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A B S T R A C T

Modelling nutrient absorption can contribute to the management of hi-tech cultivation systems in

greenhouse horticultural production. Nevertheless, previous studies to understand the kinetics of

nutrient absorption, rarely take into consideration the accumulation of salt ions in the nutrient solution.

In this project we develop and validate an empirical model for sodium uptake concentration in

hydroponic rose (Rosa spp. cv. Kardinal) production. Model development and validation was conducted

using a series of experiments in both greenhouse and growth chamber conditions. The model framework

takes into account plant developmental stage and external sodium concentration. While model

calibration data were collected at levels of sodium up to 40 mol m3 NaCl as root environment salt

concentration, model validation was carried out at lower ranges.

The proposed model not only shows a high predictive capability, but also provides useful output

parameters such as electrical conductivity, which is the main parameter currently monitored for

managing nutrient solution in greenhouse cultivation. Incorporated as part of a larger DSS, our model can

be used to improve nutrient solution management in production regions that do not have economically

valid alternatives other than the use of poor quality (saline) irrigation water.

� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

In hydroponic horticultural production, beside the risk of root
pathogen infections, nutrient solution management remains the
primary difficulty, especially when poor quality water is used. The
dilemma between open or closed systems, which was the subject
of several studies in previous years (Klaring, 2001; Savvas, 2002), is
no longer an issue with respect to environmental consideration. In
order to limit environmental pollution caused by greenhouse
crops, upcoming and current restrictions and regulations imposed
by numerous governments around the world limit or prohibit the
presence of nutrients in discharged irrigation water (Voogt and
Sonneveld, 1997). Therefore, in this scenario, the only possibility,
both to optimize fertilization and keep environmental contamina-
tion under control, is to adopt cultivation systems which collect
and reuse the extra irrigation water (closed-loop systems). Hence,
closed-loop systems have been declared ‘‘environmentally
friendly’’ because they drastically improve the use of water and
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fertilizer use efficiency as compared with systems allowing
drainage water runoff. Nevertheless, an accumulation of ballast
ions (Na, Cl, sulphates and others), which occurs when poor quality
water is used, may require a partial discharge of the recirculated
nutrient solution (semi-closed-loop system) (Carmassi et al.,
2007). Recently, Stanghellini et al. (2005) have pointed out that
the improvement of the water quality (desalinization and rain
water collecting) is the most valuable strategy against high
salinity; nevertheless other authors have shown that it is possible
to improve the water and nutrient use efficiency by using different
strategies to manage the recirculated nutrient solution (Raviv et al.,
1998). Optimization of nutrient solution management requires
knowledge of how nutrient and non-nutrient concentrations
change in the system during the cultivation period. In this sense,
the simulation of nutrient and non-nutrient ion uptake by plants
remains a powerful tool to know how the composition of the
nutrient solution changes over the time. To accomplish this,
several models developed for nutrient uptake simulation are
integrated into a DSS (Decisional Support System) which can be
adopted to manage the nutrient solution in high-technology
greenhouses. Most of the nutrient solution controlling systems are
currently based on EC (electrical conductivity) control (Savvas and
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Manos, 1999; Sonneveld, 2000). Because the EC value is a
relationship of the total cation concentration (mainly K, Ca, Mg
and Na) (Sonneveld, 2000), an accurate simulation of the
accumulation rate of these elements is required to estimate their
concentration in the drainage solution to be recycled and
eventually to determine the degree to which measured EC is
influenced by ballast ions and/or nutrient presence. For this reason,
sodium is reported to play an important role for the estimation of
the EC in environments in which a high salinity level (NaCl) occurs
in the irrigation water source. Currently, most fertigation devices
used for nutrient solution preparation and delivery work on the
basis of an imposed EC value threshold, chosen in relation to the
response of the crop to salinity in terms of yield and product
quality. When the nutrient solution drained from the system is
reused, the fertigation system first tests the EC value of this
solution. The system then provides for a nutrient reintegration if
ECDr < ECTr, where ECDr is the EC value in the drained nutrient
solution and ECTr is the EC threshold value, or non-reintegration
(release of solution) if ECDr � ECTr. With regard to the former, the
integration value is directly proportional to DEC = ECTr � ECDr

where DEC is assumed to correspond to the quantity of nutrient
absorbed by the crop (Savvas and Manos, 1999). When ballast ions
build-up in the recirculated nutrient solution, DEC approaches 0
more or less rapidly depending on the uptake rate of non-nutrient
ions by the plants and of their concentration in the irrigation water.
The accumulation of ballast ions can result in a large reduction of
nutrients present in the medium growth and even nutrient
starvation periods if a constant EC is maintained. Although the
salinization of large areas in the world is increasing (Martinez-
Beltran and Licona-Manzur, 2005), models developed for nutrient
solution management rarely point out how sodium uptake changes
in closed or semi-closed system (Savvas et al., 2007; Carmassi et al.,
2007) as a function of the external sodium concentration and/or
the cultivation stage.

The objective of this work is to provide a simple tool to simulate
the absorption of sodium by rose plants (Rosa spp. cv. Kardinal)
growing in a closed or semi-closed cultivation system and the
corresponding accumulation of sodium in the nutrient solution in
order to obtain an estimation of the contribution of sodium to
nutrient solution EC. Data collected were analyzed in order to
obtain a calibration and validation of an empirical model.
Knowledge of the composition of the recirculating nutrient
solution in relationship to electrical conductivity is essential to
optimize the fertilization in the greenhouse environment, to avoid
nutrient imbalance in the growth medium and to limit the
environmental pollution caused by the waste water. Because roses
are generally considered sensitive to salinity (Raviv and Blom,
2001), an investigation on how sodium accumulates in the nutrient
solution could be a useful tool for making decisions on nutrient
solution management and irrigation water use.

2. Materials and methods

2.1. Growing conditions

A series of experiments was carried out on rose plants (Rosa spp.
cv. Kardinal grafted on ‘Natal Briar’ rootstock) from summer 2006
to spring 2007 at the Department of Plant Science, University of
California Davis (USA). One-year-old plants were grown in a
glasshouse where temperature was kept under control by using an
automatic cooling and ventilation system. During the summer the
roof was covered with shading compound (shading percentage ca.
50%) to avoid greenhouse warming due to high light intensity.
Minimum, maximum and mean daily greenhouse temperature
were 21.9, 24.8 and 22.8 8C, respectively; minimum and maximum
daily greenhouse GR (global radiation) were, respectively 1.7 and
2.9 MJ m�2 while the mean GR over the whole summer–autumn
period was 2.4 MJ m�2.

Data used for model development and calibration were
collected during a first experiment carried out over the sum-
mer–autumn period. Plants were moved into a hydroponic liquid
medium system 2 months before commencement of the experi-
ment and were left growing, under optimal environment growth
conditions (no salinity treatments), during the first cultivation
cycle (pruning to harvest of new flower shoots). After the first
cycle, salinity treatments commenced and nutrient solution pH
and EC data were collected. The initial two crop cycles were
deemed necessary for plant acclimatation to solution culture (first
cycle) and saline environment (second cycle). Hence data
collection for model calibration was accomplished during the
third successive cycle. Plants were cultivated in 8 L containers (one
plant per container) where the oxygenation of the nutrient
solution was accomplished by air pumps continuously bubbling
air into solution. Nutrient solution concentration for the first
treatment was N-NO3

� 10.00; N-NH4
+ 2.53; P-PO4

� 1.50; S-SO4
2�

1.95; Cl 2.38; K 4.45; Ca 2.95; Mg 0.83; Na 4.00 mol m�3

(EC = 1.9 dS m�1) and micronutrients were added according to
Hoagland and Arnon (1950); pH value was 6.0 � 0.5. The salinity
treatments (3.0, 4.3 and 5.5 dS m�1) were obtained by adding 16, 28
and 40 mol m�3 of NaCl. After the second crop cycle, plants were
allocated to the four treatments with five replicates (i.e. five
containers) for each treatment. Salinity level and nutrient concentra-
tions were kept close to constant by frequent replacement of the
entire nutrient solution in containers. In order to avoid high salt
concentration, the nutrient solution was replaced whenever the
actual volume in the container fell to 90% of the initial volume (ca.
every 6 days). At replacement time, evapotranspiration was
measured in terms of lost-water weight and a sample of nutrient
solution was collected for each replicate. Then plant fresh weight was
measured by non-destructive analysis. EC and pH values were
measured on the samples collected and an atomic absorption
spectrophotometer (Varian SpectrAA Model 55 Atomic Absorption
Spectrometer; Varian Inc., Palo Alto, CA, USA) was used to analyze Na+

through flame emission. Environmental data were collected during
the experiment by a datalogger (Cambell 21X datalogger; Campbell
Scientific Inc., Logan, UT, USA) which recorded air temperature (8C),
relative humidity (%) and solar radiation (PPFD).

Two additional experiments were carried out to validate the
model. The first experiment was conducted in growth chambers to
have climate conditions different from the greenhouse environ-
ment. The scope of this validation was to test the model under
conditions of relatively high GR. In the growth chambers,
temperature was maintained at 24 8C during the light hours and
20 8C during the dark hours (mean daily temperature was equal to
22.5 8C) while daily GR was 6.46 MJ m�2. The second experiment
was conducted in the greenhouse under climate conditions similar
to those prevailing during the first greenhouse experiment
(climatic data were not significantly different between the two
greenhouse periods).

2.2. Model development

Absorption of sodium has been estimated by multiplying the
sodium uptake concentration rate by the plant water uptake
according to Carmassi et al. (2007) and Sonneveld (2000):

WUCU ¼WU
I

WUR
¼ number of moles absorbed (1)

where CU is the ion uptake concentration rate (mol m�3), WU (in
liters) is the volume of water absorbed by plants during a certain
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time period. I is any ion absorbed as number of moles absorbed
over a certain time (ti) and WUR is the water absorbed as liters in
the same time (ti). Then, the concentration of sodium at the end of
any cultivation period is calculated by the following formula:

½Na�n ¼
½Na�n�1Vn�1 � ðCUWUÞ

Vn
(2)

where [Na]n�1 and [Na]n are, respectively the initial and final
sodium concentration, Vn�1 and Vn are, respectively the initial and
final nutrient solution volume in the system; then, if a constant
volume is imposed in the system, the previous equation becomes:

½Na�n ¼ ½Na�n�1 �
ðCUWUÞ

VS
(3)

where VS is the volume of the recirculated nutrient solution. The
following formula, proposed by Sonneveld (2000), was used to
calculate the contribution of the Na+ to the EC value in the nutrient
solution included in the growth medium:

EC ¼
X

Cþ0:095þ 0:19 (4)

where C+ is the macrocations concentration (mol m�3) and EC is
the electrical conductivity of the nutrient solution expressed as
dS m�1. In order to simulate the CU of sodium, over the crop cycle,
two independent variables were taken into account: GDD (growing
degree days) expressed as 8C and the sodium concentration in the
root zone (mol m�3). Because the ratio between ion uptake and
water uptake may be different over the crop cycle (especially for
perennial crops such as rose) the uptake concentration could vary
within different plant stages. For this reason an independent
variable, which follows the crop cycle such as GDD, is required in
order to place the CU values within the context of the whole
cultivation cycle.

GDD were calculated from temperature data collected during
the crop cycle and the method used involves the computation of
thermal units (GDD), from daily average of temperature values (Tj):

GDD ¼
Xr

j¼1

max½ðT j � TbÞ;0�Dt j (5)

where Dtj is the length of the period j (days) and the Tb is the base
temperature below which plant development does not occur
(Thornely and Johnson, 1990). Base temperature was assumed to
be 5.2 8C according to Lieth and Pasian (1991). While three
different equations were assumed to simulate the CU over the crop
cycle as a function of the GDD, a quadratic equation was assumed
to calculate the CU of sodium in relation to the external sodium
concentration (according to a best-fit procedure); then a non-
linear regression procedure was run using a statistical software
(SAS 9.0, Statistical Analysis System, SAS Institute Inc., Cary, NC,
USA, Version 9.1) and coefficients were calculated. The equations
assumed are specified below:

CU ¼
a1S2 þ a2S . . . if . . . G � G1

b1S2 þ b2S . . . if . . . G1 <G � G2

l1S2 þ l2S . . . if . . . G>G2

8<
: (6)

where S is the sodium concentration in the root zone (mol m�3), G

is the cumulative temperature (GDD) at any time expressed as 8C,
G1 and G2 are constant values and l1, l2 are parameters; the
following equations were used to estimate a1, a2, b1 and b2:

a1 ¼ a1Gþ a2 (7)

a2 ¼ a3Gþ a4 (8)

b1 ¼ b1G2 þ b2Gþ b3 (9)
b2 ¼ b4G2 þ b5Gþ b6 (10)

After replacing Eqs. (7)–(10), Eq. (6) becomes:

CU ¼
ða1Gþ a2ÞS2 þ ða3Gþ a4ÞS . . . if . . . G � G1

ðb1G2 þ b2Gþ b3ÞS
2 þ ðb4G2 þ b5Gþ b6ÞS . . . if . . . G1 <G � G2

l1S2 þ l2S . . . if . . . G>G2

8><
>:

(11)

According to other authors (Yin et al., 2003), since truncated curves,
involved in empirical modelling, can show ‘‘non-elegant’’ patterns
when they are forced out of the calibration range, it was imposed
that:-
if G1 <G � G2 and ðb1G2 þ b2Gþ b3ÞS

2 þ ðb4G2 þ b5Gþ
b6ÞS<l1S2 þ l2S then CU ¼ l1S2 þ l2S:

3. Results and discussion

3.1. Model development

In crop simulation models, thermal units are often taken into
account as independent ‘‘time’’ variables because they are strongly
correlated to plant development. In fact, all biological systems
need a certain number of GDD to complete their own life cycle;
therefore, temperature is one of the most important driving
variables to estimate plant growth (Thornely and Johnson, 1990).
The influence of temperature on the tomato plant has been
reported by Van Der Ploeg and Heuvelink (2005) and the
computation of thermal units is already involved in several
models and DSS such as TOMGRO (Jones et al., 1991), TOMDAT and
others. Lieth and Pasian (1991) found a strong correlation between
plant developmental stages and GDD and developed a model to
predict the harvest time, for several rose cultivars, as a function of
greenhouse mean daily temperature. During our study, the
duration of the plant cycle required 758 GDD according to Mattson
and Lieth (2007); this represents harvest about a week later than
commercial harvest. The relationship between plant development
and GDD is reported in Fig. 1. GDD is not directly related to CU (it is
a parameter calculated dynamically over the crop cycle) but it is
related to plant development as discussed above. Because CU is the
ratio between the amount of ion absorbed (mmol) in a certain time
(Dti) and the amount of water absorbed (L) in the same Dti for a
certain plant stage (Dti), then GDD computation is necessary to
place a certain CU within the context of the cultivation cycle.

The uptake concentration is a simple parameter previously used
for modelling ion uptake, with regard to nutrients and non-
nutrients, by other authors (Sonneveld, 2000; Carmassi et al., 2007;
Savvas et al., 2007). For many species, the uptake concentration
becomes stable because the rate of water uptake corresponds with
variations of plant size similarly to the rate of the ion uptake.
Therefore, in situations of optimal nutrient concentration, the
fluctuation in ion/water uptake is negligible (Savvas et al., 2005).
While this behavior is largely accepted for annual plants, different
patterns have been found for perennial plants such as rose in which
the base of the plant influences variably the absorption of ions
during the crop cycle. Hence, the prediction of this parameter is
evaluated as uncertain by some authors who found uptake
concentration fluctuations during the cultivation cycle (Silberbush
and Ben-Asher, 2001). Such fluctuations should be related to plant
size variability and environmental conditions.

The sodium uptake concentration calculated for the model (CU)
shows the same pattern in the four different salt treatments, over
the whole cultivation cycle (Fig. 2). In order to draw an equation,
which represents the CU value calculated at a certain develop-

lturae 118 (2008) 228–235



Fig. 1. Plant growth, water and sodium uptake versus GDD in the different treatments. Data reported in the figure are from the first greenhouse experiment. Values are

means � standard error (n = 5).
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mental phase of the cultivation cycle, two different constant values
were found (G1, G2) as shown in Table 1 and Fig. 2; G1 and G2 are
very close to the initial and final points of the growth curve linear
phase. For the first part of the cycle a linear function was found;
before flower shoot harvest sodium CU shows a relatively low value
because of high transpiration due to the large leaf surface of flower
shoots. After flower shoot harvest, a rapid rise in sodium CU value
was observed. This is due to the relatively low plant transpiration
Fig. 2. Simulated and measured Na uptake concentration (CU) versus GDD in the differe

calibration of the model. Values are means � standard error (n = 5).
rate that occurs soon after pruning/harvest which removes much
leaf area. As a result of an enhanced sodium uptake rate the CU

value rises (G0 < G < G1; where G0 corresponds to plant cycle
initiation or GDD = 0) until the rate of leaf area development
increases rapidly (G > G1) (Figs. 1 and 2). During the next phase, a
rapid decrease of the ratio between sodium and water absorption
occurs; therefore a quadratic equation (Fig. 2) was assumed over
the period G1 < G � G2. Since in the last part of the cycle both the
nt salinity treatments. Data are from the first greenhouse experiment used for the



Table 1
The proposed empirical model for sodium CU and the estimated parameter values

using non-linear regression and the calibration data set

Model equations Model statistical analysis

ða1Gþ a2ÞS2 þ ða3Gþ a4ÞS . . . if . . . G � G1 p < 0.0001; r2 = 0.92

ðb1G2 þ b2Gþ b3ÞS
2 þ ðb4G2 þ b5Gþ b6ÞS . . .

if . . . G1 <G � G2

p < 0.0001; r2 = 0.97

l1S2 þ l2S . . . if . . . G>G2 p < 0.0001; r2 = 0.92

Parameters Value

a1 0.200 � 10�4

a2 0.573 � 10�2

a3 0.640 � 10�4

a4 0.718 � 10�1

b1 0.304 � 10�7

b2 �0.500 � 10�4

b3 0.224 � 10�1

b4 0.331 � 10�5

b5 �0.285 � 10�2

b6 0.630 � 10�0

l1 0.657 � 10�2

l2 0.516 � 10�1

Constants Value (8C)

G1 288

G2 461

Fig. 3. The influence of the external sodium concentration on sodium uptake

concentration (a), sodium uptake (b) and water uptake (c). Data are from the

calibration experiment. Values are means � standard error (n = 5).
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plant water absorption and the plant sodium absorption are stable,
a constant relationship between CU and GDD was assumed for
G > G2. The mathematical representation of the CU changes during
a growth cycle is the result of a best fit statistical analysis and it is
based on the assumption that the CU of ions can change at different
plant developmental stages (as a result of different transpiration
rates coupled with a different ion uptake rate over the crop cycle)
as discussed below. While the relationship between plant
transpiration rate and environmental parameters is well-known
(Carmassi et al., 2007; Allen et al., 1998; Stanghellini, 1987), it is
difficult to understand the interaction between the physiological
mechanisms involved in sodium uptake and environmental
conditions including those known to influence nutrient uptake.
At this regard, the concentration of other ions such as K+ and Ca2+

as well as their ratio between and with Na+ can influence the
uptake of the latter. In effect it has been found that potassium
transporters can increase sodium absorption depending on the
ration of Na+:K+ ratio as well as their concentration (Tester and
Davenport, 2003; Rodriguez-Navarro and Rubio, 2006).

Our results show a progressive increase of sodium uptake
during the crop cycle, likely related to the dynamics of flower shoot
initiation, development, and harvest (Fig. 1). While we are
contending that the uptake of sodium can vary during the crop
cycle as a result of the flux/availability of other ions (such us K+ and
Ca2+); nevertheless, in this experiment we assume that the sodium
uptake rate is mainly related to the plant development because the
concentration of both sodium and nutrients were maintained
constant over the crop cycle.

With regard to the external sodium concentration, a quadratic
function was assumed to calculate the CU value as a function of the
sodium concentration average in the root zone (Fig. 3a); the graph
reports the average of sodium CU during the whole cultivation
cycle against the average of the external sodium concentration.
Once again, the mathematical representation of the CU pattern is
the result of a best fit statistical analysis and it is based on the
assumption that the CU of ions can increas by increasing external
ion concentration. A similar pattern (CU = bxc + d) was also
observed by Savvas et al. (2005) on cucumber cultivated in a
closed-system using polyurethane slabs as a growing medium;
while Carmassi et al. (2007) found a linear correlation (CU = mx),
between sodium CU and sodium external concentration, for tomato
cultivated in rockwool. This relationship is the result of a higher
uptake of Na+ (Fig. 3b) and lower transpiration (Fig. 3c) at higher
sodium external concentrations. When the medium contains Na+

at relatively high concentrations, a passive influx of these ions into
the root cells will inevitably occur (Munns, 1985). Recent studies
show that both specific and non-selective transporters enable a
passive influx of Na+ in direct proportion to external root sodium
concentration (Davenport and Tester, 2000; Amtmann et al., 2001;
Essah et al., 2003). Lorenzo et al. (2000) found that, in rose leaf
tissues, the K+/Na+ ratio decreased by increasing external sodium
concentration; which occurred as consequence of a higher sodium
accumulation. As demonstrated in our results, a larger amount of
sodium can be absorbed by increasing the external concentration.
Furthermore, secondary mechanisms for sodium cell storage and
translocation may be activated when plants are under a salinity
stress condition and significant part of the Na+ taken up is likely
accumulated into the vacuole (Carden et al., 2003). Some authors
report a negligible sodium uptake for rose (Sonneveld, 2000)
cultivated on substrate. However, climate conditions and espe-
cially different genotypes can greatly increase the accumulation of
sodium in the plant. In a recent work focusing on rose rootstocks,
Cabrera (2002) reports that Natal Briar rootstock (the same used in
this experiment) accumulates more sodium (40%) in comparison
with other rose rootstocks.

Along with an increase of sodium uptake a lower water uptake
also causes higher sodium CU. As is well known, salt stresses induce



Fig. 4. Sensitivity analysis for the three different equations used to simulate the

sodium uptake concentration during the whole cultivation cycle, respectively for

the stage GDD = 0 to G1, G1 to G2 and G2 to end cycle. Parameters were changed from

0 � 50% of their own value.
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increased stomatal resistance which limits transpiration (Fig. 3c)
and hence decreased water uptake in rose plants (Raviv and Blom,
2001). In summary higher CU, in saline environments results from
increased sodium uptake rates in combination with reduced water
uptake rates (Fig. 3).

In modelling horticultural crops several approaches have been
proposed for nutrient and non-nutrient absorption. Most of them
are based on the concept of ion flux (Michaelis–Menten kinetics)
Fig. 5. The predicted uptake concentration (CU, a) and predicted EC value (b) are plotted ag

used for the calibration of the model.
(Silberbush and Lieth, 2004), nutrient tissue concentration
(nutrient demand strategy) (Mankin and Fynn, 1996) and relative
growth rate (relative addition rate) (Hellgren and Ingestad, 1996).
Such model approaches require the knowledge of plant biomass
production which would require destructive plant analyses or
models for calculating plant growth (Marcelis et al., 1998). In
contrast, the use of the uptake concentration enables the
estimation of ion uptake simply by measuring crop water uptake
which can be easily measured with a water meter or can be
estimated with mathematical models. Although the concept of
relating ion uptake only to water uptake (CU) is a simplification
that does not rely on a mechanistic approach, several researchers
have shown its importance and relevance in developing easy-to-
use empirical models for greenhouse nutrient solution manage-
ment (Carmassi et al., 2007; Savvas et al., 2005, 2007).

The current model is not able to simulate the effect of salinity on
plant growth or yield. However data collected showed a pattern of
decreasing stem elongation, dry matter production and leaf area by
increasing NaCl concentration, although the differences were not
significant (ANOVA, p = 0.05) between treatments (data not
shown). Cabrera (2001) and Cabrera and Perdomo (2003) found
no significant differences in terms of dry matter production until
30 mol m�3 of NaCl present in the nutrient solution, whereas Oki
and Lieth (2004) found a reduction of the stem elongation, but non-
significant dry matter variation when short salinity stress periods
were imposed on rose plants (cv. Kardinal).

3.2. Calibration

The model was calibrated on a total of 152 CU values measured
during the whole cultivation cycle in the four different salinity
treatments. Measured data were fit to Eq. (11) by employing non-
linear regression using SAS 9.0. In Table 1 parameters and constant
values used for running the model are reported as well as the main
statistical analysis results. The three sub-equations, used for the CU

computation, show a significant capability to fit the experimental
data (p < 0.0001). Analyses, for the three different sub-equations,
are reported in Fig. 4; a sensitivity analysis was calculated by
comparing SSQ (sum of squares) as parameters values were
changed by steps of �50, �25, 0, +25 and +50%. In agreement with
other authors (Yin et al., 2003), the coefficients of polynomial
equations rarely involve parameters which represent biological
behaviors or have biological meanings. Furthermore the developed
model shows an empirical nature, which suggest a mathematical
interpretation of the data presented in Fig. 4. Thus, these
parameters are part of a mathematical representation of a
ainst the respective measured values. Data are from the first greenhouse experiment



Fig. 6. Predicted and measured EC for the three different salinity treatments in the

growth chamber experiment which had been used for the model validation. Error

bars are not reported to avoid plot overlaps. The spikes of rapid decline in EC

represent solution refill.

Fig. 7. Predicted EC values are plotted against the respective measured values. Data

are from the second greenhouse experiment and the growth chamber experiment

used for the validation of the model.
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biological system and all of them are necessary for the correct use
of the model. Specifically the model is fairly sensitive to those
parameters involved in square terms (a1, a2, b4, l1), representing
intercept value (a2, a4, b6) or that take into account a negative x

sign (b2, b5).
The correlation between predicted data versus actual data is

shown in Fig. 5. Both predicted Na uptake concentration (Fig. 5a)
and predicted EC (Fig. 5b), versus the actual data, are significantly
correlated. Overall the model tends to underestimate EC at the
highest values, whereas it tends to overestimate when measured
EC is low.

3.3. Simulation and validation

In order to show the patterns of both predicted and measured
values Eq. (11) was used to calculate the CU (Fig. 2) of sodium. Then
EC values (Fig. 5b) were estimated by using Eqs. (1) and (4). The
model was able to predict accurately the CU value during the cycle,
showing the best results for sodium concentration averaging above
4 mol m�3. With regards to the lowest sodium concentration
treatment, there was a slight overestimation over the whole
cultivation period (Fig. 2). This is likely due to the fact that there are
not many calibration points for sodium concentrations below
4 mol m�3; for this reason, the model was forced to zero (no
intercept for salinity equation) as shown in Eq. (11). Our
assumption was that when the concentration of the sodium is
close to zero, plant sodium absorption is negligible. Moreover at
very low concentrations, the contribution of the sodium to the
nutrient solution EC value also becomes negligible. Overall, the
Table 2
Predicted and measured Na concentration and EC values for the second greenhouse ex

[Na] average in the

system (mol m�3)

[Na] at the time

n � 1 (mol m�3)

Measured [Na] at

the time n (mol m�3)

2.5 2.0 3.0 � 0.3

5.0 4.0 6.0 � 0.2

10.0 8.0 12.1 � 0.5
simulation well interpolates the experimental data giving an
accurate estimation of the EC value for all treatments as already
anticipated in the calibration description.

Because evapotranspiration is mainly influenced by global
radiation, as shown by Carmassi et al. (2007), it was of interest to
evaluate the model under environmental conditions different than
the greenhouse climate. To this extent, a growth chamber
experiment was used for the model validation. Fig. 6 shows, for
these experiments, a model simulation of EC for 1 week. Simulated
EC slightly underestimates the measured data. This is due to the
high growth chamber light intensity: when transpiration
increases, the model predicts higher sodium consumption and
hence a lower sodium accumulation which results in a lower EC
value in the remaining nutrient solution. However, the data
simulated show a similar pattern with the measured EC and the
interpolation results are reasonably acceptable. The measured and
predicted Na and EC levels in the nutrient solution are shown in
Table 2 for the validation experiment conducted in the greenhouse
in spring 2007. Simulated data show a high capability to estimate
sodium uptake and thus to predict the EC value at the end of the
experimental period. Even though sodium concentration in the
nutrient solution is below the lowest concentration level used for
the calibration of the model, data collected show a good fit
between predicted and measured data. This confirms that, the
mathematical strategy of forcing to zero the quadratic equation
(proposed to represent the relationship between CU and external
sodium concentration) increased the prediction accuracy of the
model. Finally, Fig. 7 reports all predicted data against measured
data originated from the validation experiments in terms of EC
contributed by Na+. The regression still shows a slight under-
estimation of the data and a small positive intercept was found.
periment used for the model validation

Predicted [Na] at

the time n (mol m�3)

Measured EC at the

time n (dS m�1)

Predicted EC at the

time n (dS m�1)

2.9 0.47 � 0.03 0.47

5.9 0.76 � 0.02 0.75

11.8 1.34 � 0.05 1.31
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Overall the model showed a satisfactory capability in the
validation experiment to interpolate and predict the sodium
uptake concentration and hence the contribution of sodium to the
EC increases in the nutrient solution remaining in the root zone.

4. Conclusion

To our knowledge this is the first study reporting sodium
uptake over the course of a rose crop cycle.

Our results are in agreement with other reports that, generally,
the increase of sodium concentration in the medium is positively
related to plant sodium absorption (Savvas et al., 2005, 2007;
Carmassi et al., 2007; Essah et al., 2003; Lorenzo et al., 2000). This
behavior can affect EC estimation of the recirculating nutrient
solution and ultimately the management of the nutrient solution.
Therefore, it is important to understand how sodium concentration
affects EC value in order to maintain the nutrient concentration in
the recirculating nutrient solution by optimizing the fertigation
system.

In recent years, EC level in the nutrient solution has become a
parameter of interest to manage hydroponic systems for rose
cultivation (Baas and van den Berg, 1999; Brun et al., 2001).
Depending on nutrient solution replenishment strategies and
procedures as well as water quality (Pardossi et al., 2006; Raviv
et al., 1998), the contribution of sodium to salinity and finally to EC
value can represent an appreciable component of the total nutrient
solution EC during the crop cycle; to this extent the model can be
an useful tool for growers in making decision.

The empirical model we presented predicts well the concen-
tration of sodium in the recirculating nutrient solution. The
integration of this tool in a nutrient solution DSS may allow further
optimization of nutrient and salinity management with regard to
sodium accumulation in the recirculating nutrient solution.
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