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Advanced techniques using the plant as indicator of irrigation management
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ABSTRACT

The methodologies which are considered the most
promising forirrigation management are those based on the analysis
of the water status of the plants themselves. This justifies the study
and improvement of indicators based on automatic and continuous
measures to enable real-time monitoring data, as indices from sap

flow, dendrometry and leaf turgor pressure techniques. The aim of

this paper is to analyze such methodologies in order to demonstrate
their principles, advantages and challenges. In conclusion, the
methodologies analyzed still have many technological advances
and challenges before being presented to the final user. The future
research should work these tools for elaboration of technical

indexes that allow their simplification, on the instrumental point of

view, and the interpretation of their results.
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RESUMO

As metodologias que se apresentam como as mais
promissoras para o manejo de irriga¢do sdo aquelas baseadas na
andlise do status hidrico das proprias plantas. Isso justifica este
estudo e o aprimoramento de indicadores baseados em medidas
automadticas e continuas que permitam acompanhamento em tempo
real dos dados, como os indices provindos das técnicas do fluxo
de seiva, dendrometria e da pressdo de turgescéncia foliar. Nesse
sentido, esta revisdo se propéem a analisar tais metodologias de
maneira a demonstrar seus principios, vantagens e desafios. Como
conclusdo, tem-se que as metodologias analisadas ainda tém
diversos desafios tecnologicos para serem apresentadas de maneira
satisfatoria ao usudrio final. As pesquisas devem trabalhar estas
ferramentas para elaborag¢do de indices técnicos que permitam
sua simplifica¢do, tanto do ponto de vista instrumental, quanto

para a interpretag¢do dos seus resultados.

Palavras-chave: fluxo de seiva, dendrometria, pressdo de
turgescéncia foliar.

INTRODUCTION

Irrigation scheduling is often carried
out based on soil water balance, in which
evapotranspiration is estimated by using reference
evapotranspiration and crop coefficient, according
to the procedure proposed by FAO (ALLEN et al.,
1998). This protocol, despite being widely spread,
presents some uncertainty, especially when it comes
to cultivation of isolated plants. In the case that the
irrigated plant is considered in isolation, such as in
an orchard, for example, the biggest problem is to
determine the volume of water to be applied (ROJAS
and ANGELOCCI, 2000) for each time period and
the moment it should be applied. This is due to the
little knowledge about the amount of water used by a
plant during its transpiration with the soil in excellent
water conditions (ROJAS and ANGELOCCI, 2000).

There are some techniques to determine
water consumption by an individual plant. In the
search for a rational irrigation management, new
techniques to detect water deficiency in plants
are being developed (SOUZA, 2009). The most
promising methodologies are those based on the
plant itself because they were more efficient than
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the techniques that utilize environmental factors on
water deficit indication (REMORINI & MASSAI,
2003). Plant indicators have been used, primarily in
research, as methods for estimating water stress; and
their practical applications in irrigation management
are still being developed (NAOR and COHEN, 2003).

Plant indicators that are traditionally
used for irrigation scheduling that can be mentioned
are: branch growth, leaf and stem water potential,
and stomatal conductance (GOLDHAMER et al.,
1999; REMORINI & MASSAI 2003; NAOR,
2006). These methodologies present limitations for
irrigation schedule, highlighting the use of measures
that cannot be automated because they result from
labor-intensive and discontinuous processes.

This justifies the study and improvement
of indicators based on automatic and continuous
measures, to allow real-time monitoring of data. Among
these new indicators, we can highlight measures based
on sap flow, on trunk diameter variation and on leaf
turgor potential. In this context, this review proposes
to examine these automated indicators methods,
demonstrating their advantages and challenges.

Sap flow: different methodologies

Most of the studies on transpiration of
plants is based on methodologies of heat supply to the
stem (BURGUESS & DAWSON, 2008; CERMARK
et al, 2004),which presupposes the equivalence
between the xylematic flow and leaf transpiration
flow, in daily scale. SILVA (2008) reported that there
are various techniques for obtaining sap flow and they
can be separated into three groups. The first is the
heat pulse method, which tracks the movement of a
short heat pulse in the sap flow; the second is the heat
balance method, which measures the sap movement,
by heat transport, out of a controlled heat source; and
the third method is the thermal dissipation, which
reports the heat dissipation by sap flow through an
empirical relation.

FERNANDEZ et al. (2001) examined
the robustness of sap flow technique by heat pulse
method, and it was considered, by the authors,
suitable for estimating the dynamics of transpiration
changes in the water behavior of trees. SANTOS et al.
(2005) tested the heat pulse method for grapevine and
concluded that the method can be used satisfactorily
with instrumentation based on low-diameter and low
heat supply sensors to mark sap flow.

Heatbalance technique consists of applying
heat around the circumference of the stem by a heat
source. The mass flow of sap is obtained through the
balance of the heat flows into and out of the heated

section of the stem (SILVA, 2008). The heat balance
method stands out in front of the other techniques
for being an absolute and non-invasive method that
requires no calibration procedures and involves
relatively simple equipment, being the construction
of sensors relatively easy and inexpensive (MARIN
et al., 2008). However, the same authors ponder that,
although easy handling and installation, there is a
need for evaluation of measures quality for obtaining
accurate data, and this practice is hard to be made,
mainly in field conditions and in large plants.

GRANIER (1985) proposed the thermal
dissipation method which allows one to determine
the amount of water used by each plant for a certain
period of time, through a xylematic flow monitoring.
Assuming that most of the water carried through
xylem is used in transpiration, it is possible to quantify,
indirectly, the total amount of water transpired by the
plant. The thermal dissipation method for measuring
the xylematic Sap flow consists of a probe made up
of two stainless steel cannulas inserted into the plant
stem, with 3-cm length and 2-mm diameter, lined up
vertically at a distance of approximately five inches.
The use of the method of GRANIER (1985) has been
observed in several studies and cultures (PIMENTEL
et al., 2010; ROJAS et al., 2006).

Water consumption from sap flow data

According to RAMOS & SANTOS (2009),
the estimation of orchard water consumption, based
on SAP flow measures or on any other methods, in
individual trees, requires the expansion of data. These
authors studied the relation between transpiration data
obtained through the sap flow and water levels in the
soil, obtaining water stress indices. LURBE (2013)
cites that the use of sap flow methods is particularly
suitable for studies on water deficit because this
methodology may help to quantify both transpiration
reduction and water stress level reached by the plant.
FERNANDEZ et al. (2007) mention that the relative
transpiration, obtained from the relation between
tree sap flow in water deficit and well irrigated trees,
has been discussed during the latest decades as an
indicator of water stress. These authors have assessed
the potential of sap flow measures for the use of high
frequency irrigation management in vine and other
fruit trees. They found that the method of relative
transpiration was a good indicator of the right moment
for irrigation. However, these authors stated that the
use of this type of approach in a commercial orchard
may not be practical due to problems associated with
irrigation management, as for example, the excessive
vegetative growth of plants used as reference.
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ORTUNO et al. (2006) analyzed water
stress detection in lemon, and they found that sap
flow rates decreased progressively with reduced
levels of water in the stressed plants. However, after
rehydration, the sap flow values increased, getting
close to the flow values of non-stressed plants.
PONS et al. (2008) found that the sap flow measured
in the evening is a good indicator of plant water
condition in vines and it correlates very well with
the stomatal conductance, and can be successfully
used for irrigation management. FERNANDEZ et al.
(2008a) declare that sap flow measures can be used
for determining in situ water consumption of plants,
and these systems are easily automated, obtaining
satisfactory results to estimate transpiration.

FERNANDEZ et al. (2008b) developed
and tested an irrigation automatic control system
for fruit tree orchards. This device calculates water
demand from sap flow readings in the trunk of the
trees at the end of each day. The authors found that
the system was capable of filtering and amplifying
tensions of heat-pulse velocity probes to calculate sap
flow data, obtaining the daily amount of irrigation
water for orchards according to a specific protocol for
the culture.

However, for SILVA (2008), sap flow
measure in the field for purposes of irrigation
management, with the existing equipment on the market,
is a methodology that still has technological challenges
to overcome, due to its high cost and sophistication. The
same author studied the use of sap flow as an indicator of
water stress in coffee and the elaboration of a simplified
sensor model. With this research, the author concluded
that the results obtained from the relation between sap
flow and evapotranspiration indicated that this method
can be employed as a tool to estimate the transpiration
of coffee tree.

Use of dendometry in order to obtain crop water status

Dendrometry is based on the monitoring
of changes in dimensions of plant organs in response
to their water balance, and the use of the trunk or
branches variations is more common. There are
several works that mention this technique as promising
for he irrigation management (PUERTO et al., 2013;
ORTUNO et al., 2010; ORTUNO et al., 2006).The
use of a very sensitive apparatus is necessary, once
the variation in trunk diameter is very small (SOUZA,
2009). These devices are called dendrometers. They
use fixed strain transducers on a steel arm, in which
the smallest fraction of arm movement can be detected
in the form of electrical signals that are subsequently
converted to micrometrics signals.

The usefulness of different parameters
derived from the continuous measurements of
the trunk and the main branch was analyzed by
GOLDHAMER & FERERES (2001), who suggested
that these measurements could be used as a valid
technique for water stress detection in peach and
almond, indicating that data may be considered for
the establishment of precise irrigation schedules. The
most commonly used parameters in the use of this
technique are maximum daily diameter amplitude
of trunk, stem and branches, and the variation of
maximum or minimum daily diameter over the time
(GOLDHAMER et al.,, 1999; GOLDHAMER &
FERERES, 2001).

ORTUNO et al. (2006) found that the
maximum trunk contraction is a suitable indicator for
irrigation management in adult lemon trees. These
authors stated that the possibility of developing
reference or basal relations between maximum trunk
contraction and reference evapotranspiration, allows
the comparison between measurements of indicators
based on plants at a given time and the expected
value under water-limiting conditions, which can be
calculated from the references.

FERNANDEZ et al. (2011a) analyzed the
use of maximum trunk contraction measurements to
detect water stress in olive trees under deficit irrigation.
These authors found that these measurements are a
useful index to detect the occurrence and severity of
water stress in olive trees with high production. In
this work it has also been suggested that the technique
may be used as a strategy for programming low-
frequency irrigation, with deficit.

PAGAN et al. (2012) analyzed the use of
dendrometers to establish irrigation management in
tangerine. These authors found that it is necessary
to emphasize the adequacy of maximum trunk
contraction measurements, aiming to establish
a reference baseline for irrigation schedule in
tangerines, due to its linear response and good
correlation with temperature.

SOUZA  (2009) used dendrometric
measurements as indicators of irrigation management in
coffee culture, when analyzing two treatments: one was
always irrigated, and the other did not received irrigation
up to a certain limit of leaf water potential, which
then received water. This author found that the daily
maximum amplitude of the stem was correlated with
weather conditions and plant transpiration, satisfactorily
reflecting the variation of leaf water potential. In addition,
the daily maximum stem amplitude early indicated
water stress in young coffee plants, in comparison to
measurements of leaf water potential.
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CONEJERO et al. (2010) studied peach
tree, evaluating its maximum daily trunk contraction
during fruit growing period and 20 days after harvest,
in fully irrigated condition. The authors found that,
although crop production with high burden of fruits
does not affect the condition of the water plant; the
maximum daily trunk contraction has been increased.
The authors concluded that reference values of
maximum daily trunk contraction must be obtained
in relation to climatic variables (average daily air
temperature, vapor pressure deficit and reference
evapotranspiration of crop) and at a certain level of
crop production. The results obtained by PUERTO et
al. (2013) indicate that the index from the maximum
trunk contraction measures is an appropriate
parameter for irrigation management during the
vegetative period. The greater or lesser accuracy of
index adjustments depends on the phenological stage
and the intensity of plant stress.

Publications discussing the use of trunk
diameter variations as water stress indicators were
reviewed by FERNANDEZ & CUEVAS (2010) and
ORTUNO et al. (2010). These reviews showed that
trunk diameter variation records depend not only on
the scarcity of water, but also on seasonal growth
patterns, fruit burden, age and size of the plant, among
other factors, that limit the usefulness of trunk diameter
variations indices as indicators of water stress.

BONET et al. (2010) evaluated the
efficiency of use of dendrometers in plum, as an
indicator for irrigation management, using the
concept of signal strength. The results showed that
the technique did not always provide satisfactory
irrigation schedules, possibly due to temporal
changes in trunk contractions of the reference used
to calculate signal strength. The authors point out as
a difficulty in the use of dendrometers, even with the
best of current knowledge, the absence f hardware
and software packages that can offer the possibility
of rural producers easily use and understand the data
generated by this technique. This fact is due to the
high degree of complexity of data generated and its
difficult interpretation.

Zim probe: a new tool for irrigation management

Variations of leaf water potential before
sunrise and at noon can be obtained through a
newly developed probe, which provides information
about relative changes in leaf turgor pressure
(ZIMMERMANN et al., 2008), known commercially
as ZIM-probe.

RODRIGUEZ-DOMINGUEZ et al.
(2012) stated that once turgor pressure is related to

leaf water potential and xylem pressure, respectively,
one of the most important driving forces for sap
flow can be monitored longer. Thus, multiplying the
stored values obtained by the probe and the sap flow,
it is possible to study the transport of water over a
time interval,by measuring, from a single leaf, water
status of the entire tree. MEINZER et al. (2001), in
their review about water transport in trees, analyzed
new perspectives and new ideas, as well as some
controversy. According to them, the data obtained
by the new probe have shown that changes in the
irrigation regime and microclimate can be detected
by the methodology, showing great sensitivity to
variations.

The sending of signals from the probe
through a mobile network to a server on the internet,
in which data is stored and displayed in the form of
graphs or tables in real time, is a great advantage
of the system for monitoring leaf water status.
ZIMMERMANN et al. (2013) mentioned that the
new probe has become an important tool in plant
physiology, molecular biology and ecology, being
also very important for irrigation management
evolution. This occur because it is a robust, easy-to-
use method, through which producers can receive
the information about the water needs of their plants
by wireless telemetry, mobile network and internet,
and can thus precisely adjust both the moment of
irrigation and the amount of water to be applied.

WESTHOFF et al. (2009) state that
the probe potential for measuring changes in leaf
turgor pressure, for long periods, is demonstrated
by measurements in several crops under different
climate and irrigation conditions. These authors
concluded that ZIM-probe can be used as an early
warning system of water stress beginning and that
the probe gives way to a more appropriate form of
measuring crop water demand, both in the field and
in the greenhouse.

The probe consists of a miniaturized
pressure sensor integrated to a magnetized support,
which is positioned on an intact piece of leaf in the
plant (ZIMMERMANN et al.,, 2009). The imams
apply steady pressure for fixation on the leaf, in a way
that the pressure sensors are able to detect relative
changes in turgidity (BRAMLEY et al., 2013).

ZIMMERMANN et al. (2009) showed
that the leaf turgor pressure probe may accompany
the diurnal changes, as well as fluctuations in turgor
pressure in large leaves such as banana tree. The
curves found in this study demonstrated the loss
of turgor pressure around noon, the occurrence of
turgor pressure oscillations and time required for the
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recovery of turgor pressure in the afternoon. These
indicators, according to the authors, are useful for the
analysis of plant water status.

EHRENBERGER et al. (2012) studied
water relations in oak trees, analyzing its dependence
on microclimate and soil moisture. These authors used
dendrometers and the sensor, among other equipment,
to measure variations in leaf turgor pressure. This
study demonstrated that automated dendrometers
and ZIM-probe are easy-to-use equipment and tools
that operate on a continuous basis for the study of
the water relations of trees, with great precision and
high temporal resolution. Measurements using this
equipment were able to reveal not only the dependence
of stem water content and leaf turgor, in short and long
term, on the fluctuations in microclimatic variables
and soil moisture; but also provided information on the
water movement in stems and leaves. FERNANDEZ
etal. (2011b) used the leaf turgor pressure probe (ZIM-
probe) as an indicator of water stress in olive trees.
These authors concluded that the probe and the data
transfer system are an accurate and robust technology,
which is able to continuously monitor plantwater
conditions, under field conditions, throughout different
irrigation managements. This real-time information
is beneficial to irrigation management in commercial
orchards, in which the efficient water stress control is
necessary for applying controlled water deficits.

RODRIGUEZ-DOMINGUEZ etal. (2012)
evaluated concomitant measurements of sap flow and
leaf turgor pressure using the ZIM-probe, in olive
plants, analyzing diverse irrigation managements
with controlled water deficit. Curves from turgor
pressure variation managed to clearly define the
limits to irrigation implementation. BRAMLEY et
al. (2013) used the ZIM-probe to monitor the water
status of wheat. These authors observed that the
drying and wetting cycles have been identified by the
methodology.

The records of leaf turgor potential,
using the recently development ZIM probes, have
been shown as useful for monitoring water stress
in olive trees (FERNANDEZ et al., 2011b) and
in other cultures. However, this methodology has
limitations at certain values of water stress that must
be analyzed, in addition to issues related to purchase
and maintenance costs, in order to achieve the best
use of the technique.

CONCLUSION

The analyzed methodologies present
several technological challenges, in order to be

satisfactorily presented to the end user. The upcoming
research should study these tools to elaborate
technical indices which will allow it simplification,
both from the instrumental point of view and for
the interpretation of results. There are several open
issues, such as: what are the appropriate criteria to
elect a reference plant? How many plants must be
monitored per area? Which indexes would be suitable
for the cultivation of interest? What are the main
factors responsible for the measurements variations?
And still, what are the water stress limits in which
the values generated are reliable? All these questions
must be answered by the research, so that such
promising tools can be used, not only in trials, but
also in the field, for the adequate monitoring of crops.
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ERRATUM

Artigo “Advanced techniques using the plant as indicator of irrigation management” publicado no
fasciculo v45n5 de maio da Ciéncia Rural paginas 821-827 sem a inclusdo de duas citacdes e correspondentes
referéncias, onde se lia:

“In the case that the irrigated plant is considered in isolation, such as in an orchard, for example, the
biggest problem is to determine the volume of water to be applied for each time period and the moment it should
be applied. This is due to the little knowledge about the amount of water used by a plant during its transpiration
with the soil in excellent water conditions.”

“Plant indicators have been used, primarily in research, as methods for estimating water stress; and their
practical applications in irrigation management are still being developed.”

leia-se:

“In the case that the irrigated plant is considered in isolation, such as in an orchard, for example, the
biggest problem is to determine the volume of water to be applied (ROJAS and ANGELOCCI, 2000) for each time
period and the moment it should be applied. This is due to the little knowledge about the amount of water used
by a plant during its transpiration with the soil in excellent water conditions (ROJAS and ANGELOCCI, 2000).”

“Plant indicators have been used, primarily in research, as methods for estimating water stress; and their
practical applications in irrigation management are still being developed (NAOR and COHEN, 2003).”
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