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Abstraet. The analysis of the dynamic properties of thermal methods of transpiration flow
measuroment was porformred and the measuring system devoloped, capable of quantitative
measurements of fast flow changes (i minutes). The system is specified with & constant automa.
tically maintained tempcrature difference between the heated and reference points in the mea-
sured part of the plant. System's output signal related to measurcd quantity is linear. The
system has boen under longterm tosting in full grown trees using the mecthod of heat bulance with

~ direet clectric heating of the xylem. The results obtained so far may be considerod vory good.

In studying the plant-water relaticns in more detail, problems are of
necessity encountered at a certain stage of work, which are associated with
the dynamics of measurement — response of the measuring system’s output
signal to fast changes in the transpiraticn flow rate. In the thermal methods
which permit continual mecasurement of the flow the variationsin temperature
due to the water flow in the heated part of a plant are largely taken as a basis
for the flow rate calculation. However, the speed of temperature changes
becomes limited owing to the heat inertia of the plant tissue and its contained
water. This phenomenon becomes of special importance when the measure-
ments are made in large trunks of full-grown trees. The problem has been
discussed in more detail on the example of the heat balance method with
direct electric heating of the xylem, iritially developed by us for the trans-
piration flow rate measurement in full-grown trees ((')ER.\L{K et al. 1973, 1976,
PExRA ef al. 1973, CeryiK and Drur 1972—74). (In that case the transpi-
ration flow was measured in the sezment of hydroactive xylem. The size of
the segment was delimited by plate clectrodes connected to a source of
electric current.)

Theorctieal

On the assumption of a homogenous heat field in the measnred segment the
fundamental differential equation for heat balance at the measuring block
may be written
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dT :

P — chw(Ta —T.) = (mwcw + mzCz) T + MTs — T.) (1)
where P = heat input to measured segment of xylem, [W]

Qu = sap flow rate, [kgs~!] '

¢w = specific heat of sap, taken as water, [Ws grad-! kg-1]

¢; = specific heat of xylem, [W s grad-1 kg-1] .

my = mass of water in mcasurcd segnent, [keg]

m, = mass of dry xylem in measured segment, [kg]

1 = coefficient of heat transfer from measured segment to its

environment, [WV s grad-1] o
T, = temperature of water in measured segment, [K]

T, = temperature of environment and of water entering the measured
point, (K] - B :
t = time, 8] B A '
Solution of the differcntial cquat-’foxi (1) gives the temperature differerice
relation of AT == Ty — T, in the form of X .

AT — i | _t(_Qz'*C.w + 5, )} SN
AT = _chw A4 [1 e’vp( MyCw + m:('; : - ()

Assuming the heat input P and the flow rate @, to be constants, diagram-
matic representation of the above equation will be exponential and, under
condition of a steady state, limiting to a value of

P
ATy = -———r - 3
| T QA - @
with a time constant of
’ | MuCw t+ maCs (4)

T =

WQwa + A

From equation (3) we can derive the basic relation for the calculation of
transpiration flow rate, in the form of

Qu = 7 - — == (5)

On the assumption of a constant heat input, hyperholic dependence of the
measured temperature difference on the flow rate is clearly evident from

this relation. In practice, this means that, with existing arrangements, the

maximum flow rate coincides with the minimum value of temperature dif-
ference, which is not very convenient in view of the seasitivity of the measur-
ing apparatuses used, especizlly so when a maximum value of the 7T is to
be lept within physiologically acceptable limits.

Limitation of the dynamics of measurement owing to Lieat inertia can be
estimated from cquation (4) for the time constant of the plant's measared
part. According to that equation and following the physical cuncept, the
time constant increases with increasing mass of the plant’s Leated part and
conversely, it decreases with the ilow rate Q.. The results of measurement
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abtained so far using this method of heat balance have indicated the time
constant value, 7, at zero flew rate (night time for instance) to Le about
45 min. This value decreases with the flow rate increasing at the same rate
as the 1T, does; thus, under favourable weather conditions in the day time,
it is some 5—10 min. Having accepted the assumption that the measuring
svstem is capable of transferring the harmonic input signal whose period is
5 times as much as the system’s time constant at a sufficient level of re-
liability, i.c. at 2% amplitude error and 3% phase crror, it will mean that
the AT quantity will not follow differential variations in the flow rate
within the zone of its maximum values without any noticeable distortion
until the periods have attaired about half an hour, while within the zone
of its minimum values — untii the period has reached 4 h. A striking example
of the time constant influence is scen in the AT response to the jump change
in transpiration flow rate from a maximum to values approximating zero
(for instance a thunderstorm at noon time in summer). In this instance the
temperature difference will be decreasing cxponentially according to cquation
(2), and the value corresponding to zero flow rate will not be approximated,
with an error of 3 per cent, until after a time lag of 2.5 h. Since data reported
in the literature (SHERIFF 1972. 1974, 2.0.) suggest that the changes in tran-
spiration flow rate are cubstantially faster even in trec trunks than the
dvnamic parameters indicated by fhe method discussed above permit, it

should be stated that the method in question presuma bly involves distortion

© of the record of fast changes in the transpiration flow rate..

Seme improvement might be expeeted from reduction of the mass (m)

" to be heated, according to equation (4), which would result in diminishing

the time constant magnitude, . However, this is possible solely by reducing
the size of the measured xylem segment whose minimum dimensions are

. limited. When the mentioned method of heat balance is employed, specifically,
depth is limited by the requirement of covering all of the inflow active profile;

thickness is limited by ratio of the xylem segment profile portion damaged

' by the electrodes to the segment volume; and height is limited by the
requirement of a maximum Lomogencity attainable in the heat field neces-
~ sary for accurate caleulations according to equation (1).

Similar conclusions eculd be drawn from analyses of the greater part of
methods hitherto reported in which continual measurement of the tran-
spiration flow rate has been based on thermal principles (ZINSMEISTER anc
Dixox 1966, Dary 1967, Preczany and Precia 1972, a0.).

An efficient wav of elimin~ting the influence of heat inertia in heoted
masses follews from equation 2). Fermal simplification of the equation is
possible Ly substituting cquatizns (3, 4) into the form of

AT = .JT:} [1 — €exp (—— —[_;)] (6)

.

From this cxpression it is evident that the member in square brackets becomes
operative more cxpressly solely during a transition action, t.e. immediately
following the 47, change when ¢t -~ r. For t 3 v this member tends to
converge, and it holds that

AT = ATy
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In other words, with the temperature difference value remaining unchanged,
the time constant t fails to operate, too. Thus, the condition for eliminating .

influence of the time constant T may be formulated as follows: =~ o
ATy = i = constant - .:(7) s
0 Qutw - A o T -

The requirement for satisfying this condition invariably determines the -

relation between the independent variable — flow rate — and the heat

input, in the form of
P = -’JTO(Qwa + 2) (8)

If the heat input P is controlled so that equation (7) is satisfied with any
value of the flow rate @, the heat input will be a linear function of the dow
rate even with its arbitrarily fast changes. It therefore follows that the
ncasurement requires the incorporation of a spccial regulating circuit to
automatically control the input for heating, to the end that the temperature
difference in the measured block remains constant.

Practieal

A special regulating circuit has been developed and constructed to realize -
the condition of constant temperature difference. Its block-schematic diagram:

is shown in Fig. L.

MEASURED

RESULATOR aLock

she reculuting cireuit. U = voltace corresponding to required
of the regulator, P o= eleetric inpit to heat the mensured bloek,
-.r, 1T = temperatur? difference, [73 = voltage of the

Fir. 1. The block-diagram of
A7 value, U2 = output voltas,
"5 -= output voltags of the W
thormoenuples, L7y = amplificd voltaze of the thormocouples.

In the regulator of this meassaring syster
required A7 value is compared to amplified voltag
located in the measured block. The power-30uree sutput to heat the measured
block is controlled by amplificd difference between the voltages. The povwer

diff
source is constructed as a si

~o from the thermocouples

3 oscillator provided by @ voltage-controlled
amplitude, and 2 10 W oamplider is added. The oscillator frequency selected
in our case was 1.5 kHz, high snough to ellininate potential electrochemical
action on the xylem. The power-source vutpuat supplied to the measured

em the voltage proportional to the
te
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bloek is recorded using an electronic W-meter of our own design, and regis- "

tration occurs in a line recorder. The regulation result is zero difference be-

tween the voltage of required value and the amplified voltage from the

thermocouples, which is dircctly proportional to AT values. The electric
input P intc the segment displays automatic alteratious, linear with the flow

rate Qu, which provides for direct gauging of the recorder scale with respect

to the given measured block (for instance in kg.h-1'). When evaluating the

record, it is of course, necessary to subtract the . value following equation
w

(3). Equation (5) can also be transformed to the instructive form, more
suitable for practical use . -~
Qu = Qv — QY : (9)

where Q= = the recorded value of transpiration flow rate (without cor-
rection on heat loszes from the segment),

Q¥ = the fictive value of transpiration flow rate, representing the
heat losses from the segment when the flow rate is approximat-
ing zero — than QF = 7. This value can be used as the
index of segment water content, too.

The measuring system descrited here has been tested in the field over
two years on full-grown individuals of several tree species.

Results and Discussion

The dynamic properties of measurement are now no more given by
magnitude of the time constant 7, but rather by quality of the operation in the
repulating circuit as the result of the design of transmission constants
attained in the regulator used. However, the methcdological aspects of this

reculator-circuit system, and its design, are beyond the scope of our paper.”

An analytical determination of the limiting frequency of changes in the flow
rate Q. at which corrcet results are still obtained in the measuring system
output, is rather complicated when considered from the viewpoint of the
theory of regulation, requiring mcdelling in the computer; this, for the time
being, has not been undertaken. Nevertheless, from the frequency charac-
teristic obtained for the proposed regulation circuit it may be concluded that
the system is capable of responding to changes in the flow rate which occur
within one-minute intervals.

The record of the transpiration flow rate as obtained by measurcment in
the trunk bases of full-grown trees, and of another record of AT values, both
mwade during one day under unstable weather conditions (Figs. 2, 3, 4), can
illustrate what fast changes in the transpiration flow rate the apparatus
described here is able to cover. Thus, with the @, increasing or decreasing,
the values of flow acceleration Q--'df recorded were approximately of about
3—1 kg.tree~! h-! min-t in birek and cf about 7—9 kg tree~! h-! min-tin
oak. It therefore follows that two independent measurements of the tran-
spiration flow rate with one-minute differences in the time seale can differ in
the Q., values by as much as 25--35 per ecent approximately in both species.
Indeed, still higher factual maximum values may be attained.

In this connection the question arises, ‘What factual rates of the tran-
spiration flow change can actually be expected to occur in the variouy parts
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of trees irrespective of the mefhod of registration’. The determining para-
meters of environment (such as solar radiation temperature, humidity, wind
forec, and other factors) influence the movement of the transpiration flow
rate largely through variations in the leaf water potential and leaf surface —
air temperature difference. Ti:e fastest changes in the transpiration flow rate
observed directly in the leaves or shocets of plants (whether produced by the
given environmental conditicas or by internal oscillations of the water-con-
ducting system), provided ti.. measurements are made with an apparatus
in which inertia of the response rate may be assumed as zero (SHERIFF 1972,
1974, SHERIFF and SINcrLamn 1973), roughly cover minute intervals (cor-
responding to the order of about 10-2 Hz). Similar frequencies of changes
have also been established for the resistance of plant leaves (FArQUItARr and
Cowax 1974, MEDERSKI ef al. 1973, a.0.); for leaf temperatures (PErTTU
1971, a.0.); for stomatal responses to variations in humidity (LANGE «f al.
1971, a.0.). These data suggest that no faster chunges in the transpiration
flow rate than those indicated above practically occur in plants.

The question has not been discussed as yet in more detzil of how the plant
structure characteristics affect the behaviour of the TF R changes, particularly
those occurring in the parts of plants that arc distant from the leaves (for
instance at the base of a full-zrown trec). In such cases, inertia of the water-
conducting system may be expeeted to become more operative, duc to its
pertinent resistances and capacities acting as a low-{requency valve. In
addition to this inertia of tlie water-conducting system also the averaging
infleence of a larger number of the xylemr’'s conductifig elements will be

involved, i.c. the mean flow rate will be measured in selected segment. It

corresponds to the resultant behaviour of a large number of the leaves in the
various parts of the trec-crown (under the conditions given by application
of the above method, some 2 to 20 m?2 of leaf blade surface will be con-
cerned). Analyses of these questions will become the object of our further
studies. : .

The new measuring system described in this paper, which has been tested
under the conditions of a lonzterm operation, is a qualitative jump in the
uses of thermal methods concerning the studies of fast (in min) @, changes.
The simple mode of evaluatinz the measured values is another advantage

not to be neglected; for after zauging the recorder scale (establishment of

the constants) for a given mea<ring bieck. no further calculation of the data
is required. Moreover, the reduction of heat action as exercised on plant
tissues is the system’s guality -n the credit side, too. It is noteworthy that
the initial method of ours and <!e one described here both give quantitatively

of the transpiration flow rate, Q,., from the record. this value is to be subtracted from recorded

ones, Q::cv accordieg to relation @, = Q:;e- - Q',/ll.c. The latter value is utilizable also as the
index of segment water content.

Fiz. 4. Piurnal record of the transpirac = flov rate {,) ina full grown hireh tree (Brtida alhu L)
during the dayv characterized by heavy <howsr. For deseription see Fig=. 2 and 3. The AT plot
on axizy (top) has been replaced by the record of cleetrie eonducetivity in the tree trunk sogment,

G [m3]. The shower initiation and t rmination points are designated by marking lines on the

curvo.
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identical results when longer time intervals (for instance one day) are con-

cerned. : » A :
It follows from practical applications of the results obtained so far that,

among other things, caution is necessary in assessing ambulant measure-
ment of similarly variable parameters in the plant-to-water relations where
factual, comparable diffcrences in the values found during the short term
interval might be wrongly interpreted as an error due to the measuring.
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