which can reduce salt accumulation in the substrate is likely to 

improve the salt tolerance of a species. In this line, the pot-in-pot (PIP) system compared with 

above ground potting (AGP) reduces root zone temperature stress (Young and Bachman, 

1996), and enhances efficient water use by decreasing container evapotranspiration (Martin et 

al., 1999). The two properties which make the PIP system susceptible to increasing the salt 

tolerance of plants is the effect on substrate water content (less evapotranspiration) and on the 

cation exchange capacity in the root zone (less root stress due to temperature). 

 The PIP crop system was introduced around 1990 (Parkerson, 1990) in the USA, and 

combines some of the benefits of both field and container production. In a PIP system, a 

holder or socket pot is permanently placed in the ground with the top rim remaining above. 

The container-grown plant is then placed within the holder pot for the production cycle 

(Ruter, 1998b). There are many works related with PIP, although no previous studies 

comparing PIP and AGP using saline irrigation were found in a literature review. 
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 Euonymus japonicus is a commercial woody perennial shrub, with good aesthetic 

qualities, which is frequently planted in public areas, such as streets, recreation areas and car 

parks. Percival (2005) determined that two cultivars of the same genus species (Euonymus 

fortunei) were within the first four in order of salinity tolerance within 30 woody perennials 

species studied. This study focused on leaf chlorophyll fluorescence and leaf damage. 

However, there is little information available concerning the response of this species in terms 

of its salt tolerance mechanism. 

 The aim of this study was to evaluate the potential benefits of the PIP system for 

increasing the salt tolerance of Euonymus japonicus. Plants of this species were grown in PIP 

and AGP and irrigated with good quality and saline water, and the following points were 

studied: 1) substrate temperature and leachate electrical conductivity (EC) and pH evolution; 

2) growth and development of the plant (biomass production, anatomy, leaf damage) and 3) 

The effects on pore water EC, leaf water and osmotic potentials and ion concentrations.  

 

 

2. Material and methods 

 

2.1. Plant material and crop conditions 

 

 One year old seedlings of commercial Euonymus japonicus var. Marieke were used 

grown in 96 multi-pot trays measuring 60 cm (length) × 30 cm (width) × 3 cm (height) 

(Plasnor S.A. Legazpi, Spain). The pots were arranged in a 12 × 8 configuration, had an 

inverted cube form, and a volume of 56 cm3. The seedlings were transplanted in January 2010 

to black PVC pots (cultivation pot) of 2.5 L volume, 16 cm upper external diameter and 15 

cm height. The substrate was a mixture of white peat, coconut fiber and perlite (40/40/20, 

v/v/v), and was amended with 3 g·L-1 of a slow release fertilizer (osmocote plus 14-14-14; 

14N-4.2P-11.6K; release time 2-3 months at 21 ºC; The Scotts Company LLC, Marysville, 

OH). A total of 250 seedlings were transplanted to the pots (one seedling per pot). For 

establishment, the plants were grown in a greenhouse for two months, after which 220 plants 

were transferred to the experimental plot. 

 The experiment was conducted in an open air plot of 70 m2 at the “Tomás Ferro” 

Experimental Agro-Food Station of the Polytechnic University of Cartagena (UPCT), (37º35' 

N, 0º59' W), starting on 6 March 2010 and ending the last week of July 2010. Weather 
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conditions were taken from a Meteorological Station sited 100 m from the experimental plot. 

The mean, maximum and minimum daily values of temperature were registered. 

 

2.2. Experimental design 

 

 The PIP system was the same as described by Miralles et al. (2009). A drip irrigation 

system was installed with one auto-compensated 2 L·h-1 dripper (Netafim USA, Fresno, CA) 

per plant connected to a spaghetti tube which finished in an arrow. Each row of 22 pots 

received the same quality of water during the experiment, so five rows received saline water 

(9 dS·m-1) and the other five good quality water (about 1-2 dS·m-1). This resulted in a total of 

four treatments with five blocks of 11 plants each: AGP with good water (AGP-c), PIP with 

good water (PIP-c), AGP with saline water (AGP-s) and PIP with saline water (PIP-s). 7.5 

grams per pot of slow release fertilizer (described above) was applied on 1 March and 1 June. 

 A datalogger CR1000 (Campbell Scientic, Ltd, Logan, UT) was installed in the center 

of the plot. This registered data of substrate temperature with two temperature probes 

(Termistor 107, Campbell Scientific S.L., Barcelona, Spain) per treatment and volume water 

content (θ) with five soil moisture sensors (Decagon Devices, Ltd., Pullman, WA) per 

treatment. Soil moisture sensors were connected to the CR1000 through one multiplexer. The 

CR1000 was programmed to collect data every 10 minutes and to calculate average θ and its 

standard error per treatment. The θ was obtained from the voltage readings of the soil 

moisture sensor using our own substrate-specific calibration (θ=3.765×voltage-0.451, 

R2=0.93) determined using the procedure of Nemali et al. (2007). The CR1000 determined the 

mean, maximum and minimum daily temperatures of the substrate. 

 Irrigation was applied when the average θ of the AGP-c treatment reached the 

threshold of 0.33 m3m-3 from 6 March to 7 June. After this date, the threshold was increased 

to 0.35 m3m-3 (because of an error in the CR1000 program), until the 24 August. The 

automated irrigation control was based on that described by Nemali and van Iersel (2006), but 

using a CR1000 instead of a CR10X, with the 12 VDC switch connected to a relay which 

controlled the good water and saline water pumps through an Agronic 3000 irrigation 

controller (Sistemes Electronics Progres, S.A., Lerida, Spain). The saline solution of 9 dS·m-1 

was obtained by adding about 4 g·L-1 of sodium chloride to the irrigation water in a 1000 L 

water tank. Each time an irrigation event took place, all the plants were irrigated for the same 

time (about 15 minutes and 550 ml) which led to average leaching of ~32% (~180 mL) for 

AGP-c. Leaching (32%) was the double the fraction recommended for irrigation with good 
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water in the area, in order to ensure that no substrate salinity would affect the good water 

irrigation treatments. This irrigation criterion was established because previous studies with 

the PIP system concluded that it saves water (Miralles et al., 2009), while Navarro et al. 

(2007) observed a significant increase in θ, as the salinity stress increased, so the highest 

water needs were associated with the AGP-c treatment. 

 

2.3. Water quality and substrate electrical conductivity 

 

 The pH and EC of irrigation water and leachate was registered once a week with a pH-

meter (pHep® 4, Hanna Instruments S.L., Eibar, Spain) and an EC meter (Dist® 6, Hanna 

Instruments S.L., Eibar, Spain). The samples were collected in bottles and plastic bags 

(irrigation water and leaching, respectively) from May to July. The bottles were placed inside 

the buried pots with one dripper in the bottle to collect the irrigation volume (three replicates 

were used for each type of irrigation water). The bags were placed inside the empty chamber 

in five replicates of the PIP system or inside buried pots below five replicates of the AGP 

treatments, where pot-grown plants were held in place by a mesh structure. 

 Measurements of pore and bulk EC were taken with a WET sensor (Delta-T devices 

Ltd, Cambridge, UK). A total of ten measurements per replicate were taken on 22 July. Each 

sample was taken near the dripper, because in other places of the pot readings were above 20 

dS·m-1 (its threshold high scale). Substrate pore water EC was measured in five replicates per 

treatment in the last week of July following the pour-through method (Wright, 1986). In this 

case, 1) the substrate of all the whole pot was totally saturated with irrigation water; 2) a 

beaker was placed under the pot to collect the leachate; 3) distilled-deionized water was 

poured onto medium surface until about 50 mL of leachate was collected in the beaker; 4) 

finally, the EC was measured with a conductance meter (the same as described above), and 

the sample was diluted for EC above 20 dS·m-1. 

 

2.4. Measurements of architecture, anatomy and salt damage 

 

 On 30 July 2010, the plant architecture (height and profile area) was determined with a 

flexometer Blister (3 m long, 1 mm precision, Germans Boada S.A., Rubi, Spain) and a 

photograph taken with a digital camera HP CW450 (Hewlett-Packard Española S.L., Madrid, 

Spain) of five plants per treatment. The compactness index was determined as follows: 

compactness index= profile area/((π/4)*((height + width)/2)2), where the profile area, and the 
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height and width of the plant profile, were obtained from the picture, and the software 

UTHSCSA Image Tool (University of Texas, San Antonio, TX). The closer the result to 

unity, the more compact the plants. 

 Leaf area and dry weight (DW) of roots, stem and leaves (healthy, damaged and 

fallen) were also determined in the same plants. The leaf area, both healthy and damaged 

leaves was determined with a LI-3100C (LI-COR Biosciences, Lincoln, NE). Individual leaf 

area was calculated as plant leaf area/total number of leaves. To calculate the DW, leaves 

(healthy, damaged and fallen), stems and roots were introduced in clearly identified envelopes 

and placed in a natural convection bacteriological stove (model 2002471, JP Selecta SA, 

Barcelona, Spain) at 60 ºC until constant weight was reached. Finally, the DW was 

determined by weighing with a GRAM ST series precision balance (sensitivity of 10 mg and 

up to 1200 g, Gram Precision SL, Barcelona, Spain). 

 The growth indexes determined were the shoot DW/root DW (S:R), the specific leaf 

area (SLA) (leaf area/leaf DW) and leaf DW/total DW. 

 To evaluate salt damage, the fallen leaves, damaged leaves, and the damage leaf area 

were determine. To determine the damaged leaf area, the percentage of damage from the 

leaves showing damages was calculated with the image analysis software for plant disease 

quantification ASSESS 2.0 (University of Manitoba, Winnipeg, Canada). 

 

2.5. Leaf water and osmotic potentials 

 

 Midday leaf water potential (Ψhmd), midday leaf osmotic potential (Ψomd), midday leaf 

turgor potential (Ψpmd), leaf osmotic potential at full turgor (Ψoft) were measured the last week 

of July 2010. A total of five repetitions per treatment were used. The leaf water potential was 

estimated according to the method described by Scholander et al. (1965), using a pressure 

chamber (Soil Moisture Equipment Co, Santa Barbara, CA), for which leaves were enclosed 

in a plastic bag and sealed in the chamber within 20 s of collection and pressurized at a rate of 

0.02 MPa s-1 (Turner, 1988). Leaves from the Ψomd and Ψoft measurements were frozen in 

liquid nitrogen. After thawing, the sap was extracted from the sample with a small press, and 

then placed on a filter paper disc in the osmometer chamber and the values of the osmotic 

potential (Ψomd and Ψoft) was measured using a Wescor 5520 vapour pressure osmometer 

(Wescor Inc., Logan, UT, USA) according to Gucci et al. (1991). Estimates of Ψpmd were 

based on the difference between Ψhmd and Ψomd for each time. Leaves for Ψoft measurements 
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were excised in the dark, placed in plastic bags and allowed to reach full turgor by dipping the 

petioles in distilled water overnight. 

 

2.6. Determination of inorganic ions 

 

 The inorganic ion content (Cl-, Na+, Ca2+,Mg2+ and K+) were determined in roots and 

healthy leaves of all treatments and in damaged leaves of AGP-s (the rest of the treatments 

showed no or very little damage). A total of five samples per treatment were collected, each 

sample consisting of 40 g fresh weight. The samples were dried and the DW was determined. 

The leaves and roots were chopped to a maximum size of 0.5 mm of diameter. Then, 0.2 g of 

dry weight was added to 50 mL of distilled water. The solution was mixed for 30 min at 117 

rpm and 27 ºC using an analogue magnetic stirrer, model ACS-100 C/C" (ITC, SL, Barcelona, 

Spain). The mixture was filtered using a DP 145 110 filter paper (Albet-Hahnemuehle S.L., 

Barcelona, Spain) and a funnel, and collected in a round based flask. 10 mL of the filtered 

dissolution were analysed in the SAIT laboratory of the University using the ion 

chromatography method in a Metrohm 850 Ion chromatography system (Metrohm AG, 

Herisau, Switzerland) with 838-861 column. 

 

2.7. Statistical analysis 

 

 The design used was a randomized complete block. There were five blocks of 11 

plants per treatment which were set in the same row. A total of five replicates (one per block) 

were used, except in the case of substrate temperature for which there were two. Data were 

subjected to a two-way ANOVA with a P <0.05 using the software  Statgraphics Plus 5.1 

software (StatPoint Technologies Inc., Warrenton, VA). 

 

 

3. Results 

 

3.1. Substrate temperature 

 

 Substrate temperature was not affected by the irrigation water (Fig. 1). Maximum 

daily temperatures were higher in AGP [average maximum of 33.17±7.31 ºC in AGP and 

27.14±7.05 ºC in PIP during the experimentation period (mean±s.d.)]. Minimum daily 
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temperatures were greater in PIP (average minimum of 16.74±5.28 in AGP and 20.39±5.86 in 

PIP). Mean average temperatures were similar in both treatments (average mean of 

24.02±6.01 in AGP and 23.58±6.28 in PIP). Environmental mean and maximum temperature 

were lower, especially in summer (June, July and August). However, minimum 

environmental temperatures were similar to AGP substrate temperature and lower than PIP 

(Fig. 1). 
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Fig. 1. Maximum daily (A), minimum daily (B) and average daily (C) temperatures in substrate of PIP 

and AGP treatments, and maximum daily (A), minimum daily (B) and mean daily (C) environmental 

temperature. Error bars are standard errors (n=2). 
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3.2. Water quality, leaching and substrate 

 

 The pH in the different leachates was similar in general terms (an average of ~7.5, Fig. 

2A). The irrigation water pH was about 8.05 with little difference between the saline and 

control water. Leachate EC differed between irrigation water treatments. However, the crop 

production systems made little difference, the most important characteristic being the lower 

EC registered in PIP-s with lower standard error at the beginning of the experiment than in 

AGP-s (Fig. 2B). For saline irrigation (which was maintained about 9 dS·m-1, Fig. 2C) the 

leachate EC was about 12.31 dS·m-1 in both crop production systems at the end of the 

experiment. Control irrigation leachate was similar in both crop production system at about 

2.49 dS·m-1 for an irrigation water of 1.76 dS·m-1. Some days previous to the 20 June, a sharp 

increase in leachate EC in all the treatments (especially in saline irrigate treatments) was 

registered (about 14.7, 20.5, 5.96 and 7.92 dS·m-1 in AGP-s, PIP-s, AGP-c and PIP-c, 

respectively). Which was produced by a heavy rain event (the pH and EC of the rain were 8.4 

and 0.68 dS·m-1, respectively).  

Table 1. Level of significance from the two-way anova conducted to determine the effects of salinity (S), crop 

system (CS) and interaction (S x P) on the studied parameters. 

Parameters 
Salinity (S) Crop system (CS) Statistics 
Salt Control AGP PIP S CS S x CS 

Root DW (g) 3.21 3.04 2.67 3.58 ns ns ns 
Stem DW (g) 1.34 1.46 1.25 1.55 ns ns ns 
Leaf DW (g) 3.34 5.62 4.17 4.78 * ns * 
Plant DW (g) 7.89 10.11 8.09 9.91 * ns * 
Leaf area (cm2) 461 584 489 556 * ns * 
Number of leaves 104 133 107 129 ns ns * 
Individual leaf area (cm2) 4.60 4.49 4.66 4.43 ns ns ns 
S:R 1.52 2.35 2.04 1.83 * ns * 
SLA (g/cm2)  162 110 152 120 * ns * 
Leaf DW/Total DW 0.42 0.55 0.48 0.49 ** ns ns 
Height (cm) 16.9 19.1 17.4 18.6 ** * ns 
Compactness index 0.85 0.93 0.85 0.93 ns ns * 
Fallen leaves 8.00 0.13 7.63 0.50 ** * * 
Damage leaves 7.13 0.13 6.25 1.00 **** *** *** 
Damage leaf area 5.56 0.00 4.97 0.59 **** *** *** 
Bulk EC WET (dS·m-1) 7.91 2.45 5.65 4.71 **** ns ns 
Pore EC WET (dS·m-1) 9.74 3.26 6.09 6.91 **** ns ns 
Pore EC (dS·m-1) 36.1 11.9 28.6 19.4 **** *** ** 
*Significant at P <0.05. ** Significant at P <0.005. *** Significant at P <0.0005. **** Significant at P <0.00005 

and ns (not significant). 
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Fig. 2. Weakly leachate pH (A) and leachate electrical conductivity (EC) (B) of saline irrigation (AGP-s and 

PIP-s) and control irrigation (AGP-c and PIP-c) treatments. C) Irrigation water pH and EC. Error bars are 

standard errors (n=5 for leachate, n=3 for irrigation). 
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 The pore water EC and the bulk EC registered by the WET sensor (Pore EC WET and 

Bulk EC WET) only increased with saline irrigation (Table 1). However, the pore water EC 

calculated with the pour-through method (Pore EC), presented an interactive effect (Table 1 

and 2). In this case, the pore EC was similar in both control irrigation systems, but was lower 

in PIP-s than in AGP-s by about 34%, although it was still 62% higher than in the control 

irrigated treatments. The absence of differences between the crop systems as determined by 

the WET sensor, may be related to less accurate readings above 3 dS·m-1 according to 

Scoggins and van Iersel (2006). 

 

3.3. Growth, development and survival rate 

 

 Root and stem DW were not affected significantly by either, salinity or crop system 

(Table 1). Leaf DW and plant DW had an interactive effect: the negative effects of saline 

irrigation (AGP-s reduced leaf DW by more than 69% and halved plant DW) were inhibited 

by the PIP system (Table 1 and 2). Similar results were obtained for the leaf area and the 

number of leaves. However, the individual leaf area was similar in all the treatments. The S:R 

ratio was lower in the saline. PIP-c also reduced this index compared with AGP-c. The SLA 

increased in AGP-s, and PIP-s produced similar results to PIP-c. Leaf DW/plant DW was only 

affected by salinity, which reduced it. The height was reduced by salt irrigation and the AGP 

system (Picture 1). The compactness index presented an interaction effect similar to leaf DW 

(AGP-s reduced it). The fallen leaves, damaged leaves and the damaged leaf area, had an 

interactive effect, in which the PIP system inhibited the damage produced by salinity and the 

AGP-s produced the highest values in these parameters (Pictures 2 and 3). The percentage of 

plants with any visual damaged was 0% for the control irrigation and 85% and 29%, in AGP-s 

and PIP-s respectively. The survival rates of Euonymus japonicus in AGP-c, PIP-c, AGP-s 

and PIP-s were 97%, 100%, 57% and 93%, respectively. 
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Table 2. Interactive effects of salinity and crop system on parameters studied. 

Parameter Salinity
Crop system 
AGP PIP 

Fallen leaves 
control 0.00a 0.25a 
salt *15.3a 0.75b 

Damage leaves 
control 0.00a 0.25a 
salt *12.50a 1.75b 

Damage leaf area (cm2)
control 0.00a 0.00a 
salt *9.94a 1.17b 

Pore EC (dS·m-1) 
control 13.7a 10.1a 
salt *43.5a *28.7b

Leaf DW (g) 
control 6.35a 4.89a 
salt 1.98b* 4.69a 

Plant DW (g) 
control 10.8a 9.43a 
salt *5.39b 10.4a 

Leaf area (cm2) 
control 613a 555a 
salt *365b 557a 

Number of leaves 
control 137a 129a 
salt *77a 130b 

S:R 
control 2.67b 2.03a 
salt *1.41a *1.63a

SLA (cm2·g-1) 
control 103a 117a 
salt *201a 123b 

Compatness index 
control 0.96a 0.92a 
salt 0.75a* 0.94b 

*Asterisks indicate significant difference by salinity; different letters indicate significant differences by crop 

system, both according to the least significant difference (LSD) test at a P <0.05. 

 
Picture 1. From left to right, above ground pot with saline irrigation (AGP-s), pot-in-pot with saline irrigation 

(PIP-s), above ground pot with control irrigation (AGP-c) and pot-in-pot with control irrigation (PIP-c). 
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Picture 2. Differences between AGP (left) and PIP (right) with saline irrigation. 

 

Picture 3. Leaf damage by salt in above ground pot and pot-in-pot under saline irrigation (AGP-s up and PIP-s 

down). 

 

3.4. Leaf potentials and ion concentrations 

 

 The Ψhmd only differed between crop systems, and was slightly lower in PIP. The Ψomd 

and Ψpmd depended on both the irrigation water and the crop system. The Ψomd decreased with 

saline irrigation and AGP, while Ψpmd behaved in the opposite way. Ψoft was the same for all 

the treatments. 
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Table 3. Level of significance from the two-way anova conducted to determine the effects of salinity (S), crop 

system (CS) and interaction (S x CS) on the leaf potentials parameters. 

Parameters 
Salinity (S) Crop system (CS) Statistics 
Salt Control AGP PIP S CS S x CS 

Ψhmd -1.40 -1.40 -1.19 -1.62 ns **** ns 
Ψomd -2.30 -1.94 -2.25 -2.00 ** * ns 
Ψpmd 0.90 0.54 1.06 0.39 ** **** ns 
Ψoft -1.65 -1.56 -1.65 -1.55 ns ns ns 
*Significant at P <0.05, ** Significant at P <0.005, *** Significant at P <0.0005. **** Significant at P <0.00005 

and not significant (ns). 

 

 The leaf concentration of Cl- increased with saline irrigation and AGP, but was not 

affected in roots. The Na+ concentration increased with saline irrigation in both leaf and roots, 

the opposite to Ca2+ and Mg2+ (Table 4). K+ had an interactive effect in leaf, while in roots it 

decreased with saline irrigation and AGP. The leaf K+ concentration decreased in AGP-s 

(Table 5). However, the PIP-c decreased leaf K+ (opposite behavior to saline irrigation). The 

K+/Na+ ratio had and interactive and similar effect in both plant parts. The K+/Na+ ratio was 

significantly greater in PIP-c. Saline irrigation reduced this ratio compared with control 

irrigation treatments (Table 5). 

 AGP-s healthy leaves had lower ion concentrations than damaged leaves, especially 

Cl- and Na+. The K+/Na+ ratio was not affected (Table 6). 

Table 4. Level of significance from the two-way anova conducted to determine the effects of salinity (S), crop 

system (CS) and interaction (S x CS) on the ions concentration (mg·g-1 of DW). 

Plant part Ions 
Salinity (S) Crop system (CS) Statistics 
Sal Control AGP PIP S CS S x CS 

Leaf 

Cl- 38.9 10.9 28.6 21.1 * * ns 
Na+ 15.8 1.6 9.9 7.5 * ns ns 
Ca2+ 1.5 1.9 1.8 1.6 * ns ns 
Mg2+ 1.4 2.0 1.7 1.7 * ns ns 
K+ 13.5 14.8 14.4 13.9 ns ns * 
K+/Na+ 0.85 9.17 1.45 1.85 * * * 

Root 

Cl- 12.21 9.17 10.00 11.37 ns ns ns 
Na+ 11.64 5.17 8.37 8.44 ** ns ns 
Ca2+ 1.56 2.57 2.04 2.08 *** ns ns 
Mg2+ 1.28 2.40 1.77 1.92 *** ns ns 
K+ 2.00 5.41 2.75 4.67 **** *** ns 
K+/Na+ 0.18 1.04 0.47 0.74 **** **** *** 

*Significant at P <0.05, ** Significant at P <0.005, *** Significant at P <0.0005. **** Significant at P <0.00005 

and not significant (ns). 
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Table 5. Interactive effects of salinity and crop system on ions concentration (mg·g-1 of DW). 

Plant part 
Parameter Salinity

Crop system 
AGP PIP 

Leaf 
K+ 

control 16.6a 13.0b
salt 12.3a* 14.8b

K+/Na+ 
control 6.5b 19.5a

salt 0.7* 1.0* 

Root K+/Na+ 
control 0.82b 1.26a

salt 0.12* 0.23*
*Asterisks indicate significant difference by salinity; different letters indicate significant differences by pot, both 

according to the least significant difference (LSD) test at a P <0.05. 

 

Table 6. Ions concentration (mg·g-1 of DW) in AGP-s of healthy leaves and damaged leaves. 

Parameter
AGP-s 

Healthy leaf Damaged leaf

Cl- 42.9* 69.71 

Na+ 17.3* 30.14 

Ca2+ 1.6* 2.35 

Mg2+ 1.3* 1.62 

K+ 12.3* 19.58 

K+/Na+ 0.71 0.65 

*Asterisks in the same row indicate significant difference at P<0.05. 

 

 

4. Discussion 

 

 Substrate temperature is a crucial factor in root development and function. For 

example, root growth decreases, water and nutrient uptake is affected, and root morphology 

may be altered above or below the range 15-27 ºC (Adam et al., 2003). In the present 

experiment, the roots in PIP suffered less stressful temperatures than AGP (PIP had lower 

maximum and higher minimum substrate temperatures). Neal (2010) reported root zone 

temperatures in AGP and PIP of 44.4 ºC and 37.4 ºC respectively when the air temperature 

was 38.8 ºC similar to our findings. This author reported that visual observation of the root 

systems confirmed areas of root death in the southwest quadrants of plastic containers in 

AGP. These results would help explain the better root functioning under saline conditions in 

PIP, which produced greater plant DW. No such effect was observed in control irrigated 



Chapter 6: PIP maintains aesthetic value and reduces chloride uptake in Euonymus japonicus 

191 
 

Myrtus communis (Miralles et al., 2009). However, many studies have found greater growth 

in both shoot and root in PIP: for example, Ruter (1998a) in Heritage river birch reported a 

20% and 31% increase in shoot DW and root DW, respectively, than in AGP. Miralles et al. 

(2009) reported an increase in the S:R ratio in AGP, as in this experiment. Neal (2010) 

reported that Lilac grown in PIP had the lowest S:R ratios of all the cultivation systems 

analyzed (AGP, bag-in-pot, field grown, and plastic container).  

 Saline irrigation also produces lower plant DW and affects the S:R ratio. Niu et al. 

(2010b) found that shoot DW of ornamental pepper ‘Black Pearl’ and vinca (Catharanthus 

roseus) ‘Rose’ decreased linearly as salinity increased from 0.8 to 7.4 dS·m-1. Munns (2002) 

indicated that plants typically respond to salinity stress by reduced shoot and root growth, the 

shoot growth reduction occurring earlier. In Euonymus japonicus S:R was also reduced by 

salinity, mainly due to lower leaf DW (Table 1 and 2). 

 The AGP-s treatment increased the SLA. Torrecillas et al. (2003) found that SLA 

increased in Cistus albidus and C. monspeliensis under saline irrigation. This fact could be 

due to greater quantities of solutes in leaves (accumulation of Na+ and Cl-, Table 4), which 

would have increased the density of leaves and reduced their Ψomd in AGP-s (Table 3). 

Torrecillas et al. (2003) also found that leaf DW/plant DW decreased with salinity, as in our 

results, due to leaf abscission in Euonymus japonicus. Leaf abscission is considered a 

tolerance mechanism of this species, allowing the elimination of leaves that have accumulated 

Na+ and Cl- ions (Table 1, 2 and 6). Kchaou et al. (2010) reported the same behavior in olive 

trees subject to salinity, which occurred preferentially in old leaves. 

 The aesthetic properties of Euonymus japonicus plants were strongly reduced in AGP-

s, because of lower growth, height and compactness index, and especially due to the increase 

in damaged leaves, because, as reported by Niu et al. (2008) for landscape ornamental plants, 

visual quality is more important than maximum growth. The height was reduced under saline 

irrigation conditions, as reported by Navarro et al. (2007) in Arbutus unedo seedlings. The 

presence of visible leaf salt damages as the salinity of irrigation water increases has already 

been reported in ornamental bedding plants (Niu et al., 2010b); in herbaceous perennials (Niu 

and Rodriguez, 2006a, 2006b); and in woody shrubs (Wu et al., 2001). However, the PIP 

system had an inhibitory effect on the negative aspects concerning the compactness index and 

leaf damage, and increased height. The PIP system increased plant height, as Martin el al. 

(1999) reported in Acacia smallii (by about 80%). However, this effect depends on the 

species, because the same author found no such effect on Cercidium floridum, and Miralles et 
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al. (2009) reported a decrease in height growth in Myrtus communis grown in PIP compared 

with AGP. 

 34% lower pore EC in PIP-s compared with AGP-s, together with the milder substrate 

temperatures of the PIP system would explain the inhibitory effects of saline irrigation. This 

decrease in pore EC could be explained by the 9% increase in leaching in PIP-s than in AGP-s 

(data not shown), since a smaller leaching fraction would lead to salt accumulation (Niu et al., 

2008). However, the leachate EC did not show differences at the end of the experiment within 

the same irrigation water treatments (Fig. 2). The absence of differences, despite different 

leaching fractions, may be related with drip irrigation, in which the water has a tendency to 

flow downwards than to spread horizontally, as reported by De Rijck and Schrevens (1998) in 

a rockwool slab. So, salts were washed from the same substrate portion and accumulated in 

the rest. The proof of this is found near the 20 June, when leachate EC increased substantially 

due to a heavy precipitation event that irrigated all the substrate of the pot, flushing out the 

salts accumulated in all the substrate. This phenomenon also explains the high pore EC 

registered by the pour-through method at the end of the experiment compared with the WET 

sensor readings near the dripper and with the leachate EC.  

 The Ψhmd was not affected by salinity, despite the fact Navarro et al. (2007) in Arbutus 

unedo, and Torrecillas et al. (2003) in Cistus albidus and C. monspeliensis, found that Ψhmd 

decreased with salinity. The PIP system produced slightly more negative values, which could 

be due to greater control of water transpiration in AGP in summer. Miralles et al. (2009) 

reported that lower soil matric potential in AGP in Myrtus communis could have activated the 

messages sent by roots, perhaps of a chemical kind, which might have lowered stomatal 

conductance rates, thus maintaining greater Ψhmd in AGP. The Ψomd was reduced by both 

salinity and AGP system. A decrease in Ψomd as the salinity of the irrigation water increased 

was reported by Niu et al. (2010b) and Navarro et al. (2007) in bedding plants and Arbutus 

unedo, respectively. Niu et al. 2008 reported that this effect was due to the accumulation of 

Na+ and Cl- in leaves, which is associated with osmotic adaptation (Heuer and Nadler, 1998; 

Pardossi et al., 1999). Navarro et al. (2007) reported that Arbutus unedo underwent osmotic 

adjustment as a result of the salt stress imposed, which would have lead to Ψpmd increasing, as 

in our results. Torrecillas et al. (2003) and Navarro et al. (2007) also found that Ψoft was 

reduced by salinity, an effect which was not significant in our results, although the same 

tendency was observed (Table 3). The accumulation of Cl- and Na+ was responsible for this 

leaf potential because saline irrigation increased their concentration and AGP increased Cl-, as 

well. The opposite behavior of Ψomd and Ψpmd in the PIP system is explained by lower Cl- 
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accumulation in leaves (Table 3 and 4). The greater pore EC in saline irrigation and AGP 

system would explain these results (Table 1 and 2). 

 Ion accumulation could also be responsible for leaf damage and decreased growth, 

especially the ion Cl- which had greater concentration and was significantly reduced by PIP. 

The greater toxicity of Cl- was reported by Martinez-Barroso and Alvarez (1997) in 

strawberry, where the leaf scorch observed was basically due to the increase in the foliar Cl- 

concentration. Navarro et al. (2007) also found that the harmful consequences of NaCl 

salinity on net photosynthesis were associated with high leaf Cl- in Arbutus unedo. The non 

significant effects of the crop system on other nutrients (Ca2+ and Mg2+), and on the K+/Na+ 

ratio would confirm this hypothesis, because salt tolerance is also expressed by the capacity to 

maintain nutrient uptake (Chaparzadeh et al., 2003), and a high K+/Na+ ratio (Cassaniti et al., 

2009). The greater Na+ concentration in roots under saline irrigation may be related with salt 

tolerance, because, as reported by Colmer et al. (2005) controlling the salt concentration of 

the aerial parts by restricting entry through the roots and limiting transport to the shoots is an 

important mechanism that allows plants to survive and grow under salinity. However, Cl- was 

not retained in roots, which would confirm that lower leaf accumulation was related to lower 

concentrations in pore water substrate. 

 

5. Conclusion 

 

 Euonymus japonicus grown in PIP with good quality water increased its height and 

reduced its S:R ratio compared with AGP. Even when saline water was used, PIP inhibited 

many of the negative effects of AGP-s, which reduced its aesthetic value: a) leaf area damage 

was strongly reduced; b) neither the dry weight nor the compactness index was affected; and 

c) plant survival was 93% in PIP-s vs. 57% in AGP-s. These benefits are explained by less 

extreme substrate temperatures and lower pore EC, which allowed better root development 

and function. So, PIP reduced Cl- accumulation in leaves due to lower concentration in 

substrate water because roots did not prevent its transportation to leaves, unlike in the case of 

Na+. The absence of differences in Na+, other nutrients (Ca2+ and Mg2+) and the K+/Na+ ratio 

compared with AGP suggested that Cl- ion was mainly responsible for leaf damage. On other 

hand, saline irrigation had certain other effects compared with control irrigation, such as 

lower S:R ratio decrease, less height, Ψomd decrease, Ψpmd increase, the accumulation of Cl- 

and Na+ in leaves and the lower Ca2+, Mg2+ and K+/Na+ ratio. So, PIP can be recommended 
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for the cultivation of this species using bad quality water, since salinity damage will be 

inhibited for at least four months. 
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 The pot-in-pot (PIP) crop system offers advantages compared with above ground pot 

(AGP), mainly because this system moderates extreme substrate temperatures. So, in Myrtus 

communis the soil matric potential was maintained higher and root development was favored, 

which produced a lower shoot/root ratio, and reduced plant height. This change in plant 

morphology favored its aesthetic value and its survival in severe water stress situations (PIP 

survival of 90% vs AGP survival of 62%). In Euonymus japonicus, PIP enhaced stem growth, 

plant height (contrary to M. communis), water use efficiency, and reduced the S:R ratio. 

Furthermore, the PIP system improved E. japonicus tolerance to salinity, because it produced 

a similar dry weight (DW) in PIP cultivated plants submitted to saline irrigation (PIP-s) as 

control irrigated plants, while in AGP plants submitted to saline irrigations (AGP-s) the DW 

was reduced. The lower DW in AGP-s was due to greater photorespiration (lower net 

photosinthesis and similar light adapted phosystem II efficiency rates). The aesthetic value 

was also maintaind by PIP-s, because inhibited the following damage produced in AGP-s: a) 

high leaf area damage; b) reduced compactness index; c) reduced leaf area; c) greater chloride 

concentration in leaves, and d) plant survival of 57% compared with 93% in PIP-s. The PIP-s 

reduced substrate pore EC because the greater WUE produced 9% extra leaching, which 

reduced salts accumulation in substrate. The better root temperature and the lower substrate 

pore EC would explain all these benefits in the plant’s aesthetic value and growth. 

 Euonymus japonicus irrigated with saline water suffered indepently of the crop system 

used: lower S:R ratio, greater substrate pore EC, Ψomd decrease, Ψpmd increase, the 

accumulation of Cl- and Na+ in leaves and the lower Ca2+, Mg2+ and K+/Na+ ratio. 

 Euonymus japonicus was more susceptible to chloride toxicity due to the absence of 

differences between PIP and AGP in Na+, other nutrients (Ca2+ and Mg2+) and the K+/Na+ 

ratio. 

 PIP can be recommended for the cultivation of both species, especially E. japonicus 

with bad quality water, since salinity damage will be inhibited for at least four months. 

 The use of dendrometers in low diameter ornamental crops for irrigation scheduling 

could be achieved using stem growth rate (SGR) and/or maximum daily shrinkage (MDS). 

However, it is necessary to compare well-irrigated plants with stressed plants and test which 

one of the two indices is more appropriate. To ensure that the minimum irrigation frequency 

is at least every other day will also be essential. Futhermore, a moderate stress may result, 

although this condition may not be a problem for ornamental shrubs, because although it may 

affect plant growth and quality, it can also be useful for plant hardening and growth control. 
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The response to water stress of these indices was clearer under severe environmental 

conditions. 

 Specifically, the conclusions reached for the species studied were that maximum and 

minimum daily stem show a good response, although leaf water potential (Ψleaf) is more 

sensitive to water stress. The SGR and the MDS in the drought to death period were sensitive 

to daily plant ET ratios between 130 and 300 mL·day-1, respectively, and to Ψleaf <-3.00 MPa. 

C. citrinus showed no correlations with MDS-Ψleaf, and Ψleaf could not be determined in P. 

tobira; on the other hand P. tobira had the best R2 for the MDS and SGR-daily plant ET 

correlations. The correlations obtained for the irrigation periods confirmed the different 

behaviors of the dendrometric indices under water stress. These results suggest that irrigation 

could be based on the evolution of these indices, especially SGR in C. citrinus, MDS in P. 

tobira and both in R. alaternus, although a moderate degree of stress may result. 

 Shading applied to Rhamnus alaternus produced morphological changes, which 

showed the plasticity to different light environments of this species (e.g. increasing leaf area 

to compensate lower gas exchange rates per unit area). 

 From a nursery point of view, shading ≥84% would produce low quality plants, with a 

low compactness index and high S/R index. Shading between 32% and 48% applied in spring 

and summer, respectively would optimize photosynthesis and improve leaf color.  

 From a forestry point of view, this species is interesting as an understory species in 

Mediterranean forests, where shade is not drastically reduced, and can be well-adapted to light 

changes. 

 The use of time domain transmissometry sensors (TDT sensor) for irrigation 

scheduling of potted ornamental crops was tested with success. The TDT sensors provide 

accurate measurements of volume water content (θ) after a substrate-specific calibration and, 

in combination with the CS3500 irrigation controller, plants were irrigated as needed. So, it 

can be used for irrigation control of container-grown crops as well as for drought stress 

research without the need for very especific knowledge (the CS3500 irrigation controller is 

commercially available and easy to install). However, due to the length of the TDT sensors, 

its use will be limited to pots of at least 20 cm height, while the measurements of bulk 

substrate EC made with TDT sensors were not accurate and should not be used to make 

fertilization decisions, at least in soilless substrate. 

 Begonias semperflores, submitted to different θ, reduced shoot dry weight, leaf area, 

leaf photosynthesis and stomatal conductance at the lowest θ threshold (0.136 m3·m-3), while 

no differences were found from 0.348 m3 ·m-3 and above. Overall, shoot dry weight was much 
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better correlated with the area of the uppermost fully-expanded leaf than with leaf 

photosynthesis. This suggests that drought effects on plant growth are caused more by 

reductions in photosynthetically active surface area than by photosynthesis per unit leaf area. 

The leaf chlorophyll fluorescence study did not show any differences between treatments, 

which confirms that no damage in the photosynthetic apparatus was produced. 


