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ABSTRACT

The uptake of water from the roots of crops comes to being a physiological response of the plant to
the water loss process through its stomata. Getting to know the daily transpiration rates throughout the
phenological cycle allows for the application of the ideal amount of irrigation water at the right moment
to maximize production with environmental protection. Since transpiration direct measurements at
the field, mainly for trees in general, are to be of operational difficulty and relatively high cost we
came up with a methodology that allows one to calculate the daily transpiration rates of apple trees
and citrus orchards from variables of both the physical environment and the crop. The input data of
the proposed model are air temperature, air relative humidity, photoperiod duration, and leaf area.
Estimated transpiration rates based on the water potential gradient between the air and leaf approach
were comparable in apple trees and citrus orchards. Sap flow daily values were obtained by means
of the heat balance method at Bordeaux, France, and Piracicaba, SP, Brazil. All the coefficients of
determination of the regression equations obtained herein were higher than 0.93. This allows one to
calculate the amount of irrigation water to be applied throughout the crop growing seasons with a
high precision as a function of meteorological data and crop covering density at the sites in the study.
Keywords: modeling, water consumption, chemical potential, diffusive resistance, woody crops,
weather, meteorological data, irrigation planning.

RESUMO: TRANSPIRACAO DE MACIEIRAS E CITROS IRRIGADOS A PARTIR DO
GRADIENTE DE POTENCIAL AGUA NO SISTEMA FOLHA-ATMOSFERA

A tomada de agua pelas raizes de espécies vegetais cultivadas vem a ser uma resposta fisiologica da
planta ao processo de perda de agua através de seus estdmatos. Conhecer a transpiragao possibilita a
determinag¢@o da quantidade ideal de agua a ser aplicada no momento certo com vistas a maximizagao
da produgdo com prote¢do ambiental. Como a medida direta da transpiragdo no campo, principalmente
em arvores, constitui procedimento que envolve dificuldade operacional e custo relativamente elevado,
propos-se neste estudo uma metodologia de calculo da transpiragdo diaria de macieiras e citros a partir
de variaveis do meio fisico e da planta. As variaveis de entrada do modelo proposto compreendem a
temperatura do ar, a umidade relativa do ar, a duragdo do fotoperiodo ¢ a area foliar da arvore. Taxas de
transpirag@o estimadas com base no gradiente de potencial da dgua entre o ar atmosférico ¢ a cdmara
estomatica das folhas foram comparadas com valores diarios de fluxo de seiva de macieiras ¢ citros
determinados através do método de balango de calor nas regides de Bordeaux, sudoeste da Franga,
¢ de Piracicaba, SP, Brasil. O método apresentou estimativas altamente comparaveis as medidas de
fluxo de seiva em pomares de macieiras e citros irrigados por gotejamento, visto que os coeficientes
de determinagdo das equagdes de regressdo obtidas foram superiores a 0,93, podendo-se inferir que
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a lamina de irrigacdo a ser adotada durante o ciclo de desenvolvimento dessas espécies frutiferas
pode ser estimada com elevada precisdo a partir do conhecimento do regime vigente de elementos

meteorologicos e da densidade de cobertura vegetal.

Palavras-chave: consumo hidrico, resisténcia estomatica, macieiras, citros, tempo meteorologico.

1. INTRODUCTION

The transpiration of crops is a variable depending on the
climate, soil and plant with direct measurements at the field of
operational difficulty, mainly for trees in general. Valancogne and
Nasr (1993) showed that when apple trees of a small height do not
experience water deficiency in the soil, the sap flow determined
by the heat balance method might depict very well the daily
transpiration rates. Besides the great validity of the methods
based on the supply of heat to the branches of trees such methods
feature certain restrictions under uneventful usage in orchards of
wood crop species. For practical applications the utilization of
estimation methods of transpiration rates that take into account
meteorological elements and crop parameters, such as leaf area
or leaf area index, is considerably desirable in scientific studies.

The Penman-Monteith equation has been adapted for
the calculation of transpiration from leaves and is generally
used for the estimation of apple trees transpiration rates. The
application of such equation requires not only meteorological
data collected at the ambient of the crop in study (net radiation
at the dossel level, air temperature and water vapor saturation
deficit, wind speed) but also assessment of crop variables, such
as conductance to diffusion of water vapor through the stomata
and aerodynamic conductance, which are difficult to determine
(Villa Nova et al., 2002).

The heat balance has been widely utilized in studies that
deal with water relationships of woody crop species, such as apple
trees (ValancoFne and Nasr, 1993; Weibel and de Vos, 1994,
Angelocci, 1996), peach trees (Shackel et al., 1992), pecan trees
(Steinberg et al., 1990), coffee trees (Gutiérrez et al., 1994; Marin,
2003), grape (Braun and Schmid, 1999) and young plants of citrus
(Trejo-Chandria et al., 1997; Marin et al., 2003; Coelho Filho et
al., 2005). The literature reports that the outcomes from the heat
balance approach are usually comparable to those obtained with
weight lysimeters, since the lysimetry itself constitutes a precise
technique for determining evapotranspiration and transpiration
of cultivated species. Coelho Filho et al. (2005) reported that the
measurements of transpiration rates obtained by both evaluation
methods of water consumption throughout a span varying from
30 minutes to 24 hours have indicated differences lower than
10%. Transpiration rates determined by the heat balance method
can also be comparable to measurements obtained by dynamic
equilibrium porometers. According to Angelocci (2001), the
porometric measurements present two basic problems: a) one

related to the environmental condition because during the
measurement procedure, the sampled leaf remains within the
porometer chamber and is exposed to conditions that differ
from those of its natural environment, especially concerning the
wind speed; b) other, evidences that a high spatial variability of
porometric measurements are a result of the heterogeneity of
stomata conductance at certain spots on an isolated leaf.

Important advances in several fields of agronomical
research have been achieved related to quantifying the water
consumption of isolated trees at variable temporal scales by
means of the heating technique of a segment of branch or stem
provided by a heat source. Morpho-physiological characteristics
of the crop in study, environmental conditions not related to its
proper operation and care during the installation of the sensors
are currently well known and allow one to obtain reliable data.
While the heat balance approach is of some benefit in research
and development; it still seems to be inadequate for usage on
a large scale because of the difficulties involving practical and
operational aspects, analysis and data processing being the main
obstacles for its generalized application (Marin et al., 2008).

Thus, we propose a new methodology for the calculation
of daily transpiration rates of apple trees and citrus orchards from
the following meteorological elements and crop parameters: mean
air relative humidity, mean air temperature, photoperiod duration,
and leaf area of the tree. The proposed approach dismisses
the utilization of the conductance to diffusion of water vapor,
aerodynamic conductance and net radiation at the dossel level and
is the basis for the existing differences between water potential
in the atmospheric air and within the stomachic chamber of the
leaves. Such a gradient is the driving-force of the transpiration
process. Its utilization as a tool for the maximization of yields with
a better reclamation of the water resources under drip irrigation
system in orchards was tested as to its viability, taking into
consideration the data of sap flow collected by Angelocci (1996)
in apple trees, as well as by Marin (2000) in citrus orchards under
distinct climatic conditions.

2. MATERIAL AND METHODS
2.1 Conception of the proposed methodology

By taking into account that the water vapor potential in
the atmosphere (V) might be defined in compliance with the
equation proposed by Villa Nova et al. (1996):
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RH Leaf area (LA) was measured by means of a LICOR
W =4.55%T* L”( 100) M leaf area measurer, model 320-SE, for both crop species at the

where: T = absolute air temperature (Kelvin); RH = air relative
humidity (%).

Equation 1 defines the value of potential energy of the
water vapor per unit of volume of atmospheric air. Considering
that 1 atm = 98.1 Joule meter™ of wet air and substituting such
unit conversion factor for (1), we will have:

AV =446*T* Ln R (@)
100

In Equation 2 AW expresses the value of Gibbs free
energy per unit of volume of atmospheric air available to
stomachic transpiration. Supposing that the dossel of the crop has
a stomachic resistance Rs (s m™) and taking into consideration
the latent heat for water evaporation corresponding to 2.45x10°
Joule liter !, the daily transpiration rate calculated in liters per
tree per day (TC) will be defined by:

446*T*Ln(f(§l)j*N*3600*LA
TC = g )
Rs*2.45%10
Or simplifying,
0.655*T* Ln RH *N*LA
100
TC =— (4)
Rs

where: LA is the leaf area of the tree in squared meter per
plant, N is the photoperiod duration in hours, and 3600 is the
conversion factor of N in seconds.

2.2 Experimental data

Transpiration rates were measured by means of the heat
balance approach for both crop species considered in the current
study. For citrus, the experimental data was collected by Marin
(2000) in irrigated orchards with foliar surfaces of 99 and 48
m?, under a spacing of 8.0 x 5.0m with sowing performed at the
beginning of January (rainy season) throughout the year of 1999
in Piracicaba, SP, Brazil. For apple trees, the experimental data
with regard to the measured transpiration rates was collected
by Angelocci (1996) in southern France for different growing
seasons of the years 1988 and 1989 in irrigated orchards with
leaf areas of 4.7; 7.8; 9.3: 11.3: 15.7 and 20.6 m>.

aforementioned localities.

An automatic weather station from Campbell Scientific
Inc., along with a CR1000 datalogger and accessories, model
INST-PACK, was installed at the citrus and apple tree orchards
aiming at the monitoring of all meteorological elements
throughout the crop growing seasons of particular interest at the
regions in study. Daily mean air temperature (°C) and relative
humidity (%) were measured by sensors based on the electric
thermal effect (sensors of temperature and relative humidity
Vaisala with a 10-plate meteorological shelter, model HMP45C-
L12-GM). The photoperiod duration (N), in hours, the semi-arc
from the meridian crossing to the sunset (H), in degrees, and the
solar declination, in degrees, were calculated by the expression
employed by Pereira et al. (2003).

The crop resistance (Rs, in s m™") was obtained by Equation
4, isolating Rs and substituting TC (liters tree”'day™") for measured
transpiration values of citrus and appletrees (TM, inliters tree™ day™).

2.3 Statistical analysis

The relationship between calculated values of Rs for
both citrus and apple trees under local climatic conditions
and measured values of RH has been attained herein for
the proposition of the regression model faced with a simple
regression study. Thus Rs presented in Equation 4 was substituted
for the mathematical function that sets up a relationship between
the diffusive resistance of the stomata to the water loss process
and the saturation degree of the atmospheric air. The validation
of the methodology in study has been assessed by means of a
comparison between measured and calculated transpiration rates,
taking into account an independent series of data. The accuracy
of the estimation equations obtained was expressed by the
coefficient of determination (R?) (Legates and McCabe, 1999).
Its exactness might be observed by the dispersion of the data
around the fitted line of the estimates in a 1:1 graphic, which was
quantified through the agreement index (d) proposed by Willmott
et al. (1985), once the values of coefficients of correlation and
determination analyzed separately can lead to interpretations
not always suitable for the performance of the studied model.

In this paper, a new index ¢ proposed by Camargo and
Sentelhas (1995) was also adopted to indicate the performance
of the model, putting together the accuracy R and exactness
d indices, being defined by the multiplication between both
indices.

In order to evaluate the error of estimates two statistical
parameters were calculated, such as the mean absolute
percentage error (MAPE) and smoothed absolute percentage
error (SAPE), as described by Goodwin and Lawton (1999).
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3. RESULTS AND DISCUSSION

The results of transpiration rates of apple trees
(Angelocci, 1996) for five trees with different leaf areas
throughout the crop growing season of 1988, as well as for four
trees with different leaf areas in 1989 are shown in Tables 1 and
2, respectively. Daily mean data of air temperature (T, °C) and
air saturation deficit (Ae, kPa) for some days of the selected
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years (DJ) were also reported.

3.1 Estimation of the values of stomachic resistance

of apple trees
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The estimates of the stomachic resistance of apple tree
leaves were obtained from the Equation 4, according to 12
dates selected from the years 1988 and 1989, as a function of
the available data set collected at the studied site. Daily data
of air saturation pressure deficit (Ae, kPa), mean air absolute
temperature (T, Kelvin), mean relative humidity (RH, %), day
length or photoperiod duration (N, hours), transpiration rate
measured by the heat balance approach (TM, L tree 'day™),
leaf area (LA, m?) and dossel stomachic resistance (Rs, s m™")
are presented in Table 3 for the considered dates.

It is recognized that Rs is highly dependent on the
atmospheric demand, which is a function of the relative humidity

Table 1 — Meteorological data and transpiration rates measured (TM, L tree”!' day™') by the heat balance method in apple tree orchards at Bordeaux,
southwestern France, throughout the crop growing season of 1988.

Meteorological Tree 1 Tree 2 Tree 3 Tree 4 Tree 5
data

DJ ™t Ae | LA=93m’ | LA=113m’ | LA=47m’ | LA=75m’ | LA=8.1m’

€O | (a) ™ ™ ™ ™ ™
184 | 168 | 0.15 73 8.9 3.7 59 6.4
188 | 193 | 036 151 183 76 1.2 132
191 | 195 | 0,64 153 186 77 123 -
192 | 213 | 0.83 178 207 9.0 144 -
198 | 176 | 054 128 156 65 10.4 1.2
199 [ 19.1 | 0.70 16.0 95 8.1 129 140
200 | 205 | 075 16.6 202 8.4 13.4 145
201 | 219 | 078 128 155 65 103 111
203 | 222 | 054 140 17.1 71 113 122
205 | 234 | 050 10.9 132 55 838 95
206 | 19.1 | 0.62 150 182 76 121 13.0

DJ is the number of days computed since the first of January up to the completion date.

Table 2 — Meteorological data and transpiration rates measured (TM, L tree”! day™") by the heat balance method in apple tree orchards at Bordeaux,
southwestern France, throughout the crop growing season of 1989.

Meteorological data Tree 1 Tree 2 Tree 3 Tree 4

DJ x Ae LA=206m" | TA=157m’ | LA=47m’ | LA=75m’

(W) (kPa) ™ ™ ™ ™
182 20.7 0.65 369 28.1 14.0 8.6
184 19.7 1.01 54.1 41.2 20.5 12.6
185 22.5 1.41 57.6 439 21.8 134
187 21.8 0.58 32.8 25.0 124 7.6
190 19.4 0.29 15.4 - 5.8 3.6
191 20.6 0.51 29.4 224 11.1 6.8
192 20.5 0.74 38.9 29.7 14.7 9.1
193 21.6 1.05 47.5 36.2 18.0 11.1
194 219 1.15 51.8 39.5 19.6 12.1
195 20.8 0.73 359 274 13.6 84
197 239 1.88 59.7 455 22.6 13.9

DJ is the number of days computed since the first of January up to the completion date.
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(RH). Thus the drier the air is the greater the resistance offered
by the stomata to the water vapor diffusion into the atmosphere
will be (Figure 1). The relationship between the Rs and RH
might be expressed by the following simple linear regression,
associated with a coefficient of determination of 0.96.

Rv=1230.6-9.636*RH ®)

3.2 Estimation of the values of stomachic resistance
of citrus

The results of citrus transpiration rates measured by
the heat balance method for each day of the selected years
(TM, L.tree'.day™!) by Marin ez al. (2003), daily mean air
temperature, photoperiod duration, daily mean relative humidity,
leaf area of the trees and stomachic resistance (Rs, s m™') are
shown in Table 4.

The values of Rs were obtained from Equation 4 for
the selected periods, taking into consideration a range of daily
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Figure 1 — Relationship between resistance to the diffusion of water
vapor through the stomata and relative humidity in apple tree orchards
located in Bordeaux, southwestern France.
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mean RH varying from 62 to 96 %, as well as the daily mean
values of T, N, LA and measured transpiration rates for the
corresponding dates.

As it was expected, low values of RH increase the
gradient value of ¥ between the atmosphere and the stomachic
chamber of the leaves (AW). As the theory demonstrates, high
evaporative demands of the atmosphere determine a greater
stomachic control of the leaves. The analysis on the relationship
between the stomachic resistance of citrus and relative humidity
revealed a strong correlation degree between both variables for
the studied climatic site (Figure 2). The regression equation
obtained was the polynomial kind, which showed a high
precision given by a coefficient of determination of 0.996.

Rv=0.563*(RH )’ ~117.57*(RH)+62842  (6)

3.3 Estimation equations of transpiration rates of
apple trees and citrus

— 1500 1
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Figure 2 — Relationship between resistance to the diffusion of water
vapor through the stomata and relative humidity in citrus orchards
located in Piracicaba, SP, Brazil.

Table 3 — Meteorological elements and crop parameters employed on the calculation of stomachic resistance (s m™") for twelve selected dates (DJ)
throughout the years of 1988 and 1989. Experimental data collected at the southwestern France by Angelocci (1996).

DJ T N RH LA ™ Rv
(K) (hours) (%) (m?) (L tree’ d™) (sm™)
184 289.8 15 92.0 9.3 73 302
188 292.3 15 75.0 9.3 15.1 509
191 292.5 15 73.0 9.3 15.3 550
198 292.1 15 68.3 9.3 12.8 572
200 293.5 15 68.9 9.3 16.6 602
205 296.4 15 82.6 9.3 10.9 475
185 295.5 15 48.0 20.6 57.6 761
187 294.8 15 78.0 20.6 317 542
191 293.6 15 79.0 20.6 29.4 476
192 293.5 15 69.2 20.6 38.9 562
193 294.6 15 59.3 20.6 475 656
194 294.9 15 56.2 20.6 51.8 664
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Table 4 — Meteorological elements and crop parameters employed on the calculation of resistance to the diffusion of water vapor in citrus orchards
for nine selected dates in 1999. Experimental data collected by MARIN (2000) at Piracicaba, SP, Brazil.

DJ T N RH LA ™ Rv
(K) (hours) (%) (m?) (L tree' d™) (sm™)
15 298.7 13.27 91 99 91 250
16 299.5 13.26 87 99 112 320
19 300.6 13.22 81 99 118 460
20 299.2 13.19 76 99 121 610
22 298.2 13.18 62 99 101 1180
23 297.8 13.16 65 99 105 1040
28 297.2 13.09 69 99 107 870
31 298.4 13.02 77 99 122 580
32 293.5 13.00 96 99 29 170

From Equations 4 and 5 we formulated the equation on
a daily basis for determination of the calculated transpiration of
apple trees (TC), which has the following predictor variables:
mean relative humidity, mean air temperature, photoperiod
duration and leaf area of the tree. Thus, we have:
0.655*T*Ln(RH)*N*LA
100

C = (M
1230.6-9.636* RH

Rearranging Equations 4 and 6 we calculated the
transpiration rates of citrus plants by means of the following
expression:

0.655*T* Ln Ri *N*LA
100

1C=

- (®)
0.563*(RH)’ —117.57*(RH )+ 6284.2

Correlation studies between the transpiration rates
of citrus plants, measured by the heat balance approach and
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Figure 3 — Comparison between transpiration of citrus plants
measured by the heat balance approach and transpiration calculated
by the proposed methodology at Piracicaba, SP, Brazil, considering
an independent data series.

estimated by the proposed methodology (Figure3), demonstrated
a strong relationship between both variables of the regression
model.

The relationship between the transpiration calculated
by the methodology in study (TC) and measured by the heat
balance method (TM) throughout two crop growing seasons in
France is shown in Figure 4. Such relationships reveal the high
precision of the model proposed for the purpose of localized
irrigation planning in apple tree orchards.

The coefficients R? and r indicate the degree of accuracy
of a particular model; however do not reveal the true exactness
of the model (Pereira et al., 2003; Pereira and Villa Nova,
2008). The agreement index (d) greater than 0.95 indicated a
high exactness, being in consonance with the d values found by
Pereira et al. (2003) and Legates and McCabe (1999), as well
as above the acceptable lower limit of 0.75 as recommended
by Robinson and Hubbard (1990). The index ¢ has assumed the
values 0f 0.96, 0.92 and 0.98 for the sites and crops reported in
Figures 3 and 4, showing an excellent performance, according to
the interpretation criterion of the performance models presented
by Camargo and Sentelhas (1995). It is possible to verify
that both accuracy, given by the trend line and the exactness
demonstrated by the dispersion of the data around the fitted line
of the estimates were satisfactory.

The values obtained for citrus concerning the error of
estimates expressed by the MAPE and SAPE were of 7.4 and
8.0 %, respectively, confirming the viability of the method
proposed to estimate the transpiration rates in citrus orchards
at the studied site by means of the Equation 8. MAPE and
SAPE values for apple trees throughout the growing season of
1989 were similar to those obtained for citrus (8.3 and 8.3%,
respectively) and a bit higher for the year of 1988 with values
corresponding to 13.1 and 12.0%, respectively. Such statistical
parameters reinforce the feasibility of the proposed method for
the crop and location illustrated in Figure 4.

With the advent of charging for water utilization and
with the increase of the relation demand/offer, faced with the
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Figure 4 — Comparison between transpiration of apple trees measured by the heat balance approach and transpiration calculated by the proposed
methodology at Bordeaux, France, throughout the growing seasons of 1988 and 1989, considering an independent data series.

increment of this irrigation practice at large areas of the National
Territory, the localized irrigation system has been becoming
more and more important in the development of irrigated
agriculture. Under a condition of 178 trees per hectare grown
with a spacing of 7 x 8 m, citrus tree, cultivar Tahiti, with an
area leaf of 90 m?, requires an amount of water around 100
liters per day (Marin, 2000; Marin et al., 2003). Thus, for one
hectare of citrus orchard we would have a water consumption
corresponding to 17,800 L.ha"'day!. By a conventional
sprinkling irrigation system a usual water amount of 5 mm.day™!
would result in a water consumption of 50,000 liters per day,
corresponding to about 2.8 times more in relation to the demand
of localized irrigation systems.

Faced with the outcomes obtained herein, the proposed
methodology developed for quantifying the water requirements
of the studied woody crops has shown to be rather feasible
concerning its utilization. However, further field trials must be
carried out to consolidate the methodology in study under other
local climatic conditions and agronomic crops.

The application of the methodology is straightforward
and can be seen as a great contribution for the calculation of
localized irrigation of citrus and apple tree orchards. This allows
for significant water savings, which is more and more necessary,
given the increasing demand on such natural resources in
Brazilian Fruit Crop Science. However, it is appropriate to
stand out that the aforementioned methodology needs a local
calibration so that it might be employed under climatic conditions
and crops quite different from those assessed in the current study.

4. CONCLUSIONS

It is possible to estimate with a good reliability the daily
sap flow or transpiration rates of citrus plants and apple trees
as a function of mean air temperature, air relative humidity,

photoperiod duration, air saturation deficit and leaf area under
irrigation regimes.

The proposed methodology needs to be calibrated, taking
into consideration initial measurements of daily sap flow from
trees with different sizes of other woody crop species under
several local climatic conditions.
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