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Abstract: Successful upscaling of the direct measurement of evapotranspiration at in-

dividual plant level to canopy level with specific microclimatic conditions has recently

received considerable attention of scientific community. And since the knowledge of tran-

spiration is among important inputs of various experiments on solitary plant level the

paper employs the reverse approach – the downscaling from the canopy to individual

plant. The main task of the study is thus to compare Penman–Monteith method of

computing potential evapotranspiration with directly measured values of transpiration

of maize. Since the model deals with canopy level and the direct measurement is being

carried out on level of individual plants, this comparison answers the question if the time-

consuming and demanding measurement of transpiration on plant level could be substitute

by relative easily reachable model outputs. The results shown that evapotranspiration

of maize computed by Penman–Monteith model cannot be successfully downscaled back

to the solitary plant level. The correlation coefficient between these two data series for

three individual phenological stages vary from 0.5831 to 0.7803 (α = 0.01) while for whole

growing period regardless phenological stage is 0.6925 (α = 0.01). The directly measured

data of transpiration cannot by simply replaced by modelled data, but their application

after conversion using regression equations is possible with certain level of inaccuracy.

Key words: maize, sap flow, stem heat balance, transpiration model, the Czech Republic,
Penman–Monteith

1. Introduction

Changes in transpiration values, which are strongly dependent on meteo-
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Středová H. et al.: Could the directly measured data of transpiration . . . (33–47)

rological variables, are induced in accordance with the plant’s phenological
stage (Pivec et al., 2009), the water levels in the soil (Irmak and Mutiibwa,
2010) or the water potential of the leaves (Li et al., 2002).

Several methods have been used to determine transpiration from indi-
vidual plants, including tracer measurements for calculations of the sap flow
velocity and porometer measurements of leaf transpiration for estimation of
the stomatal conductance. Direct measurements of evapotranspiration with
using of weighing lysimeters or eddy covariance are difficult to install and
operate although they provide the most realistic and accurate data.

Transpiration is closely related to water flow in the xylem (sap flow).
Therefore, methods for the evaluation of sap flow may be used to measure ei-
ther the water consumption of plants (Bethenod et al., 2000) or the stomatal
conductivity at the leaf or plant level (Ewers et al., 2007). Methods for sap
flow measurement are based on the physical characteristics of water and em-
ploy the heat transferred by water contained in the xylem. The “heat pulse
method” involves measurement of the gradual speed of flow of a short pulse
of heat in the stem or trunk (Cohen et al., 1988; Green, 1993). The “thermal
dissipation method” is based on the difference between the temperature of
a heated indicator and another sensor, which is influenced by the rate of sap
flow (Granier, 1985). The “Stem Heat Balance” method SHB (Lindroth et
al., 1995; Smith and Allen, 1996; Kučera et al., 1977) involves direct elec-
trical warming of tissues and internal measurement of temperature. This
method may be applied to crops with larger stem diameters (Cohen and
Li, 1996), such as maize and sunflower (Ishida et al., 1991), oilseed rape
(Merta et al., 2001; Pivec et al. 2011) or cotton (Ham et al., 1990; Dugas
et al., 1994). The effect of soil water shortages on plant transpiration, as
evaluated by measuring xylem sap flow, has been described by Bethenod
et al. (2000), Jara et al. (1998), Gavloski et al. (1992) and Sameshima et
al. (1995), among others. Jara et al. (1998) confirmed that the sap flow
measurement method is able to detect differences in water consumption by
plants grown under different irrigation regimes as well as field conditions.
In short, several studies have shown that sap flow measurements with stem
heat balance methods agree well with the results of gravimetric techniques.
Sap flow measurement is therefore a suitable method for detecting changes
in transpiration at the plant level. Long-term sap flow measurements may
be used to help develop models of the (evapo)transpiration response to en-
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vironmental variables, as well as crop simulation models, irrigation models
etc.

Frequently used Penman–Monteith equation (e.g. equation with stomatal
conductance measurement; Zhang et al., 1997) pro various uses and various
plant species have been confronted with direct measurement of sap flow. A
fairly good match between calculated and measured results in terms of their
correlation is usually reported, except for several episodes. Nevertheless, the
Penman–Monteith model needs auxiliary sub-models or parameterizations
for the stomatal conductances and need local calibrations.

Plants are widely separated in many agronomic, agroforestry, horticul-
tural and forestry situations and are best considered as isolated plants or as
rows of plants. It is of practical and theoretical interest to understand the
controls on the transpiration rate of single plants. Models based on Mon-
teith (1965), including the Penman–Monteith equation as parameterized by
the FAO-56 bulletin (Allen et al., 1998) to compute grass reference evapo-
transpiration, being derived from canopy do not reflect the real situation of
solitary plant. It thus limits their relevance for detail experiments carried
out on solitary plant level, such as various laboratory or pot experiments.
Stand microclimate, mainly of dense seeded crops usually significantly dif-
fers from pot experiments climate (Středa et al., 2011; Krčmářová et al.,
2016).

To obtain the precise a detail data on transpiration (e.g. 10-minute inter-
val) in experiments on solitary plant level (not on canopy level) is necessary
to measure it in various regimes and sufficient number of plants due to stem-
to-stem variability in sap flow, preferably under standard stand conditions.
The sap flow measurement itself should also be accompanied with mea-
suring of many environmental and biological variables. Ideal is continuous
measurement throughout wide range of phenological stages, including the
generative period and senescence of the plant not only during short (several
days duration) periods.

The measurements of sap flow from individual stems need to be upscaled
with the using of sophisticated upscaling functions to derive the transpira-
tion of the entire stand. It is therefore of both scientific and practical impor-
tance to develop an accurate upscaling method for extrapolating measured
stem-level transpiration to the entire crop community (Duan et al., 2017).

A common approach to simulate crop evapotranspiration is the crop co-
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efficient technique presented in FAO-56 bulletin (Allen et al., 1998). Crop
coefficient curves can be developed as a function of time, plant growth stage,
thermal unit or growing degree days (GDD), and leaf area index or canopy
cover (Martel et al., 2018). To top it all there are inter varietal differences
of crop coefficient. It limits the relevance of the method for precise experi-
ments. For example Xu et al. (2018) found out seasonal crop coefficients at
initial stage, mid-stage and late stage 0.46, 1.53, 1.22 and 0.44, 1.40, 1.09 for
large-sized variety and small-sized variety of maize, respectively. It should
be taken more into account especially for sizing of irrigation, calculation
of water supply in the soil, crop growth models, crop yield models etc. In
addition, Anapalli et al. (2016) observed, that crop coefficients calculated
with measured evapotranspiration and the short grass or alfalfa crop refer-
ence evapotranspiration methods varied from year to year.

Nevertheless, Pereira et al. (2006) deployed concept, that if soil water is
not limiting, the transpiration will be conditioned by the leaf area without
the need of a crop coefficient. Canopy transpiration of irrigated orchard
apple trees, olives, grapevines, and an isolated walnut tree was reliably
estimated through the use of the conventional grass reference evapotranspi-
ration parameterized by the FAO-56 bulletin (Allen et al., 1998) corrected
only by the canopy leaf area.

Since detail transpiration measurement by stem heat balance method is
expensive and time-consuming method and at the same time the knowledge
of transpiration is among important inputs of various experiments on soli-
tary plant level there is the following question erasing: Could the modelled
evapotranspiration data on canopy level be successfully use for precise bio-
logical experiments on solitary plant level? By other words, could they be
successfully downscaled back to the plant level?

We should be aware, that in order to validate any model of (evapo)tran-
spiration by its direct measurements by lysimeters, evapometers and or by
stem heat balance sensors they must be placed in the same surrounding
canopy on sufficiently large piece of land. However the reverse approach i.e.
downscaling from the modelled canopy (evapo)traspiration to the solitary
plant level should not respect this condition, because the experiments on
this solitary level are being conducted beyond canopy (in pot experiments,
laboratories, driven environment in phytotrons etc.).
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2. Materials and methods

2.1. Experiment design

The experiment set comprised six particular plants of maize (line 2087 – the
breeding materials of CEZEA Čejč) in three different meteorological years
of the last decade. The years under investigation were selected in terms
of evapotranspiration demands of atmosphere expressed by vapor pressure
deficit (VPD): the year characterized by the highest values of VPD – “the
dry year”, the year with the medium values – “the normal year” and with the
lowest values – “the wet year”. The experiment itself was carried out using
outdoor pot trials in the climate conditions of South Moravia (the Czech
Republic). Six maize plants were sown in pot (size 0.4m2 and volume of
200 dm3). Based on pedological analysis and continuous monitoring of soil
moisture the available water holding capacity (AWHC) had permanently
been maintained on the level of 90% since BBCH 40 phase i.e. development
of harvestable vegetative plant parts (the BBCH scale is a internationally
recognized system for a uniform coding of growth stages of plant species;
Meier, 1997). Volume soil moisture [%] at the depth of 10–40 cm and soil
water potential [bar] were measured throughout the experiment.

2.2. Direct measurement of transpiration on the plant level (Ea)

Transpiration (Ea, mm.h−1) was monitored by continuous measurement of
xylemic sap flow in a 10-minute interval. The measurement system uses
the non-destructive method “Stem Heat Balance” (SHB). The measuring
system consists of a pair of thermocouples that are installed at a precise dis-
tance from each other on the plant stem. For plant species with a thin stem,
an external heater is used in the upper thermocouple, and the temperature
change is measured by an internal needle sensor in both thermocouples. At
the point of thermocouples the stem is insulated with a cylindrical seal all
over the perimeter. The entire system is protected from sunlight and rain
by an aluminum cover. The electronic system maintains a constant temper-
ature difference dT (while the power P is then proportional to the current
intensity) (Kučera et al., 1977; Ishida et al., 1991). The heat supplied to
the stem is drained by the flow of water in the xylem. At the same time,
heat losses occur though. These losses can be derived by measuring the cur-
rent transpiration flow under the rain or before the dawn and are included
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in the calculation equations. The values of the transpiration flow (Q) are
given in units [kg.h−1] and converted to a surface area of 1m2 (Ea, mm.h−1)
according to canopy density in the pot experiment. The plants from BBCH
60 (flowering) until BBCH 89 (full maturity) were measured.

2.3. Modelling of the evapotranspiration on the canopy level
(ETo)

At the effective height of the stand (i.e. 0.68× actual height with extreme
values of 0.53 to 0.86 (Mölder et al., 1999) solar radiation is transformed into
other kinds of energy (Hurtalová et al., 2003; Matejka and Huzulák, 1987;
Matejka et al., 2002), which has a significant impact on the temperature
and humidity regime. The following meteorological elements were measured
directly between plants at the effective height level, i.e. 0.68× plant height:

• Average relative air humidity [%];

• Average air temperature [◦C];
• Duration of solar radiation [hours];

• Average wind velocity [m.s−1].

Based on this data the daily values of reference (potential) evapotran-
spiration of maize canopy were computed according to Penman–Monteith
model (canopy parameters: height = 2m; albedo = 0.3; stomatal conduc-
tivity = 100m.s−1). Reference evapotranspiration was computed according
to FAO methodology (Allen et al., 1998) that is based on modified Penman–
Monteith equation.

Data sap flow, i.e. the intensity of transpiration and meteorological data
(average air temperature, average value of global radiation etc.), was always
evaluated only for the day-time from sunrise to sunset (diurnal data).

2.4. Data evaluation

The growing period was divided into three particular periods on the basis
of relative unique phenological phases:

• 1st period: BBCH 63–65 (flowering).

• 2nd period: BBCH 65–75 (full flowering – development of fruit).
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• 3rd period: BBCH 75–85 (ripening; BBCH 85 – kernels yellowish to yel-
low, about 55% dry matter).

3. Results and discussion

Average daily values, which create the basis of evaluation, were calculated
from continuously measured data. The following figures (Figs. 1–3) show
the both model (ETo) and measured (Ea) transpiration in terms of mete-
orological parameters: global radiation, vapour pressure deficit (VPD). It
was assessed separately for each year divided into the three periods with re-
gard to the different course of transpiration depending on the plant growth
phase.

Previous partial research of Klimešová et al. (2013) was focused on find-
ing out the degree of influence of key agrometeorological elements on tran-
spiration. Significant relationships among transpiration, global radiation
and air temperature were found.

Relationship between measured transpiration Ea and model transpira-
tion ETo was expressed by correlation coefficient. Correlation in first period
r = 0.936 (α = 0.01) for “the dry year”, 0.705 (α = 0.05) for ”the normal
year” and 0.935 (α = 0.01) for “the wet year”. In the second period r = 0.817

Fig. 1. Course of daily Ea and ETo (mm.h−1) and global radiation and vapor pressure
deficit (VPD) for three phenological periods in “dry year”.
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Fig. 2. Course of daily Ea and ETo (mm.h−1) and global radiation and vapor pressure
deficit (VPD) for three phenological periods in “normal year”.

Fig. 3. Course of daily Ea and ETo (mm.h−1) and global radiation and vapor pressure
deficit (VPD) for three phenological periods in “wet year”.

(α = 0.01) for “the dry year”, r = 0.750 (α = 0.01) for “the normal year”,
r = 0.924 (α = 0.01) for “the wet year”. In the third period r = 0.714
(α = 0.01) for “the dry year”, r = 0.869 (α = 0.01) for “the normal year”
and r = 0.531 (α = 0.05) for “the wet year” (combined Fig. 4).
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Fig. 4. Relationship between Ea and ETo (mm.h−1) for three individual phenological
stages in three years.
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Average Ea and ETo (mm.h−1) values from three-year period were eval-
uated for three phenological periods is shown in Fig. 5.

Fig. 5. Three-year average course of Ea and ETo (mm.h−1) and their average values for
three phenological periods.

Based on the regression dependence between modelled and measured
transpiration, the relationships (combined Fig. 6) and dependence rate (Ta-
ble 1) were derived.

Fig. 6. Relationship between ETo a Ea.
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Table 1. The conversion equations the level of significance.

conversion equation correlation coefficient (r)

year Ea = 0.6713 ETo− 0.0990 0.6925∗∗

1st period Ea = 0.9943 ETo− 0.1146 0.7124∗∗

2nd period Ea = 0.5739 ETo− 0.0795 0.7803∗∗

3rd period Ea = 0.1902 ETo + 0.0021 0.5831∗∗

∗∗statistically very significant (α = 0.01)

On the basis of conversion equation the modification of modelled values
for each phenological period was determined (Table 2).

Table 2. Conversion table between ETo and Ea (modification).

ETo
Ea

year 1st period 2nd period 3rd period

0.0 0.00 0.00 0.00 0.00

0.2 0.04 0.08 0.04 0.04

0.4 0.17 0.28 0.15 0.08

0.6 0.30 0.48 0.26 0.12

0.8 0.44 0.68 0.38 0.15

1.0 0.57 0.88 0.49 0.19

The applicability of a lot of alternative models for evaporation and tran-
spiration calculation is usually restricted to specific geographical locations
and climatic regimes, because their parameters are derived from experi-
ments employed at the local scale (Tegos et al., 2013).

The Penman–Monteith (PM) model and the Direct Method (DM) model
are two of the most widespread transpiration models. Penman–Monteith
model was primarily developed for crops grown in open field conditions. For
each model, the values of meteorological variables such as air temperature,
air humidity, solar radiation, as well as key plant characteristics, (e.g. leaf
temperature for DM model) are needed to estimate crop transpiration.

According to Morille et al. (2013) study focused on usage of the PM
model, the location of the meteorological parameters used to implement
the model is a key factor that affects the results. The study demonstrates
that the temperature and humidity considered in the PM model should be
taken inside the crop and not above the crop, leading to a so-called PM-Like
(PML) model. The PM-Like and the DM models, in a one-layer configura-
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tion, give similar results and are in agreement with actual measurements.
The PM model could even be successfully applied under greenhouse con-
ditions, provided that some adjustments are made (thus defining the PM-
Modified model).

The necessity of modifying the model is also desirable on the basis of
proven differences in meteorological data measured at a standard climatic
station and in a canopy, resp. monitoring of microclimate and microclimate.
Krčmářová et al. (2016), who, among other things, investigated the rela-
tionship between the relative humidity in the wheat canopy and calculated
or measured meteorological values pointed out the necessity of continual
canopy microclimate monitoring as well as complicatedness of canopy mi-
croclimate modelling. The prediction of air humidity in a wheat canopy
cannot be based on data measured at standard climatological stations, as
it has not been proven that there is a statistically strong dependence.

4. Conclusion

One of the most used transpiration model are Penman–Monteith model
that was primarily developed for crops grown in open field conditions. In
addition to the models, transpiration can be determined by direct measure-
ment. However, these measurements are very technically demanding. The
main task of the paper was to compare Penman–Monteith modelled values
of evapotranspiration with directly measured transpiration values of the pot
maize experiment.

Measuring of transpiration flow (sap flow) is a possible method for flow
water quantification by plants in dependence on environmental factors while
respecting the microclimatic specifics With regard to the phenological de-
velopment of crops, it is appropriate to divide the growth period into partial
periods.

The results show that it is not appropriate to use modelled values for
single plant experiments without modification. Nevertheless, the conver-
sion of the modified modelled values to single plant level is possible with
statistically very significant level of reliability.

Since the conversion equations provided by this paper were derived from
the pot measurement they can only be successfully used for the experiments
carried out beyond canopy.
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Středová H. et al.: Could the directly measured data of transpiration . . . (33–47)
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Středa T., Středová H., Rožnovský J., 2011: Orchards microclimatic specifics. In: Šǐska
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