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ASSESSMENT OF CORN WATER UPTAKE BASED ON SAP
HEAT TRACING UNDER WATER-STRESSED CONDITIONS !
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ABSTRACT

Crop water monitoring is an important aspect for precise control of irrigation. A reliable and

movable technique is needed to properly assess water uptake of crops in the field. Water uptake by
field grown maize{ea mays.), in water-limited conditions was verified with the heat pulse system.
The temperature difference between two radially inserted thermocouples, one 9 mm above and the
other 4 mm below a heater piercing the maize stem, was measured every 0.3 sec following emission of
a heat pulse in conditions of varied atmospheric demand. Comparisons of heat pulse system outputs
and a high precision transpiration model estimates were done on hourly and daily basis, when low sap
velocities were expected to occur. Hourly and daily basis of the heat pulse outputs and model estimates
were in agreement. Sensitiveness of the technique was observed even for very low sap velocities.
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AVALIACAO DE ABSORCAO DE AGUA BASEADA NA TECNICA DO
PULSO DE CALOR SOB CONDICOES DE ESTRESSE HIDRICO

RESUMO

O monitoramento das necessidades hidricas € um aspecto importante para o controle preciso da
irrigacdo. Técnicas portateis e de boa confiabilidade se fazem necessérias para a correta determinagéo
do consumo hidrico das culturas em campo. A absor¢éo de &gua pela cultura doaaithays..),
cultivada, em condig6es de limitacdo hidrica no solo, foi verificada através da técnica do pulso de
calor. Apo6s a emisséo de um pulso de calor, procedeu-se a medi¢@es, a cada 0,3 seg, do diferencial de
temperatura entre dois termopares, inseridos radialmente no caule da planta. O primeiro foi colocado
9 mm acima e o segundo 4 mm abaixo de uma fonte de calor (“heater”). Foram feitas comparacdes entre
as medicbes pela técnica do pulso de calor e estimativas da transpiracdo computadas por um modelo
de alta precisdo, numa base horéria e diaria. MedicBes pelo pulso de calor e as estimativas pelo
modelo apresentaram concordancia, tanto para valores horarios como diarios. Foi constatado
sensibilidade da técnica, mesmo para valores muito baixos de velocidade da seiva.
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INTRODUCTION temperature sensors are installed radially into the xylem and so,
heat conduction and convection in the two direction

There is a need for a rapid, simple, movable and reliagierpendicular to the heater must be accounted for (Fig. 1), and
method for measuring water uptake of herbaceous plants@igo if sap flows along the x direction, we may combine
order to properly monitor the water usage and establish p|aﬁgnduction and convection and write for the time variation of
water relationships of agricultural crops with the main purpodgmperature (Carslaw & Jaeger, 1947; Marshall, 1958):
of precise irrigation management. oT . 9°T 92T p.C.AT Q

The assessment of rate of water uptake from measurements ot ax? k, ay’ - 0CAX p*c
of the rate of sap flow through the stem, for some herbaceous
plants and trees have been made by the heat pulse system. wirre k and k are the axial and tangential thermal diffusivities
technique was first studied by Huber & Schmidt (1937) and (§7S?) of the wood-sap mixturp,and C respectively the density
based on heat as a tracer to detect the xylem sap movemhflT°) and specific heat (J*gC*) of wet wood and Q is the
using implanted sensors. There have been efforts to develgpiperature rise due to internally generated heat.
and calibrate the system for various species of agricultural crops Marshall (1958) defined heat pulse velocity as:
such as cotton (Cohen et al., 1988) and maize (Santos et al., p.C
1998), among others, due to the feasibility of the technique for v=au->_° @
monitoring field crop water needs. pC

Santos et al. (199nd 1998) discussed the heat pu|3@nd showed that if Q represents an instantaneous heat pulse at
application to a maize crop under well-watered conditions, a%d Y =t =0, the heater and sensors are infinitely small, the xylem
pointed out correlation between lysimetric and heat puldginfinitely large, thermally homogenous and isotropic{(k )
measurement. and also the sap stream is uniformly distributed, Eq. (3) may be

For decreasing soil water content, however, Kramer & Boy&plved for T as:

(1995) showed that a more pronounced lag of absorption behind

transpiration can be present. This could cause discrepancy T =(Q/(4TPCkt))exp[-(x — vt)? +y? /(4kt)] ®)
between the heat pulse velocity and rate of transpiration all

over the day. Thus, it is not certain that all cross sections of tth T being the temperature elevatié@) produced by the
stem are involved in water conduction at the same velocifj¢at pulse after time t and at a distance x (mm) directly
Therefore, further investigation of the technique undéfownstream of the linear heater; Q is the heat output per unit
conditions of decreased soil water content is needed. length of the heater (J m¥)) and v is the convective heat

The aim of this study is to investigate the water uptake ¥glocity (mms).
field grown maize by applying the heat pulse technique, under EQ. (5) may be manipulated in several ways to extract v from
condition of water stress. A modified Penman-Monteith enerdf)e temperature variation with time at one or more points (x, y) in
balance equation for sunlit and shaded canopy water |58 xylem.
estimation (Santos et al., 1999) was used to make comparisond’lacing the line heater and the temperature probe in the same

©)

with the data output from heat pulse. diametrical, longitudinal plane simplifies the solution of Eq. (5)
to an apparent one-dimensional form (Santos et al., 1998). The
THEORY temperature wave reaches its maximusetonds after emission

of a heat pulse. If the derivative of T with respect to time in Eq.

Sap flow determinations using a heat pulse as a tracer @eat t={is zero, then:

based on heat conduction and convection in a homogeneous 05
: : ; e v—(x2—4kt ) /t ©)
and isotropic medium (Swanson & Whitfield, 1981). For m m

conduction: .
Herbaceous plants, such as maize are thermally coupled to

o _ [P°T 0°T o°T (1) environment. Therefore fluctuations in the ambient temperature

ot x® oy® 0z° disturb the temperature evolution described in Eq. (5). The

where T is the temperature departure from ambte)t {is the thermal dlﬁ#swndy_f?f slt_emsC||s alsigtz::fsﬁcult to evzluhate. Tof

time and k is the thermal diffusivity ¢a?). overcome these difficulties, 0ss ( ) suggestedt euseofa

For convection: differential temperature measurement at two asymmetrically
located points above and below the heat source. In this case, if
oT indi

—awp.C. 2" Ax @) the two_sensors_lndlcgte _the same temperatyre (), the

convective velocity, v, is given as:

where a is the sap conducting fractional cross sectional area of

stem (), uis the velocity (M3, p_and Care respectively the v =(X1=Xp)/ 2ty )

density (g n¥) and specific heat (JlgC D) of plant sapdT/ox is

the temperature grad|ent across the St@'rn*(l) andAx is the with X and )5 be|ng the distances dII’eCt|y above and below the

distance between cross sectional area and any plane diheat source, respectively, apestthe time required for the

perpendicular to the x axis (m). temperature difference betwegnaxd x to return to its initial
For a two-dimensional simplification of a three-dimensionalalue.

heat flow condition and assuming the linear heater and point The accuracy with which tin Eq. (6) or tin Eqg. (7) can be
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detected depends on the absolute rate of temperature chdngumentation for heat pulsing

ast ort is approached. The probe block for sap monitoring that was installed in the
For cotton, Cohen et al. (1988) have shown thaant maize stem consisted of a line heating element and two

detectibility is a function of the sap velocity and probdéemperature sensors mounted on a fiber plate, 40 by 20 by 8 mm

configuration. The temperature difference curves (downstredfohen et al., 1988). The heating element was a stainless steel

minus upstream sensor) have an initial downward swir[ﬁObe of 0.55 mm (internal diameter) and 65 mm length. The

(Fig. 1), which is more pronounced when the LIID\,Q,tr%*gmperature sensors comprised copper constantan

thermometer is closer to the heater. The authors have poin& Srmoco_uples, inserted into a sectlon_of stainless steel
_ hypodermic needles (0.55 mm of internal diameter and 65 mm
out an arrangement of x 6 mm and x= 2 mm as the closest

. hievable with heat 4 th ters built length). The needles (temperature sensors and heating element)
spacing achievable with heaters and thermometers bUullt USi e inserted into the stem diametrically. Thermocouples were

the smallest standard hypodermic needle (0.55 mm). Howevigke ey asymmetrically, respectively, 4 and 9 mm distant from
in practice, more reproducible results were possible with sensgis heater for upstream and downstream sensors. The heating
placed 4 mm upstream and 9 mm downstream of the heater. glement was wired in both ends to conduct the heating current

Cohen et al. (1988) have shown for cotton, that in the ranigm a 12 volt car battery. The temperature sensors were
of sap velocity between 0.17 and 0.22 mnirbath B and !’n can connected to a datalogger (Fig. 1).

be measured with reasonable accuracy. Usjnget can
determine v from Eq. (7), and rebuild Eq. (6) to determine k.

Transpiration rate (Tr) calculated withor t_can finally be
calculated as:

2
Tr =v(t,, t,,).C dTﬂ )] Battery
where Cis the calibration factor for the specific herbaceous
species and d is the averaged stem diameter where the probe is
installed.

MATERIAL AND METHODS

Location, time and crop T
The study was conducted during the growing seasons of

1995/96 and 1996/97 in a 0.5 ha experimental area of iZaae (

mayd..), hybrid Pioneer, in Eldorado do Sul, RS, south of Brazil

(3C°05'S 57 39'W, 46 m). The maize was planted in rows of

0.75 m spacing, at the end of October in both years, in a typ:}“_' Ho=h ' = sap i

plinthic soil (Melo et al., 1996). Fertilizer application was dor._ ~ temperature P = heater = sap Tux

according to soil analysis. Manual cultivation was done to

control weed infestation. Plant population density was close II:('Bgure 1. P“’b? configuration for me asur_ement .Of heat flux in the
67,000 plants ha stem of maize plant by detecting differential temperature

Both the growing seasons were characterized by high vaIueQ;‘:’ttV\’eehn I (d?wnstrgarz senhs 02 and (Dpstre_::c\fm Se'f‘slor)
of air temperature and saturation deficit at the time of the fielg@fter a heat pulse emitted by the heater (Hp). Differential curve

experiment. In addition soil water deficit was also observed at®’ teMperature are shown
the time of field measurements.

T, max

T, max

Experimental procedure

Level of stress Installation of heat pulse probes was done at the base of

Water stress was permitted to develop over the twdmaize stem considering representative plants of the full range
consecutive periods. Averaged maximum values of sunlit watgem diameters and when maize had full foliage cover of the soil.
potential were found to be —1800 kPa around mid-day in tiReior to installation the stem was “cleaned” of the first husks
plots. Soil moisture (dry mass fraction of water) at a depth of 4lnd measurement of diameter was taken. A heat pulse of 0.3 sec
cm was averaged at 8.35%. was applied to the stem and the temperature difference between

) the thermocouples above and below the heater was monitored
Environmental measurements at 0.3 sec intervals by using a datalogger (CR21X — Campbell

Global radiation (model LI200SZ, Licor Inc., USA), wind o . ...
speed (model A100R, Vector Instruments, UK), airtemperatursé:lentlflc’ Logan, UT). After 7 to 10 days the blocks were

and humidity (model HPMP35AC, Vaisala, FIN), and rainfall€Moved and new plants were chosen in order to avoid stem
(model ARG100, Environmental Measurements Ltd., UK) wefé@mage due to over heating. Comparisons of the heat pulse
measured two meters above the soil using an automatéghnique outputs were made by using simultaneous estimates
meteorological station (model W2000, Campbell Scientifiqgerformed by a modified Penman-Monteith energy balance
Logan, USA) installed close to the experimental area. equation (P-M model) (Santos et al., 1999).
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RESULTS AND DISCUSSION is limited by the resolution of instrumentation. The lowest
division of Celsius scale in this study was 0.01. When

Figure 2A shows diurnal course of measured maize wafé@nspiration is high the precision gdiétermination will depend
uptake and estimated transpiration rate under conditions of higfh the shortest scanning interval of the datalogger (Cohen &
atmospheric demand. The evolution of the estimated a H_chs, 1989). I_n this study a 0.3 sec scanning mte_rval was used.
measured curves look very similar all along the day and t&iS was considered enough for a correct detection. However
daily totals obtained are very close. Some discrepancies betwfIn/oW sap velocities detection the most crucial point is the
estimated and measured values recorded in the early morrifif’€nce of ambient heat properties over the sap stem, which
and in the late afternoon are due to the accumulation of wateffi! Cause mixing with the heat coming from the pulsing. This
the tissues (capacitance). This phenomenon causes the produce wrong values qf Prior to a heat pulse, the

flow to be transient (Kramer & Boyer, 1995) and is not part of tf§MPerature difference between the two thermocouples is often
modeling. zero, or at least constant F T,). However when the ambient

air around the stem is changing rapidly, which is very common
A. High atmospheric demands in the early morning and late afternoon, temperature gradients
develop along the stem. For low sap velocities the gradient

‘ Dally total: 06I013] magnitude (drifty may be of the same proportion as the rate at
P et s 715 mh which the temperature difference approaches its initial value.
P-Mmodel 7.0m To minimize errors, the rate of temperature change was measured

60 sec prior to each emission of a heat pulse and extrapolated
linearly with time, in order to adjust temperature differences.
This procedure was a shortcut used to elimitizenfluence
of the ambient temperature on the heat carried in the stem.

Therefore, the used probe configuration allowed the correct
S )8 detection of sap movement. Despite the measurement water
8 9 10 11 12 13 14 15 16 17 18 19 uptake based on the sap heat tracing being based on idealized

Brazil standard time heat transport theory e.g. (Swanson & Whitfield, 1981) which is
quite complex, the use of probe configuration and a calibration
factor (Cohen et al., 1981; Santos et al., 1998) is a practical
alternative to the solution of those formal heat transport
equations.

Figure 3 shows hourly values of water uptake and estimated
transpiration. The growing season of 95/96 was characterized
by extreme weather conditions, when low values of relative
humidity and high temperatures were observed at the time of
data collection as shown in Figure 3. Under these conditions of
very high atmospheric sink associated with low soil water
availability, the transient fashion of sap flow (Jones, 1992) was
R SR i © . € 7S highlighted by the comparison between the measured water

7 8 9 10 11 12 138 14 15 16 17 18 19 20 uptake and estimated transpiration during the period of

Brazil standard time observation. Two clear lags were observed in the early morning
-0 Heat pulse (mm-H -O-P-M model (mm R)  and late afternoon. For the first case model estimates are higher
—— 1 Global radiation (w rf) than heat pulse outputs, due to flux-gradient dependence of the

whole system of water transport to start, when loss of water
Figure 2. Daily course and daily totals of measured amdcurs at the leaves. Therefore modeled canopy water loss and
estimated values of corn water uptake under high (A) amdeasured values at the base of the stem differ. At the end of the
low (B) atmospheric demand and water-stressed conditiafternoon, the tissue water storage is responsible for the heat
in the growing season of 1996 - 1997, in Eldorado do Sul, RfBlse having higher values than estimated ones. While the model
produced very low values, the heat pulse still continues

Comparisons between measured water uptake and estimatfesuring water uptake which is still being stored for rehydration
transpiration values in this soil water-limited condition wergf tissues.
necessary, since no other means of direct measurement wasthis cycle is very characteristic of aspects of crop water
available on stressed plots, and is an indication of heat pulssficit development (Kramer & Boyer, 1995). The lags, as
sensitiveness plus a verification of formal biophysical theofescribed by the comparisons presented are responsible for the
description of canopy water loss against real flux of water in t@eficit in the morning, and are more and more pronounced as
base of stem. soil water decreases. The lag in the afternoon is responsible for

In Figure 2B the heat pulse outputs in a low atmosphefige tissue water recharge of the crop.
demand condition are presented. In this case of atmosphericOverestimation by the model, in the hottest hours of the
sink and soil water availability very low values of sap velocity igays of measurement, as shown in Figure 3, was due to
expected. Values of tas high as 250 sec were observed fadifficulties of modeling the canopy conductance to the vapor
these days. At low sap velocities the accuracydgtermination  transport, as observed by Santos et al. (1999).
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