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Executive summary

1. Motivation

Do trees use vast amounts of water? Can we accurately measure the water use by trees as the water
is transpired” What techniques can be used to measure the water use of trees? The answers to some
of these questions are addressed in this report.

The United Nations Food and Agriculture Organisation (FAO, 1985 Forestry Technical Papers: 59,
60, 62 and 64) has indicated that the rate of deforestation in many developing countries today is
greater than afforestation to the extent that as little as | ha is planted for every 10 ha that are cut.
The Republic of South Africa (R.S.A.) conforms essentially to a developing third world scenario
where associated to a current population increase are increasing demands on the country's natural
resources, not the least of which include timber products and water.

The R.S.A. is poorly endowed with natural forests and consequently relies heavily on man-made
forests for timber products. In an attempt to meet the increasing demands for these, fast growing
exotic tree species have often been selected due to their high adaptability, fast growth rate and wide
range of end uses.

Very carly on in the history of afforestation of the R.S.A., forestry was seen to yield a profitable
return on capital invested. The first exotic timber plantations established in the R.S.A were by the
Government of the Cape Colony towards the end of the nineteenth century. Commercial afforestation
accelerated as the diamond and gold mining industries expanded, and again during the 1914-1918
World War (mainly Eucalyptus grandis and Eucalyptus saligna), in response to increasing local
demands and using costs of imported timber (Department of Forestry, 1968: South Africa
Department of Forestry 1966 Interdepartmental Committee of Investigation into Afforestation and
Water supplies in South Africa, 115 pp.). In 1989 the R.S.A., with a land arca of approximately
112 000 000 ha, comprised 1 197 850 ha of commercial plantations (that is, /. / % of the total land
area). Half this area was situated in the then Transvaal province, 40 % in Natal, and the remaining
10 % in the former Cape province (Department of Environment Affairs, 1989: South Africa
Department of Environmental Affairs 1989, Strategic Forestry Plan for South Africa, 215 pp.).

In 1975, however, a State Interdepartmental Commitiee concluded that a land area of approximately
834 600 ha was suitable for afforestation in the R.S.A. Prognostic studies conducted in 198! and
1982, which excluded fuel-wood requirements, indicated that an annual establishment rate of 39 000
ha year’ was required until the year 2000 in order to meet R.S.A. wood requirements. This implies
that an arca of 2 million ha will be covered by forests in the R.S.A. by the tum of the century. Itis
likely, therefore, that a vast area of marginal or submarginal land, possibly previously occupied by less
profitable crops such as pasture, maize or sugarcane, will have been planted to trees.

Water deficits develop readily in forest trees, even in trees growing in wet soil, because of excess
transpiration over absorption of water. Water deficits adversely affect seed germination and cause
tissue shrinkage (leaves, stems, roots, fruits and cones). On coastal sands, pine seedlings have been
known to perish during midsummer droughts. The importance of water deficits in trees is sometimes
underemphasised when growth reduction or death of trees is attributed to such factors as plant
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competition, disease or insects. Root discases and insect injury to roots reduce water absorption,
thereby inducing shoot water deficits. The desiccation of tree crowns following occlusion of vessels
after infection by fungi causing vascular wilt discase leads sequentially to growth reduction and death
of trees. Water deficits may also predispose trees to onslaughts of fungus pathogens and insects.

Marginal land may be defined as that which, due to poor growing conditions, will require careful
selection of species and special establishment techniques in order to produce a crop of positive nett
value. A positive nett value need not necessarily be a pure economic return. It may also include
benefits to the community and should also take into consideration exploitation costs Hence,
marginality of a site may be attributed 10 a number of limitations such as:

(1) climatic factors: mainly determined by temperature extremes, total evaporation (transpiration
plus soil evaporation) potential, and the nature and distribution of rainfall;

(2) soils. where depth and water retention may be critical to profitable growth or plant survival;

{3) site suitability: where after assessing: (a) impacts of afforestation on archaeological, faunisitic
and floristic heritage, (b) potential risks associated with, fire, predators, plant invader species, water
run-off and soil erosion - more suitable alternatives are found to exist;

{4) economic factors: such as establishment costs and the potential volume of quality timber per
unit arca possible, that are likely to affect break-cven dimensions and profit margins.

Eucalyptus spp. make up 40 % of the R.S.A. commercial plantations (ie. 476 770 ha). These are
generally grown in the areas of: 1. The KwaZulu-Natal Midlands and Zululand coastal hinterland; 2.
Eastern Mpumalanga and South-Eastern Gauteng below the Drakensberg escarpment, both of which
are situated mostly in a narrow belt along the east coast and castern interior which receive summer
rainfall is in excess of 750 mm per annum.

Eucalyptus spp., however have the reputation of being voracious water consumers and their
establishment is currently a source of concern, world-wide, amongst organisations wishing to assert
their socioeconomic responsibilities - which is resulting in increasing duress for environmental impact
studies on their afforestation.

InR.S.A. concern about the reduction of water supplies, ascribed to afforestation, has increased with
the increase in commercial forestry. Over the last 60 years numerous letters and reports expressing
this concern have been addressed to the State Forestry Department and have appeared in the press.
Most concern has been directed at £ grandis, E saligna and Pinus spp.

Areas that have specifically been referred to in KwaZulu-Natal are: Harding and Ixopo where
tributaries of the Umzimkulu and Umkomaas rivers are fed; the Richmond district, including the
upper catchment of the Illovo river; the Rietviei and Midlands districts, where catchments of the
Umvoti, Mnyamvuba, Yarrrow, Umgeni, and Umzunkulwana rivers are fed; and the sandy coastal
plain of northern Zululand near lake St. Lucia. Areas in and around Barberton and White River in
Mpumalanga and also further north in the Northern Province, where tributaries of the Crocodile,
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Klaserie, Levubu, Olifants, and Crocodile rivers are fed, have also been implicated.

In 1932 the R.S A, State Department of Forestry decided to leave the banks of streams unplanted for
20 m on either side. Campaigns against forestry became so serious at the time of the British Empire
Forestry Conference held in South Africa in 1935 that a committee was appointed to report on the
effects of forests on climate, water conservation and erosion in South Africa. This committee
recommended that a comprehensive scientific investigation be conducted on the effects of tree
planting upon local water supplies. The State Forestry Department responded promptly and the
Jonkershoek Research Station was established in the seine year. In 1936 and 1935 the Cathedral
Peak and Mokobulaan Research Stations respectively were established.

To investigate whether the fears of voracious water use by Eucalypts are justified it is necessary to
consider the processes which determine evaporation loss from vegetation, and to understand how
these are affected by different climates, plant species, soil types and availability of soil water. In this
report, we concentrate on the use of techniques to measure transpiration in trees and review some
aspects, covered by available literature, on Eucalyprus plant-water interactions, in an endeavor to
assess the potential of afforestation of marginal areas.

2. Objectives
2.1 Project aims

2.1.1 Original aims
(a) Establishment of a root research facility at the University of Natal and an investigation into the
establishment of a rhizotron facility to be used for the measurement of the water use of selected tree

species,

b) Investigation of the root development of the selected tree species under conditions of marginal
soil water availability and growth under these conditions.

(¢) Determination of water usage by the selected tree species. In conjunction with these
measurements, some field measurements of transpiration will be obtained (using the so-called cut-tree
and sap flow techniques) in order to better understand the field situation and specifically the water
usage by mature trees.

(d) Determination of the lower limit of plant available water and the amount of soil water required
for adequate root growth for selected tree species.

2.1.2 Rationale for proposed deviation from original aims

Initial field measurements illustrated that the confines of the proposed laboratory facility, within the
time period of 4 years considered, would not provide rooting patterns and rooting depths similar to
those found in the field situation.

Furthermore, the stem steady state heat energy balance technique required a full investigation and
lvsimetric calibration before it could be used in the field. Successful use of stem state heat encrgy
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balance technique would result in a sap flow measurement technique much more useful than the use
of the lysimeter columns originally proposed.

2.1.3  Proposed revised aims

Our revised aim was to concentrate on the field application and development of 50 and 100 mm
diameter stem steady heat balance (SSS) technique gauges for in siru sap flow monitoring, in stems
and roots, as a more precise alternative to lysimeter gravimetric determination of tree water utilisation
as proposed in the oniginal aim. We also reviewed the heat pulse velocity and stem steady state
techniques and undertook a review on plant water interactions in trees.

2.2 Background

This project was primarily concerned with the measurement of transpiration using the stem steady
state heat energy balance technique (SSS). Rooting strategies by plantation trees on the deep
Zululand sands have previously been researched by excavation, tracers in water and complemented
by plant water stress measurements. We therefore did not duplicate these findings. Our procedures
using the SSS technique involved checking procedures for the correct use of the technique and its
validation. After these methods had been developed, the aim was 10 use these measurement systems
for the routine field measurement of transpiration at three sites: Zululand coast, Bloemendal and
Shafton near Howick in KwaZulu-Natal.

2.3 Investigation of the stem steady state heat energy balance technique

231 Summary of the technique

The stem steady state heat energy balance technique may be applied 10 woody and herbaceous stems
from 2 to 125 mm in diameter. The advantage of the technique is that the methods are reasonably
non-destructive, reasonable to automate and allow a continuous record of mass of water per unit time
to be monitored for individual trees. The technique has numerous advantages in scaling from tree to
stand over others that require conversions to convert individual leaf or branch measurements to that
of the whole tree to stand measurements. The method has a better time resolution than soil water
balance techniques and is less complex than the eddy correlation and Bowen ratio techniques. The
technique only requires the measurement of four voltages and a continuous supply of heat to the plant
stem.

232 Theoretical considerations
The theory of the technique was fully investigated and expressions for error calculations derived.

2.3.3 Power supply and datalogger considerations
The technique is critically dependent on power supply and datalogger function. We developed a
switched mode power supply.

2.3.4 Baseline comparisons

Prior to our study, the technique had not been used on E grandis. It was our intention to validate
the technique, using a lysimeter, and to use two stem gauges on the same tree to investigate the
quality of transpiration measurements and identify possible errors. Further validation was investigated
using an artificial laboratory system supplying a known flow rate.
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2.3.5 Tree response by shading
A E grandis part of a tree was shaded to investigate the response of the stem gauge transpiration
measurements to the shading.

2.3.6 Comparison with Class-A pan evaporation
An experiment at a marginal site allowed both stem gauge transpiration measurements and class-A
pan evaporation measurements for purposes of comparison.

2.3.7 Storage correction and the influence of naturally occurring vertical temperature
gradients on transpiration

At the initial stages of the project, the influence of naturally occurring temperature gradients of
transpiration measurements had not been documented in the literature. We developed theory for the
correction of this and investigated the magnitude of the effect in the ficld (root and sap flow
measurements), Fortuitously, the storage and naturally occurring temperature gradients oppose each
other with the measurement error in sap flux M__ being about 15 % during peak flow times. The
measured, adjusted and natural stem temperature differences allow the energy balance components
to be redetermined, including the sap energy flux E, value corrected for storage and the storage term
S
2.38 Stem thermal conductivity

Most workers used a fixed stem thermal conductivity value for their measurements of transpiration.
We developed procedures for the direct and indirect measurement of stem thermal conductivity of
E grandis.

2.3.9 Field measurements of transpiration

2.3.9.1 Vineyard experiment

We wished to use the SSS technique, in an integrated fashion, together with Bowen ratio and eddy
correlation techniques for determining the soil water evaporation in a partially covered row crop in
a vineyard. In the process of testing our techniques, we wished to obtain some measurements of
transpiration. An energy balance approach was used in which terms for both the canopy and the soil
were developed.

2.3.9.2 Bloemendal experiment on sapflow in roots and stems in a marginal site
Our aim was 1o evaluate the technique in terms of its capability of providing information on lateral
root and stem water flow rates. We used root severing to stop soil water utilization from different
depths, as may be represented by soil water depletion in different rooting zones.

2.3.9.3 Zululand experiment to test the functionality of the 120 mm diameter stem gauges

The field use of the largest sized (120-mm diameter) stem steady state heat energy balance technique
is discussed. Measurements were performed at mainly Kwa-Mbonambi, Zululand and at Bloemendal
near Pietermaritzburg. The technique was validated using a cut-stem technique. Measurements were
performed at Kwa-Mbonambi on fertilised and unfertilised trees. Aspects addressed in this study
include: diurnal stem and gauge temperature gradients; stem heating; a mathematical determination
of the influence of stem gauge conductance and stem thermal conductivity on gauge accuracy, using
the cut-stem technique for verification of sap flow,
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2.3.10 Heat pulse velocity technigue for estimation of sap flux
We reviewed the use of the intrusive heat pulse velocity technique.

3. Results and Conclusions

3.1 Investigation of the stem steady state heat energy balance technique
3.1.1 Theoretical considerations
The theory of the technique was fully investigated and expressions for error calculations derived.

3.1.2 Comparison between two gauges on the same stem
Two gauges on the same E grandis tree yielded very similar data although there was some evidence
that the upper gauge measurements were being affected by heating from the lower gauge.

3.1.3 Comparison between lysimeter and stem gauge flow rates

Good comparisons between SSS flow rates and lysimetric evaporation rates for 30-min data were
obtained. Standard deviations of all component energy terms increase dramatically at sunrise and
sunset.

3.1.4  Tree response to shading

When a portion of the tree was shaded from the incident solar irradiance, there was an immediate
decrease in sap flow rate implying a rapid response to physiological events. The surpnsing aspect of
this experiment is the speed at which the sap flow decreased after shading given that the shaded
branches were above the upper thermocouple of the gauge! When the shading was removed, the sap
flow almost immediately increased. Inconclusion therefore, tree water capacitance did not affect our
measurements of M__ at high flow rates.

3.1.5  Artificial verification of stem gauges

Experimentation with an artificial system to test the functionality and precision of gauges on £
grandis stems was conducted. Different magnitudes in power supplied to the gauge require the use
of different gauge conductance K values for the determination of radial energy flux £, . These
results provide a basis for modifying K, for changes in source voltage. Changes in battery voltage
are a frequent occurrence as batteries become progressively discharged. Also, there could be changes
in gauge heater resistance due to the application of voltage to the heater or due to changes in the
environmental temperature.

3.1.6 The effect of heater voltage on sap flow measurements

The SSS technique is critically dependent on the value of the continuous power supplied to the heater
and the resultant stem temperature differential a7, measured. The expression used for calculating
the sap flux M, has d7, in the denominator. If heater power is too low and/or transpiration rates
are high, then @7, tends to zero with the M, value calculated becoming unstable when compared
with lysimeter values,

3.1.7 Storage correction and the influence and measurement of naturally occurring vertical
temperature gradients on SSS flow rates
Naturally occurring vertical temperature gradients in the stem of E grandis may affect the
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measurement accuracy of the calculated sap flux (M, ) values. Corrections may be performed based
on actual stem temperature gradients in the absence of heat applied to the heater. [t is advisable to
measure these stem gradients, in the absence of any heating, for a range of environmental conditions.
The error is much larger for the larger diameter gauges (diameters greater than 35 mm) but this has
yet to be fully determined. Before 11h30 when the sap flow is increasing. the errors in M__ are large
negative (corresponding to an overestimation in AM_ by the gauge). Afier this time, the errors
become increasingly positive. At night, the large errors are often of no consequence since M, is
small. If the data were integrated for a complete day, the overestimation in M, before noon would
not cancel with the underestimation after noon.

The assumption of energy balance assumes that there is no storage. We have developed methodology
for identifying the storage heat flux. Fortuitously, the storage and naturally occurring temperature
gradients oppose each other with the measurcment error in M, being about 15 % during peak flow
times.

3.1.8 Stem thermal conductivity £ and gauge conductance X

Laboratory measurements of the thermal conductivity of 25-mm diameter E grandis stems averaged
0.3435 Wm" K. This value is lower than the value of 0.54 W m"' K'' used by many workers for
herbaceous plants. Dowel rod thermal conductivity averaged 0.1081 W m" K~ (with a standard
deviation of 0.0122 W m" K'). Stem gauge conductance was determined by measuring the
component energy fluxes with gauges applied to dowel rods (with known thermal conductivity
values). These data allowed the sap flux to be calculated as a function of gauge conductance varying
between 1.0 and 2.5 W mV"' . The gauge conductance corresponding to a zero sap flux was 1.32,
1.18 and 1.91 W mV"' for gauges 1, 3 and 4 respectively. We conclude then that it is necessary 1o
determine the gauge conductance, in the manner described, for cach gauge used.

32 Use of sap flow and acrodynamic evaporation techniques for the separation of total
evaporation into canopy evaporation and soil water evaporation

In this integrative study, sap flow was measured using 25-mm diameter stem gauges using the SSS
technique and total evaporation was measured using Bowen ratio (BR) and eddy correlation (EC)
techniques. Soil water evaporation was estimated by subtracting transpiration from total evaporation.
The integrity of the data was checked by comparing the calculated soil latent heat density as the
difference between latent heat density (averaged from BR and EC data) and the actual soil water
evaporation obtained from the sunrise to sunset mass differences from 19 soil microlysimeters. The
spatial variation in the soil microlysimeter evaporation was between 0.77 10 1,75 mm. If the soil
microlysimetric measurements are not in error, then either the total evaporation (Bowen ratio and
eddy correlation) measurements are too high or the canopy evaporation (sap flow) measurements are
too low. The study further confirmed the use of the 25-mm diameter gauges for the measurement
of sap flow in plant stems, Soil evaporation exceeded transpiration during the experiment. The
management of the soil may therefore be as important as managing the crop under water-limiting
conditions.

3.3  Sap flow in roots and stems in a marginal site
We evaluated the use of the technique for measurement of lateral root and stem sap flow rates in E
grandis. Gauges were attached to three £ grandis stems, approximately 100 mm in diameter, and
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to a lateral root of each tree, approximately 28 mm in diameter. The roots exhibited a similar sap
flow pattern to the stems, but with reduced magnitude during the day, Following the diurnal
comparison, the lateral roots on one tree were severed, while the tap root of another was also
severed. Following severing, the lateral and tap root flow rates increased to meet continued stem sap
flow.

34 The functionality of the Dynamax sgh100-ws stem steady state heat energy balance
(SSS) technique gauges on E grandis trees

The field use of the largest sized (1 20-mm diameter) stem steady state heat energy balance technique
is discussed. Measurements were performed at Kwa-Mbonambi, Zululand and at Bloemendal near
Pictermaritzburg. The technique was validated using a cut-stem technique. Measurements were
performed at Kwa-Mbonambi on fertilised and unfertilised trees. Aspects addressed in this study
include: diurnal stem and gauge temperature gradients; stem heating; a mathematical determination
of the influence of stem gauge conductance and stem thermal conductivity on gauge accuracy, using
the cut-stem technique for verification of sap flow. QOur data suggested that a storage term in the heat
energy balance be included for the 120-mm diameter gauges. In the cut-stem experiment, a gauge
conductance of between 1.6 and 1.8 W mV"' resulted in an adequate comparison with the day-time
cumulative sap flow, measured using a portable lysimeter. The maximum daily sap flow was more
than 35 kg (for an unfertilised tree) compared to a 24 kg maximum for a fertilised tree.

3.5 Heat pulse velocity technique for estimation of sap flux

The heat pulse velocity technique is reviewed with emphasis on the physiological consequences of
technique use. The technique involves the application of a pulse of heat in the sap stream. The rate
at which the heat moves is assumed to be a function of transpiration rate. Various sensor
configurations have been used. The main advantage to using heat as a tracer is that it allows temporal
variations in transpiration to be monitored. Furthermore, the data are produced in the form of an
clectrical signal, suitable for further processing and storage. If properly calibrated as a system for
long term measurements of temporal changes in total transpiration, the measurements can serve as
a tool for studying plant physiology as well as an input to a control system of irrigation, C0,
enrichment etc. Lysimetric techniques are expensive and impracticable on a large scale. The stem
steady state heat energy balance technique, which forms the bulk of this report, should be regarded
as complementary rather than competitive or as an alternative technique for the determination of
transpiration.

The disadvantages of the technique includes: the invasiveness of the technique causing possible
damage to the plant and disturbance of the natural sap flow; the theoretical assumptions are
unrealistic; the evaluation of total transpiration based on locally measured sap flow values is a
complicated task; the relation between the local sap flow and the total evaporation needs to be
established with the probes implanted into the plant exactly in the same position as in actual leaf
measurement; thermal inhomogeneities in the volume undergoing measurement, resulting in part from
the wound caused to the plant by the insertion of the heater and from thermal trauma due to the heat
pulse perturbation; the temperature elevation at the heater may be significantly greater than at the
sensor; technical problems in manufacturing both the temperature sensing microprobes and the heat
transmitters should also be considered. Moreover, in practice it is difficult to determine the exact
times of maximum or zero temperature differences between the upstream and downstream
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thermocouples. The wound area can only be accurately determined by severing the tree stem and
then assuming that the wound area is the same for all trees used for measurements. These drawbacks
are counterbalanced by the almost unique feature of providing continuous measurements of the flow
velocity.

36  Plant water interactions pertaining to Eucalyptus afforestation of marginal land in
southern Africa

We review literature on the plant water interactions pertaining to the afforestation by Eucalyptus of
marginal land. The Republic of South Africa (R.S.A.) conforms essentially to a developing third
world scenario where associated with a current population increase there are increasing demands on
the country's natural resources, not the least of which include timber products and water. While
water is vital W any cconomy, wood products are also very necessary. Water uptake from
Eucalyptus spp. per se is likely to vary according the particular species under consideration and the
environmental conditions in which they are growing, viz. climate, including nature and duration of
rainfall, evaporative demand, including windspeed and effects of the acrodynamic resistance of the
canopy of the particular species under consideration; water availability, either through access to a
water table or from soil storage. The effects of afforestation are likely to be greater if the replacing
species is taller, acrodynamically more resistant to wind, and presents a greater rooting volume to the
soil than the replaced vegetation. There is considerable scope for research into assessment of the
growth and water utilisation characteristics of different Eucalyptus or similar spp. inthe RS A. in
response to differential water availability and soil type.

3.7  Switched mode power supply

One of the major problems in the continuous use of stem gauges is the requirement for the continuous
application of power. We developed, with the cooperation of the Electronics Unit of the University
of Natal, an energy efficient power supply. Previous power supplies we have used were
unsatisfactory and operated at very high temperatures and were therefore energy inefficient. Inthese
cases, batteries had to be replaced frequently. In order to conserve battery power and to reduce the
build up of heat in the stem section under the gauge at night, when one might expect sap flow rates
to be low, a switched mode power supply was developed. The power supply applied a voltage source
cither between On and Off or between independent adjustable High and Low voltage states. Usually
a number of batteries in parallel were connected to the gauge heater.

3.8  Use of a palmtop computer for data transfer between datalogger or data storage

module
We developed the use of a Palmtop computer as a means for transferring data from datalogger to a

desktop computer.

3.9  Heat pulse velocity techniques using thermocouple probes
The theory and practical use of thermocouple heat pulse velocity probes is described.
4. Extent to which Contract Objectives have been Met

Good initial progress with the use of the stem steady state heat energy balance technique for small
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diameter stems and a poor simulation of field conditions in the root laboratory facility necessitated
a change in the aims of the project with greater emphasis on the use of the 120 mm and 25 mm
diameter gauges. The influence of naturally occurring stem temperature gradients, an aspect that was
unknown at the commencement of the study, resulted in more investigations on the use of the
technique before initiating the field program.  We also did not anticipate having to develop
methodology to account for heat storage since other workers had not done so for tree diameters
approaching 120 mm. These investigations also necessitated the development of a switched mode
power supply for use with multiple gauges. Some additional aspects were investigated that had not
been originally planned, and this necessitated more detailed research.

&

5. Useful Contributions of the Research

Thorough investigation of the stem steady state heat energy balance technique for 25 and 120
mm diameter stems: (a) laboratory and field validation; (b) technique limitations; effect of
heater voltage;

separation of total evaporation into canopy evaporation and soil water evaporation;
measurement of lateral and stem sap flow rates at & marginal site;

root severing studies using the SSS technique;

field use of the largest sized 120-mm diameter stem gauge;

review of plant water interactions in relation to the afforestation of marginal land in southern
Africa is presented;

review of the heat pulse velocity technique and the presentation of the theory and practical
use of heat pulse velocity sensors;

review of literature on the dynamic sap flow in trees and applicability to water use efficiency
rescarch using the SSS technique;

construction of a switched mode power supply;

two papers published in the Journal of the South African Society for Horticultural Sciences
on the use of the SSS technique;

best paper award at the South African Agrometeorology and Remote Sensing Conference for
the research on the use of sap flow and serodynamic evaporation techniques for the
separation of total evaporation into canopy evaporation and soil water evaporation

one Masters thesis successfully completed and a PhD in progress

numerous (national and one international) conferences were attended and the results of our

investigations were presented.
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state heat energy balance technique. Abstracts of the First International Crop Science Congress
Meeting, Ames, lowa. Pp. 71

20.  Savage, M.J. and K. A. Monnik 1993. Sensible heat transfer in a vineyard. South African
Agrometeorology and Remote Sensing Conference, Department of Agriculture and Water
Supply, Stellenbosch, Westem Cape Region.

21, Savage, M1 1996. Micrometeorological techniques in the environmental sciences. Workshop
on Biological Simulation, Potchefstroom.

22.  Savage, M.J. 1997. Sap flow measurement. Presenter of a Two-day Workshop at the
invitation of the University of Stellenbosch.

23.  Savage, M.J. 1998. Measurement techniques and Instrumentation. Workshop on Crop
Modelling and Irmigation Scheduling: Theory Meets the Real World. Pietersburg, University
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Irrigation Scheduling: Theory Meets the Real World. Pietersburg, University of the North,
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7. Future Research

7.1 General comments

One of the major limitations to real economic growth of South Africa is water resources. Research
in the field of evaporation measurement needs to be continued and for the benefit of all in South
Africa. Lack of research interest and funding in this crucial area will impact on, for example, land
management controversies such as the use of sugar cane as opposed to afforestation.

7.2 Stem steady state heat energy balance methodology

Our research has concentrated on transpiration measurement using the SSS technique exclusively and
therefore has ignored the important aspect of plant productivity in terms of the amount of water used.
The use of the heat pulse velocity technique should be regarded as complementary to the SSS
technique. We recommend that both techniques be used on the large diameter stems (120 mm) but
that for the SSS technique, the storage term can be accounted for.

8. Technology Transfer

A two-day Workshop on the use of the stem steady state heat energy balance technique was held in
1997 at the University of Stellenbosch. Eighteen scientists for many parts of southern Africa
attended. The Workshop was partly sponsored by the Water Research Commission. This forum
encouraged young scientists. "The results of our research have also been presented to eighteen
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postgraduate students of the University of the North in 1998 also partly sponsored by the Water
Research Commission.

Much of the research described here has already benefitted students, researchers and technical staff
at the University of Natal, University of Pretoria, University of Stellenbosch, University of the North,
Texas A and M University and Environmentek (CSIR). Most of the material has already been
presented at local and international conferences.
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Fig. 1.2 Schematic of the construction and wiring of a typical 4-channel Dynamax SSHB sap flux
technique gauge positioned horizontally. The four finely dotted lines show where the thermopile and
heater fit sequentially between the two junctions of a thermocouple pair, A and B respectively. Letters
A, B,C,D,E, F, and H on the 7 pin connector represent the pins connected to wires coded by colour
(green, brown, blue, red, black, orange and white respectively) for connection to a data logger, An 8 th
pin may aiso be used when using cables 25 m or longer to connect a sense lead (yellow) to the heater
for more accurate determination of actual potential difference across the heater . "o

Fig. 2.1 A simulated transpiration function for a single leaf during the course of the day. It isa
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Fig. 2.2 Optimal changes in the mean daily rate of assimilation with ¢/t where ¢ is the time since it last
rained, and t is the average interval between rainfalls. The different curves represent the optimal
sequences for different initial rates of water use (and hence sssimilation), and depend among other
things, on t, with low initial rates being necessary if the expected wait until the next rainfall is long
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Fig. 2.3 The relation between the rate of evaporation of intercepted water (£)), and boundary
conductance (g,,) at a range of water vapour saturation deficits (D). The ranges of likely boundary
conductances for grass, heath, shrub and forest canopies are shown, The shaded area includes the
likely rates of evaporation from wet canopies of tree crops (Jarvis and Stewart, 1979) . e 26

Fig. 2.4 A. Hysieresis was observed during the course of the day in the relationship between leaf
conductance to water vapour on a single leaf surface arca basis (g) and leaf-to-air water vapour partial
pressure difference (D). B. Relationship between net photosynthetic rate P, and leaf conductance to
water vapour pressure on a projected leaf area basis (g). Dashed lines delimit the period during which
light limitation of stomatal conductance occurred (PAR < 100 mol m™ s™").

Open circles refer to the afternoon and filled squares to the moming. Data shown was obtained on (i)
A winter day (January 10, 1983); (ii) a spring day (March 25, 1983) and (iii) a day in early summer
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Fig. 2.5 A. Changes in maximum leaf conductance to water vapour on a single surface leaf area basis

(g) in response 1o predawn leaf water potential (y,). B. Changes in daily maximum leaf conductance

to water vapour on 8 single surface leaf area basis (g) in response to the leaf to air water vapour partial
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pressure difference (D ) at different predawn leaf water potentials (), C. Relationship between
maximum photosynthetic rates (2, ) and leaf conductance 10 water vapour on a projected leaf area
basis (G) at the time of observation of maximal net photosynthetic rates, at different times over a year
(Pereira et al, 1987).cricinins

Fig 2.6 Armangement of heartwood, sapwood, vascular cambium, phloem, and outer bark in sterns of
trees. The number of layers of sapwood fewest in ring-porous species (A), intermediate in diffuse
porous species (B), and greatest in nonporous wood (C). Transverse section details are also shown (D)
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Fig. 2.7 Simple application of the Ohumn’s law analogy in an unbranched catens of 3 small number of
resistance clements. The total conductance is seen as resultant conductance (&) of the root, stem, leaf,
stomates and boundary layer in series. The conductances in the vapour pressure phase are much less
than in the liquid phase. Water flow is driven by the differences in water potential between the soil
(V) and the stmosphere () (Ewers and Craizial, 1991) ...ccoiiimininiimmmmmmmmmmismsssmmsime 38

Fig. 2.8 Diagram of flux conditions showing absorption (dotted line), and transpiration (solid line),
over time (¢). Graphs (Situation) | and 2 represent balanced, conservative flux, conditions, while 3 and
4 represent nonbalanced, noncoaservative, conditions, Only situations | and 3 indicate sieady state
conditions (Ewers and Cruiziat, 1991) 42

Fig. 2.9 The relation between transpiration and the water potential of sun needles, and the relation
between xylem flow and the water potential of shade needies of: A. Larix and B. Picea. The arows
indicate the time course of measurement, the small numbers indicate equivalent times in the morming.
The slope represents the liquid flow conductance 43

Fig. 2.10 The relationship between: A. Stem sapwood conductivity of £. contorta and sapwood
relative water content where conductivity has been normalised relative to the value at saturation. Data
are shown for a sumber of determinations on two separate stem sections, B, The relationship between
stem relative water content and applied pressure for stemwood of P. contoria (triangle) and Picea
sitchensis (M) ot a height of 1.3 m, as well as at a height of 11 m just beneath the live crown (@) for
the latter (Edwards and Jarvis, 1982) 46

Fig. 3.1i Mustration of the steady state heat energy balance. Heat flux components are represented by
arows. Theterms £, E_ £, and E_ ., are determined directly using sensors and £, is
determined by subtraction of the latter three terms from £, i.e.
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thermojunction is pair separated by the distance dz (m) such that combined temperature gradient in the
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(T, /de) + (T, /)]
= (Trprt = Tegpart % + (Tt = Thouert /2 = (Tt = ThpuartV 8 = (T = Tipug V.. 60

Fig. 3.2 Diagrams illustrating typical states of the gauge upper and lower thermocouples, during a
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Fig. 3.8 Sensor and heater probe arrays used in the application of the HPV technique, an intrusive sap
velocity system. The thermocouple probe consists of three thermocouples embedded in a stainless
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Fig. 3.9 Diagrammatic representation of single thermocouple probe iserted into the sapwood of a stem.
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Fig. 3.10 Schematic of the construction and wiring of a typical 4-channel Dynamax SSHB sap flux
technique gauge positioned horizontally. The four finely dotted lines show where the thermopile and
heater fit sequentially between the two junctions of a thermocouple pair, A and B respectively. Letters
A, B,C, D, E, F, and H on the 7 pin connector represent the pins connected to wires coded by colour
(green, brown, blue, red, black, orange and white respectively) for connection to a data logger. An 8 th
pin may also be used when using cables 25 m or longer to connect a sense lead (yellow) to the heater
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using the gauge and the lysimeter for Day 311. The effect of extra insulation applied to the sensor is

Fig. 4.14 The diurnal vanation in energy balance components (W), left hand y-axis and the mass flow
rates (g h™"), right hand y-axis as measured using a lysimeter M, and M, measured using a SSS 25
mm gauge (SGB25-ws) for Days 309 to 314, 1991. On Day 312 (the third of the three daily time
courses), high wind speeds resulted in variabie lysimeter flow rates M, These M__ are associated
with a gauge conductance of 1.565 W mV™" (equivalent 10 0.0626 W K™') and a stem thermal
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Fig. 4.15 Comparison of sap flow rates (g/30 min) in a 26-month old Eucalyptus tree using the
SSSHEB and lysimetric techniques for Days 122 to 124, 1992. The average heater voltage was 4.25
L fO® PELTSIRINCRE, 3 §

Fig. 4.16 Comparison of the stem temperature differentials (“C) measured using the SSS technique for
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25-mm gauge. Vertical temperature differentials occur due to natural conduction of heat from soil 1o
plant stem. A negative temperature differential is due to a relatively warmer region at the lower
thermocouple compared to the upper region. The AT, value offsets o7, in calculating M (Eq.
4.17). The curves represent the average diurnal curves for a period of a week for three gauges.......... 121

Fig. 423 muulvmhmdwmwu-vdw(hﬁhndyaxis)fuﬁ-m
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Fig. 4.24 The diurnal variation in d7__ for an unheated gauge and a heated gauge (100 mm diameter)
applied to the stem of three £, grandis trees in September in Pietermaritzburg.. Also shown

(right-hand y-axis) is the solar irradiance. The curves represent the average diumal curves for a period
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Fig. 4.28 Graph illustrating the correction of sap flow by y, the natural &7, gradient. Sap flow was
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Fig. 4.29 Graph showing the partitioning of the input heat flux E____ (A)on E,_., (B), E_ (C) E__
(E) and the change in stem temperature cither side of the heater associated with the displacement by
sap convection, d7,__ (D), during the application of a Dynamax SGB100 SSHB gauge (d= = 15 mm,
18 '.KW-G.S)oa.lOOmeabmmD&a(i)M(ii)mfaﬂanhedm
while (iii) and (iv) are for fertilised trees. In this circumstance there is a period (between 06h00 and
10h00) where sap convected heat flux distinctly exceeded the heater energy flux. During this period
E_uand E__ approached zero and became negative. This is not attributed to insufficient input heat,
since d7,__ was not sufficiently small to invalidate the data over this period. This can be attributed to
heat coming out of storage as the system cooled down. With the onset of sap flux cold sap replaced
sap warmed overnight. Heat from the warmed insulation material and outer regions of the stem flowed
10 the cooler displacing sap, resulting in a reversal of the modal direction of conducted heat through
the stem and thermopile. The net result would be an over-estimation of sap flux during this period.
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Chapter 1

Introduction

1.1 Abstract

The aims and objectives of this report are presented together with some background While the stem
steady state heat encrgy balance technique is based on fundamental theory, often rescarchers wash to
apply the technique in as short a tme as possible. We discuss the technique very briefly and without
resorting to theoretical denvations. Practical precautions in the use of the technique, which may be
applied to woody and herbaceous stems from 2 10 125 mm in diameter, are also discussed It should be
possible to use the technique from this information and without reference to the other chapters. The
advantage of the technique is that the methods are reasonably non-destructive, reasonable to automate
and allow a continuous record of mass of water per unit time to be monitored for individual trees. The
techmique has numerous advantages n scaling from tree 1o stand over others that require conversions 1o
convert individual leaf or branch measurements to that of the wholc tree to stand measurements. The
method has a better ime resolution than soil water balance techniques and 15 much less complex than
the eddy correlation and Bowen ratio techniques. The technique only requires the measurement of four
voltages and a continuous supply of heat to the stem

1.2 Background

This project was primanly concerned with the measurement of transpiration using the stem steady state
heat energy balance techmque (SSS). One of our onginal aims was to investigate the rooting strategics
by plantation trees on the decp Zululand sands. This was however rescarched by Scott (1993) by
excavation, tracers in water and complemented by plant water stress measurcments. We therefore did
not duplicate these findings. Our procedures therefore concentrated on the field use of the SSS
technique. This involved checking procedures for the correct use of the techmique and its validation.
After these methods had been developed, the aim was to use these measurement systems for the routine
field measurement of transpiration at three sites: Zululand coast, Bloemendal and Shafton ncar Howick
in KwaZulu-Natal.

Marginal land may be defined as that which, due to poor growing conditions, will require careful
selection of species and special establishment techniques in order to produce a crop of positive nett
value (Wessels, 1984) A positive nett value need not necessanly be a pure economic retumn. It may
also nclude benefits to the community and should also take into consideration explomtation costs
(Wessels, 1984; Von Dem Bussche, 1984, Alidi, 1984, Gwaitta-Magumba, 1984, Bnitz, 1984, Teixcira
and Sarmento, 1991) Hence, marginality of a site may be attnibuted 1o a number of limitations such as:

(1) climatic factors: mainly determined by temperature extremes, total evaporation potential, and
the nature and distribution of rainfail (Poynton, 1971);

(2) soils: where depth and water retention may be cntical to profitable growth or plant survival
(Macvicar, 1977),

(3) site suitability: where after assessing: (a) impacts of afforestation on archacological, faunisitic
and flonstic hentage, (b) potential risks associated with, fire, predators, plant invader specics, water
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run-off and soil erosion - more suitable alternatives are found 1o exist,

(%) economic foctors: such as cstablishment costs and the potential volume of quality mber per
unit arca possible, that are likely to affect break-cven dimensions and profit margins

Eucalyptus spp. make up 40% of the RS A commercial plantations (i¢. 476 770 ha), These are
generally grown in the areas of | The KwaZulu-Natal Midlands and Zululand coastal hinterland; 2
South-Eastern Gauteng and Mphumalanga arcas below the Drakensberg escarpment, both of which are
situated mostly in a narrow belt along the cast coast and castem intenor which receives summer
rainfall is in excess of 750 mm per annum (Rusk, Pennefather, Dobson and Ferguson, 1991)

Eucalyptus spp., however have the reputation of being voracious water consumers and their
establishment s currently a source of concem, world-wide, amongst organisations wishing to assert
their socio-economic responsibilitics - which is resulting in increasing duress for environmental impact
studics on their afforestation (Texeira and Sarmento, 1991).

In RS.A. concern about the reduction of water supplics, ascribed to afforestation, has increased
with the increase in commercial forestry, Over the last 60 years numecrous letters and reports
expressing this concern have been addressed to the State Forestry Department and have appeared in the
press. Most concem has been directed at E grandis, E saligna and Pinus spp.

Arcas that have specifically been referred to in KwaZulu-Natal are: Harding and Ixopo where
tnbutanes of the Umzimkulu and Umkomaas nivers arc fed, the Richmond district, including the upper
catchment of the lllovo niver, the Rictvie: and Midlands districts, where catchments of the Umvoti,
Mnyamvuba, Yarrrow, Umgen, and Umzunkulwana nivers are fed; and the sandy coastal plain of
northern Zululand near lake St Lucis. Arcas in and around Barbeton and White River, where
tnbutanes of the Crocodile, Klasene, Levubu, Olifants, and Crocodile nvers are fed, have also been

To mvestigate whether the fears of voracious water use by Eucalyprus are justified 1t 1s necessary to
consider the processes which determine evaporative loss from vegetation, and to understand how these
are effected by different climates, plant species, soil types and availability of soil water. In this report,
we concentrate on the use of techniques to measure transpiration in trees and review some aspects,
covered by available literature, on Encalyprus plant-water intcractions, in an endeavour to assess the
potential of afforestation of margmnal arcas.

1.3 Motivation for this study

Eucalyptus spp. have the reputation of being voracious water consumers and their establishment is
currently a source of concern. In RS A concem about the reduction of water supplics, ascribed 0
afforestation, has increased with the increase in commercial forestry.

1.4 General aim

Our revised aim was to concentrate on the field application and development of 50 and 100 mm
diameter stem stcady stem heat balance (SSS) technique gauges for in sinv sap flow monitoring, in
stems and roots, as a more precise alternative to lysimeter gravimetne determunation of tree water
utilisation as proposed i the onginal aim.
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1.5 Specific objectives

« Thorough investigation of the (SSS) technique for 25 and 120 mm diameter stems: (a) laboratory
and ficld validation, (b) technique limitations; effect of heater voltage,

¢ thoroughly mvestigate the power requirements of the techmque,

¢ scparation of total evaporation into canopy evaporation and soul water cvaporation,
¢ measurcment of lateral and stem sap flow rates at a marginal site,

* oot sevenng studies using the SSS techmque;

o ficld use of the largest sized 120-mm diameter stem gauge,

¢ plant water interactions in relation to the afforestation of marginal land in southern Africa is
presented,

¢ review of the heat pulse velocity techmque and the presentation of the theory and practical use of
thermocouple heat pulse velocity sensors,

e review of literature on the dynamic sap flow in trees and applicability to water use efficiency
rescarch using the SSS technique.

1.6 Brief description and practical precautions of the SSS technique

1.6.1 Introduction

While the SSS balance technique is based on fundamental theory, often researchers wish to apply the
technique in as short a time as possible. This section describes the techmique very briefly and without
resorting to theoretical considerations Practical precautions in the use of the techmique are also
discussed.

1.6.2 Brief description

By supplying a continuous constant heat energy flux (J s') to a plant limb (using a surrounding heater)
and accounting for its assumed component energy losses by: (i) conduction both vertically upwards
and downwards (axally) through and radially from the stem, and (11) heat stored in the plant limb, the
heat component convected in sap can be determined (Fig. 1.1).

The conduction of heat vertically upwards and downwards is calculated by measuning voltages
(Ve ®0d V) comesponding to the temperature difference between two points above and below
the heater that completely surrounds the stem. Sumilarly, the radial heat is calculated by measuring the
wM(VMWw.mMmahwdmmmm
heater. The fourth voltage that is measured, corresponds to the voltage applied to the heater ¥V, The
heater voltage is measured between the points V, _ and V. The heater voltage is supplied by a
power supply but because of the voltage drop due to the wires between the supply and the heater, the
power supply voltage needs to be measured scparately (voltages V,_ and V_ )

The four voltages (V.. ose Vietdowr Voremepiier 304 V) allow the encrgy flux (J ') terms
E  oicnon (upper and lower), E_ ., and £, to be calculated. In addition, the increase in stem
temperature corresponding to the convected heat in the sap stream (a7, ), is calculated from the
voltages V. and Vi
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Fig 1.1 Diagrammatic representation of the steady state stem heat energy balance technique. The heat
energy flux terms Emdial, Eupper, Elower, Eheater and Eygp arc defined in the text The thermopile
surrounding the stem is shown as are the temperature seasors for the measurement of’

(dTupper/'dz) + (dTlower/dz) = [(Tupper | = Tupper2)/dz) + [(Tiower 2 = Tlower | )/ )

= [(Tupper\ — Tiower1)/dz] — [(Tupper2 — Tlower 2)/dz]

and dT stem = [(Tupper 2 — Tiower2) + (Tupper | — Tlower1)}/2

In the precautions that follow, these five voltages, Vo Vi Vinmenie Vi «30d V, and V.

and the stem temperature difference d7, are central to the use of the technique
1.6.3 Practical precautions and procedures

The practical precautions and procedures entail electnical checks, prepanng the stem prior to sensor
attachment, gauge attachment, the reduction of noise in the collected data, following certain procedures
after gauge attachment and error checking

1.6.3.1 Electrical check of the gauges before attachment to stems
The gauge waring configuration is typically as follows (Fig. 1.2):
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Fig 12 Schematic of the construction and wining of a typical 4-channel Dynamax SSHB sap flux
techmque gauge positioned honzontally. The four finely dotied lines show where the thermopile and
heater fit sequentially between the two junctions of a thermocouple pair, A and B respectively. Letters
A.B C D E F, and H on the 7 pin connector represent the pins connected to wares coded by colour
(green, brown, blue, red, black, orange and white respectively) for connection to a data logger. An 8 th
pin may also be used when using cables 25 m or longer to connect a sense lead (vellow) to the heater
for more accurate determination of actual potential difference across the heater

Blue wire: ¥V, relative to a common datalogger low connection, connect to IH (pmn C on six
connector)

Green wire ¥ relative 10 a common datalogger low connection, connect to 2H (pin A)

rtap

Brown wire: ¥ .

relative to a common datalogger low connection, connect to 3H (pin B)
Make common 1L, 2L, 3L and connect white wire to 3L (pin H)

Orange wire: V. connect to 4H
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Yellow wire ¥, . connect to 4L
Red ware: connect to ¥, of power supply (pin D)
Black wire: connect to V_ of power supply (pin E)

It 1s therefore possible to check the winng within the sensor using sumple continuty checks using a
voltmeter. There are atotal of seven continuity checks:

Check |. The electrical resistance between the blue wire (pin C of the 6 connector, or logger channel |
H) and the white wire (pin H or logger channel 3L) should correspond to the resistance of the
thermopile,

Check 2. The electncal resistance between the green wire (pin A of the 6 connector, or logger channel
2 H) and the white wire (pin H or logger channel 3L) should correspond to the resistance of the upper
thermocouple,

Check 3. The electncal resistance between the green wire (pin B of the 6 connector, or logger channel
3 H) and the white wire (pin H or logger channel 3L) should carrespond to the resistance of the lower
thermocouple,

Checks 4 and 5. The electncal resistance between 1L and 2L and 2L and 3L should be very low since
1L, 2L and 3L arc all common where 3L 1s pin H,

Check 6. The electrical resistance between the orange and yellow wires (4H and 4L) is a measure of
the heater resistance.

Check 7. The clectncal resistance between the red and black wires (pins D and E) 15 a measure of the
heater resistance.

1.6.3.2 Preparation of plant stem prior 10 sensor attachment

1. Measure the stem diameter in the late afternoon at the centre point of the gauge position to easure
that the stem diameter is the diameter range for the gauge. The best way is 10 attach adhesive tape to
the penimeter of the stem, make a vertical mark in the overlapping region of the tape, remove tape and
measure the distance between the marks. Divide this distance by = and squarc root the result to
calculate the radius of the stem;

2. Perform stem diameter measurements in the late aftemoon when the diameters are a minimum.
An increase in stem diameter above the minimum will improve the contact between the stem and the
gauge.

3. Carefully remove dirt, loose bark, and leaves and any small branches that sprout from the chosen
stem area. Clean the stem with a clean cloth. The few small branches or leaves may be removed by
cutting the petioles flush with the stem. The gauge should not be attached until healing of the wound
has occurred so as to prevent oozing into the sensor arcas. Irregulanties from leaf scars or dead bark
may be removed using fine sand paper. In trees such as birch, cherry and apples the bark should be
sanded smooth. Thin bark (less than | mm) may not require sanding. For species with thicker bark, the
sanding should not penctrate through the live green cambium layer, The living bark should not be
visible, cut or damaged Crops and herbaceous plants seldom require sanding and should be avoided.
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4. Apply small amounts of clectrically insulating compound. This should remove any air pockets
and prevent fungus or pests from infecting the plant. The compound also ensures good thermal contact
between stem and the gauge It also allows slippage of the gauge dunng installation and prevents
sensor corrosion and entry of water (including condensation) The compound also allows for
movement of stem and gauge dunng windy penods and for diumal expansion and contraction of the
stem. The user should however be aware that the compound could restrict radial growth and gas
exchange particularly if the gauge 1s attached to the stem for jong penods of ume. During imitial
measurements using the technique, the user should examine the condition of the stem twice a week to
ensure that the covered area condition is not poor and possibly affecting stem flow,

S. Wrap plastic wrap securely around the stem, removing air pockets. This will prevent intrusion of
water to the heater and thermocouples,

6. Ensure that the heater stnp completely encircles the stem at least once,

7. Coat the stem O rings with ¢lectncally insulating compound. Attach the O nngs above and below
the gauge and tighten securcly,

8. Wrap the alummized shicld around the upper and lower nings securely and apply clear package
tape so that it holds a cylindrical shape,

9. To prevent water entry from the top of the gauge, apply white plastic to the gauge and stem,

10. To equalize stem and ambient temperatures, wrap three layers of aluminium foil from ground
level to the gauge. If necessary, attach more foul o the gauge and above it. Punch holes in the
aluminum foil to ensure air movement around the stem. In very hot climates, place a reflective
umbrella around the gauge. The user must casure the stem energy balance is not significantly altered
by temperature gradients caused by rapid ambient changes (as may occur in a glasshouse), solar
radiation incident on stem and the soil temperature-ambient temperature differences. Aluminium foul
above and below the gauge will quickly equalize temperature than would using insulation matenal,

11. Attach the cable connector. Usc insulation tape around connection to prevent water-cotry,

12. Secure the cable with a nylon cable tic attached to the stem or attach the cable to a ground stake
s0 that sudden tension on the cable does not dislodge or affect the sensor.

1.6.3.3 Gauge installation
Choose a length of stem about 200 to 700 mm from the soil surface that has the following
charactenstics.

(a) not below a graft since there may be too much scar tissue. Scar tissue may prevent good contact
of the sensor with the stem,

(b) stem should not taper appreciably. A taper may prevent good contact and result in an error in the
estimate of the stem cross-sectional arca;

(c) the stem should be free from petioles, large scars or other irregularities. These irregulanitics may
prevent good contact of the sensor,
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(d) measure the stem diameter at the midpoint for the gauge position. Calculate the stem arcas for
the datalogger settings,

(¢) attach the gauge in the mid-aftemoon when the stem diameter 1s a minimum,

(f) check that the gauge cannot shide or twist when tugged gently. If not, open cach strap in turm and
use a strong and even pull over the entire insulation jacket Adjust the size of the msulation by adding
insulation strips to the gap if necessary. Proper closing of the insulation jacket is essential since there
are four thermocouples that must be in direct contact with the stem

1 6.3 4 Procedures for the reduction of noise in collected data
Thermal and clectncal noise affect measurements. Many of the procedures previously descnibed reduce
the thermal noise. Avoiding arcas of the stem near the base of the plant that may have large

temperature gradients, reducing solar radiation effects and providing good temperature contact between
the stem and the four thermocouples reduces thermal noise.

Electnical noise may be reduced by.
1. using short wires - longer wires result in increased electncal noise,

2 always using diffcrential voltage measurements - single-ended voltage measurements result in
increased noise since the potential of ground can vary whereas differential measurements are made
independent of the ground potential,

3. connecting the battery negative terminal to chassis ground to remove ground loop noise and then
connect this common point to carth. This procedure will also preseat lightening with a path to ground
The procedure can be tested by measunng the electrical resistance between chassis and ground to carth
ground. A resistance of less than about 4 ohms indicates adequate grounding,

4. connecting a ground lead to the plant stem. In environmental chambers, the plant can act as an
antenna that picks up induced clectron magnetic interference from the high voltage sources. The
electnical noise may be conducted to the sensor leads; checking all connections to check that there s
good physical contact. Poor contacts may be evident by inspection of all voltages at the same time.

1.6.3.5 Procedures following gauge installation
1. Check that there are no exposed wires and that there are no signs of water into the gauge.

2. Check battery voltage. Ensure that the voltage to the gauge is being used to calculate £, and
note the battery voltage.

3. Disconnect the heater power and monitor 7 for a day. This is referred to as the passive or the
unheated mode. If the d7,_ value is less than 025 °C, then there may be no need to make any
corrections. Ifthe a7 value in the passive mode is greater than this:

(a) the gauge position could be clevated,

(b) the user may apply a correction: e.g. Savage (1992, unpublished) suggested that a7, __ in the
heated mode should have the 7 value in the unheated mode subtracted,
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(¢) ensure that there is insulation around the stem from below the gauge to the sol surface. Holes in
the alumintum ensure temperature equilibrium between ambient and the gauge.

4. Reconnect the power, After the first day, monitor the 7, values 10 ensure that these are greater
than between 0.75 and | °C under high flow conditions. If the 7, value is less than 0.75 °C, the
voltage applied to the heater should be increased provided 1t does not exceed the range recommended
for that diameter gauge Howcver, the voltage applied should not result in excessive stem heating
dunng conditions of low flow

1.6.3.6 Error checking

Apart from the numerous checks already mentioned, one of the most important checks that a user can
perform is the a7, check. Ideally, this should be greater than 0.75 °C for a heated gauge and less than
0.25 °C for an unheated gauge, the user needs to perform the procedures mentioned previously. If the
dT ., value for a heated gauge is less than 0.75 °C, then:

(a) the user may consider increasing the voltage applied to the heater (-provided that this does not
increase above the gauge specifications). The user would need to ensure that there 15 no consequential
dT ., valucs that are too high at might,

(b) very high flow rates are being measured that are cutside the gauge range,
(¢) there may be inadequate contact between the four gauge thermocouples and the stem

If all these procedures have been adhered 10 and the 7', values are still less than 0.75 °C, then the
user need 1o improve thermocouple contact using destructive measures. Notch the stem into the xylem
10 a depth of | to 2 mm and fill with conductive paste. Attach the gauge with the TC nstalled in
contact with the xylem.
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Chapter 2
Plant water interactions

2.1 Abstract

We review Iterature on the plant water interactions, focusing on the afforestation by Eucalyptus of
marginal lands. Aspects such as drought tolerance, plant water deficit, biomass production, catchment
water balance, and plant evaporative processes cnable an understanding and modelling of the water
movement through trees. Ultimately, such modelling efforts require measurement of tree water use for
validation.

2.2 Introduction

Water supply (fe total amount, vanability and scasomal distnbution) 15 the most mmportant
cavironmental factor determining distnbution, species composition, and growth of plant communitics
(Daubenmire, 1978). Plants sometimes fail to survive due to drought which is frequently exacerbated
by their own activity

The United Nations Food and Agriculture Organisation (FAO)' has indicated that the rate of
deforestation in many developing countnes today is greater than afforestation to the extent that as little
as onc bectare is planted for every 10 ha that are cut. The Republic of South Afnica (RSA) conforms
essentially to a developing third world scenano where associated with the current population increase
are increasing demands on the country’s natural resources, not the least of which include timber
products and water.

The RSA is poorly endowed with natural forests and consequently relies heavily on man-made
forests for timber products. In an attempt to meet the increasing demands for these, fast growing exotic
tree species have often been selected due to their high adaptability, fast growth rate and wide range of
end uses.

Very carly on in the history of afforestation of the RSA, forestry was seen to yield a profitable
return on capital invested. The first exotic timber plantations established in the RSA were by the
Government of the Cape Colony towards the end of the nineteenth century. Commercial afforestation
accelerated as the diamond and gold mining industnes expanded, and again duning the 1914 10 1918
World War (mainly £ grandis and E saligna), in response to increasing local demands and rising
costs of imported timber (Department of Forestry, 1968).% In 1989 the RS A, with a land area of
approximately 112 000 000 ha, comprised | 197 850 ha of commercial plantations (e 1.1 % of its
total land arca). At the time half this area was situated in the then provinee of Transvaal, 40 % in Natal,
and the remaining 10 % in the Cape province (Department of Environment Affairs, 1989)°

I FAO 1985 Forestry Techmical Papers: 59,60,62 and 64.

2  South Afnca Department of Forestry 1966 Interdepartmental Committee of Investigaton into
Afforestation and Water supplies in South Africa, 115 pp.

3 South Afnca Department of Environmental Affairs 1989 Strategic Forestry Plan for South Africa, 215 pp.
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In 1975, a State Interdepartmental Commitiee concluded that a land area of approxamately 834 600
ha was suitable for afforestation in the RSA. Prognostic studies conducted in 1981 and 1982, whach
excluded fuel-wood mqmmmmdudﬂmmmdaﬁhﬁmmof”mom;w"w
required until the year 2000 i order to meet RSA wood requirements (Wessels, 1984). This implies
that an arca of approximately 2 million ha will be covered by forests in the RSA by the tum of the
century. It is likely thercfore that a vast arca of marginal or submargmal land, possibly previously
occupied by less profitable crops such as pasture, maize or sugarcane, will have been planted to trees.

Marginal land may be defined as that which, due to poor growing conditions, will require careful
sclection of species and special establishment techniques i order to produce a crop of positive nett
value (Wessels, 1984) A positive nett value need not necessarily be a pure economic return. It may
also mnclude benefits 1o the community and should also take into consderation exploitation costs
(Wessels, 1984, Von Dem Bussche, 1984; Alidi, 1984; Gwaitta-Magumba, 1984, Britz, 1984, Teixeira
and Sarmento, 1991). Hence, margimality of a site may be attnbuted to a number of limitations such as:

(1) climatic factors: mainly determined by temperature extremes, total evaporation (transpiration plus
soil evaporation) potential, and the nature and distnbution of ranfall (Poynton, 1971),

(2) soils: where depth and soil water retention may be critical to profitable growth or plant survival
(Macwicar et al , 1977),

(3) site suttability: where after assessing: (a) unpacts of afforestaton on archacological, faunistic and
floristic heritage, (b) poteatial nsks associated with, fire, predators, plant invader species, water run-off
and soil erosion - more suitable altematives are found to exist,

(4) economic factors: such as establishment costs and the potential volume of quality timber per unit
arca possible, that are likely to affect break-cven dimensions and profit margins

Eucalyptus spp. make up 40 % of the R S A. commercial plantations (i.e. 476 770 ha). In 1989 these
were generally grown in the areas of (1) the Natal Midlands and Zululand coastal hinterland; (i) the
Eastern and South-Eastern Transvaal below the Drakensberg escarpment; both of which are situated
mostly in a narrow belt along the cast coast and castern intenor which receives summer rainfall in
excess of 750 mm per annum (Rusk, Peancfather, Dobson and Ferguson, 1991).

Eucalyptus spp. however have the reputation of being voracious water consumers and their
establishment 1s currently a source of concem, world-wide, amongst organisations wishing to assert
their socio-economic responsibilitics - which is resulting in increasing duress for environmental impact
studics on their afforestation (Teixeira and Sarmento, 1991).

In RSA concem about the reduction of water supplics, ascnbed to afforestation, has increased with
the increase in commercial forestry. Over the last 60 years numerous letters and reports expressing this
concern have been addressed to the State Forestry Department and have appeared in the press. Most
concern has been directed at £ grandis, E saligna and Pinus spp.

Arcas that have specifically been referred to in KwaZulu-Natal are: Harding and Ixopo where
tributaries of the Umzimkulu and Umkomaas nvers are fed; the Richmond district, including the upper
catchment of the Illovo niver, the Rictvie: and Midlands districts, where catchments of the Umvot,
Mnyamvuba, Yarrrow, Umgeni, and Umzunkulwana rivers are fod, and the sandy coastal plain of
northern Zululand ncar lake St Lucia In the Gauteng areas in and around Barbeton and White River,
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where tnbutaries of the Crocodile, Klaserie, Levubu, Olifants, and Crocodile rivers are fed, have also
been implicated.

In 1932 the RS A State Department of Forestry decided to leave the banks of streams unplanted for
20 m on cither side. Campaigns against forestry became so senous at the ume of the Bnush Empire
Forestry Conference held in South Afnica in 1935 that a committee was appointed to report on the
cffects of forests on climate, water conservation and crosion in South Afnica. This committee
recommended that a comprehensive scientific investigation be conducted on the cffects of tree planting
upon local water supplies. The State Forestry Department responded promptly and the Jonkershock
Rescarch Staton was established in the same year In 1936 and 1955 the Cathedral Peak and
Mokobulaan Rescarch Stations respectively were established (Department of Forestry, 1968 - see
footnote 2 on page 10)

To investigate whether the fears of voracious water use by Eucalypts are justified it 1s necessary 1o
consider the processes which determine evaporative loss from vegetation, and to understand how these
are effected by different climates, plant species, soil types and avatlability of soil water. This chapter
reviews some aspects, covered by available literature, on Eucalyprus and Pinuy plant-water
mtcractions.

2.3 Drought tolerance

Growth n terrestnal plants is precanous, since an essential substrate for growth, carbon, is acquired
only at the cxpense of losing water. Therefore reserves of the pnncipal solvent in which growth
processes take place is depleted, while replenishment of such reserves by rainfall is irregular and
unpredictable. Drought generally reduces the growth mte of plants (Hsiao, Acevedo, Fereres and
Henderson, 1976) and reduces the stomatal conductance to gas exchange. Plants sometumes fail to
survive duc to drought, exacerbated by their own activity. Until recently, the most commonly held
view was that stomatal closure occurs m order to avoid damage by water stress to the biochemical
machinery of plants. It is now becoming clear that xylem dysfunction induced by drought is a senous
problem to plants. Resistance to xylem cavitation events is an important (perhaps the most important)
parameter that may determine drought resistance.

In fact, water supply is the most important environmental factor determining distribution, species
composition, and growth of forests (Kozlowski, 1968). Net annual primary production of forests varies
from as much as 3000 g m™ in wet regions to negligible amounts in dry regions (Fischer and Tumner,
1978). Specics composition of forests depends not only on the total amount of rainfall but also on its
annual vanability and scasonal distnbution. The importance of scasonal distnibution of runfall s
emphasised by falure of a phenomenally high ramnfall (11610 mm) at Cherrapungi (India) to support
mesophytic forest. Almost all of the ran falls in eight consecutive moaths, with the other four months
receiving a total of less than 100 mm. When more evenly distnbuted throughout the year much less
rain than falls at Cherrapungi can support rain forest (Daubenmure, [978).

Although “drought resistance” has often been used to descnbe the capacity of trees to survive
drought, "drought tolerance”™ is preferable because it more accurstely descnbes plant reactions to
drought (Kramer and Kozlowski, 1979). Overall desiccation avoidance of trees represents an integrated
response 10 onc or more morphological and physiological adaptions which may be present in leaves,
stems and roots.

Among these are production of small or few leaves; small, few and sunken stomata, rapid stomatal
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closure dunng drought, heavy wax deposition on leaf surfaces and in antestomatal chambers, and
strong development of palisade mesophyll (Kozlowski, 1976). The most important desiccation
avoiding adaption of roots is capacity for deep and extensive root development (e g high root to shoot
ratio). Stem adaptions include capacity for twig and stem photosynthesis, presence of living wood
fibres, and development of a wide cortex that prevents desiccation of vascular tissues (Fahn, 1964).
Modification for low flow resistance (eg vessels of angiosperms versus tracheids of gymnosperms)
reduces the water potennal ‘¥ difference between soil and leaf (Carlquist, 1975) Viewed broadly,
however, adaptions i Jeaves and roots are much more important than those in stems. Adaptions for
desiccation avoidance often vary for different species growing side by side (Grneve and Hellmuth,
1970).

Stomatal movements appear to be the most rapid, and reversible, means that plants have to adjust to
environmental changes. These might tend to open with changes in the environment which promote
carbon fixation and close with changes which promote water loss (disregarding possible transpirational
cvapomtive cooling mechanisms). Consequently their operation might have the effect of reducing the
average rate of water loss relative to that of carbon fixation, and represent all possible compromises
that could be made between linking CO, uptake and water loss. It is such a set of assumptions and
empincal observations that has given nse to the theory of optimal vanation, as proposed by Cowan
(1977), and Cowan and Farquhar (1977).

Optimisation theory has been used, for cxample, to investigate the optimal partition of
carbohydrates between root and shoot. Schulze, Schilling, and Nagarajah (1983) showed that when
water was not lumiting, maxsmum biomass is achicved by a plant that partitions the mummum amount
of carbohydrates to new roots required to maintain leaf water status. Unfortunately, this model does not
consider the situation where soil water becomes limiting, in which case a more pessimistic behaviour
would be better, with the degree of pessimism depending on the probability of future runfall (Jones,
1981). Other models have been used to investigate optimal root system form (Landsberg and Fowkes,
1978) and especially stomatal behaviour (Jones, 1976, 1981, Cowan and Farquhar, 1977, Cowan,
1982). It is, however only in relation to stomatal behaviour that attempts have been made to extend the
models to more realistic vanable climates (Jones, 1981, Cowan, 1982).

Cowan (1977), and Cowan and Farquhar (1977) envisaged a relationship: £ = E(A)[see footnote *|
n which stomatal aperture was an implicit parameter, and where 4 and E represent the instantancous
rates of assimilation of CO, and of transpiration respectively, per unit area of a particular leaf at a
partcular nstant of time. This concept was then extended to a whole plant duning a finite period of
tme.

Cowan and Farquhar (1977) defined optimality as that circumstance where, with vanation in A and
E with space, 5, and time, ' 4 could not conceivably be increased or decreased without increasing or
dmeUmMWMuMWWM
I[E(A:I) AA| ds df is a minimum value, 21

o

where A, a Lagrange multiplicr, is a constant. This condition reduces to:

O S— -

4  Forconvenicnce, a list of symbols appears at the end of this chapter
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One might interpret 2 as a physiological parameter that depends on the amount of plant available
water, the magnitude of which possibly depends on the interaction of the plant under question and its
environment at a specific time (Cowan, 1982). Alternatively, in circumstances where water is
abundant, it might also represent the plant’s ability for photosynthesis

The concepts of Cowan and Farquhar (1977) are illustrated in Fig. 2.1. When A is large, that is to
say unit marginal cost is large, the optimal variations in gas exchange do not deviate greatly from those
which would occur if leaf conductance were constant. With decreasing A, the deviations become
relatively greater and gas exchange is increasingly confined to those periods early in the moming and
late in the afternoon, when irradiance and temperature are appropniate for rapid photosynthesis but,
because the ambient vapour pressure deficit is relatively small, the potential rate of transpiration is
relatively small.

The dotted lines are optimal relationships between rate of transpiration, E, and the rate of
assimilation, A, corresponding 1o two constant magnitudes, A =400 and A =600, of SE/84. The
broken lines represent constant magnitudes of leaf epidermis conductance to vapour transfer, g, (as
distinct from that relating to the leaf boundary layer). The dotted trajectories traverse the surface in
such & way that the slope, 5£/84 is constant. As the surface is curved in the sense 5°£/84° > 0, they
are optimal trajectories, two of an infinite number of optimal trajectories cach of which corresponds to
a particular optimal variation in stomatal aperture and a particular magnitude of A (Cowan, 1982).

Much interest has been shown by tree breeders in the role of stomata in desiccation avoidance

E (mmol m~*37")

0 4 2 12 1%
Alpgmolm~*s™")

Fig. 2.1 A simulated transpiration function for a single leal during the course of the day. It is a
hypothetical example derived for a horizontally exposed leaf having assumed characteristics subject 1o
an assumed diurnal variation in environment typical of a hot, dry, clear day in an arid subtropical
environment (Cowan and Farquhar, 1977)
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because genctic vanations occur in stomatal size, stomatal frequency, and control of stomatal aperture
under stress conditions. However vanations in capacity for carly stomatal closure are often more
important in desiccation avordance than are differences in stomatal size or frequency Because of rapid
stomatal movements it has been shown that Eucalyptuy sideroxylon avouded or postponed desiceation
better than E polyanthemos, ot E rostrata (Qurashi and Kramer, 1970)

After stomata close cuticular control of water loss becomes cntical. Mesophytic plants with closed
stomata may lose up to 50 % as much water as they do with open stomata, but xerophytic plants lose
only 2 to 20 % as much, emphasizing the importance of leaf waxes in water retention (Lewitt, 1980) In
some species adaptive changes in leaf waxes occur in response to sclection by some environmental
vaniable. In Tasmania clinal analysis of glavcousness in several species of Ewcalyprus indicated a
strong genetic control of wax deposition (Barber, 1955, Barber and Jackson, 1957).

Maintenance of partial or full turgor of leaf and root cells while ¥ i1s decreasing, thercby
mantaning metabolism and growth, has been demonstrated for some herbaceous and woody plants
Maintenance of turgor can be achieved by low osmotic potential, capacity to accumulate solutes, and
by changes in elasticity of cell walls (Tumer and Jones, 1980). Because osmotic adjustment permits
maintenance of turgor and turgor mediated processes at lower ‘¥, it is sometimes considered as a
desiccation tolerance mechanism

Trees with decply penctrating and branching roots avoid desiccation by providing an efficient water
absorbing system (Kozlowski, 1972). On dry sites £ socialis grew better than £ incrassata partly
because of a higher root to shoot matio of the former. An important factor in greater desiccation
avoidance of £ camaldulensis over E globuluy was the capacity of the former to produce a decp
ramifying root system that absorbed water from deep soil layers after the surface dned (Percira and
Kozlowski, 1976) Deep rooting 15 also important in desiccation avoidance by several species of
Western Australian sclerophylls (Grieve and Hellmuth, 1970).

It is faurly well documented that tree charactenstics that confer drought tolerance generally conflict
with crop production. The main considerations relating to optimal water use (whether controlled by
stomatal movements or by leaf arca changes) are illustrated in Fig, 2.2 The curves in Fig. 2.2 indicate
that the rate of water use ideally declines with time dunng a rainless period, with the curve shape
depending on the probability of rainfall and on processes that compete for water, ¢.g. soil evaporation
The upper curves represent ("optimistic”) plants that are adapted to conditions where the average time
between ramnfall is short, and the lower curves represent the more conservative behaviour necessary by
those adapted 1o situations where the penod between rainfalls is long (Cowan, 1982). This information
can help i the definition of ideal pattems of stomatal behaviour or Iecaf area development for specific
cnvironments.

There would tend, therefore, to be an inverse relationship between growth rate and probability of
survival. One may presume that through selective adaption, plants have acquired some charactenstics
that enable them to grow more quickly without diminishing the probability of survival, and to increase
the probability of survival without diminishing their growth rate, for a particular set of environmental
vanables.

2.4 Plant water deficit

A decrease in water content may be termed a water deficit. When the decrease in water content, or
increase in water deficit, reaches a level such that it negatively affects a physiological process (e.g
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Fig. 2.2 Optimal changes in the mean daily rate of assimilation with £/t where 7 is the time since it last
rained, and t is the average interval between rainfalls. The different curves represent the optimal
sequences for different initial rates of water use (and hence assimilation), and depend among other
things, on t, with low initial rates being necessary if the expected wait until the next rainfall is long
(Cowan, 1982)

photosynthesis), the tree may said to be experiencing water stress. How to characterize the degree of
water deficit experienced by plants is a pertinent question and has been a source of controversy. The
water balance of trees is most frequently characterised by wilting, tissue water content, relative water
content (RWC, also called relative turgidity), saturation deficit (SD), and water potential (V) (Kramer,
1988; Passioura, 1988; Schulze, Steudle, Gollan and Schurr, 1988; Boyer, 1989).

Water deficits develop readily in forest trees, even in trees growing in wet soil, because of excess
transpiration over absorption of water. Water deficits adversely affect seed germination and cause
tissue shrinkage (leaves, stems, roots, fruits and cones). In Australia, germination of Eucalyprus seeds
exceeded 80 % but seedling survival was less than | % because of dessication (Jacobs, 1955). The
importance of water deficits in trees is sometimes under-emphasised when growth reduction or death
of trees is attributed to such factors as competition, disease or insects. Water deficits may predispose
trees to onslaughts of fungus pathogens and insects. Root diseases and insect injury to roots further
reduce water absorption, thereby inducing enhanced shoot water deficits. The desiccation of tree
crowns following occlusion of vessels after infection by fungi causing vascular wilt disease may lead
sequentially to growth reduction and death of trees (Ayers, 1978).

2.4.1 Wilting

Wilting is sometimes used to determine when internal water deficits develop in plants. Wilting varies
as to degree and may be incipient, temporary or permanent. Incipient wilting, characterised by slight
loss of turgor, usually does not cause drooping of leaves. Incipient wilting grades into temporary
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wilung, charactensed by visible drooping of dehydrated leaves duning the day, followed by rehydration
and recovery from wilting during the night when stomata are closed and evaporative demand declines.
While some specics like Prunus serotina, and Cornus spp. wilt early duning a drought, others that are
permeated with abundant sclerenchyma ussue, like Pinus and Jlex, do not wilt even after their
parenchyma cells have Jost turgor. Unfortunately visible wilting of some plants reflects a very
advanced and severe water stress condition. For these reasons observations of wilting do not allow for
quantitative studies of water deficits in trees.

Dunng sustained penods of soil drying, temporary wilting grades mto a state of permanent wilting
in which plants do not recover turgadity at might According to Slatyer (1967), permanent wilting
occurs when lcaf, root, and root soil ‘¥ values are equal and turgor pressure is zero. This 1s because
water movement into roots occurs only when ¥ of roots is lower than ¥ of soil. Permanently wilted
plants can recover turgidity only when water is added to the soil. Prolonged permanent wilting usually
kills most plants (Kramer, 1969)

2.4.2 Comparative water content

Both saturation deficit (SD) and relative water content (RWC) compare the water content of fresh
tissue with the saturated water content for the same tissue, usually obtained by allowing the ussues 10
rehydrate while floating on water. The limitation of these measurements is that leaves of onc specics
may be fully turgid at a water content found in wilted leaves of another species, or i leaves of
different ages on the same tree.

The description of water status in encrgy terminology has become greatly accepted. Water potential
quantifies the capacity of water to do work (per unit volume) in comparison to that of an equal volume
of pure free water (Savage, 1978, 1996), This ermunology provides the means for defining water status
either within a tree or within the soil-plant-atmosphere continuum and allows for quantitative
COmPparnsons.

wwmmmmmmmmwpmzmm
potential (V) which descnbes the pressure against a cell wall and is determined by turgor in plant
cells or teasion in xylem elements; (ii) solute or osmotic potential (‘'¥,) ansing from osmotically active
solutes dissolved in water, (iii) matnc potential (‘W) ansing from capillary or colloidal forces by soil
colloids or cell walls, (iv) gravitation potential (‘¥ ). Water potential is partitioned using the following
equation (Slatyer, 1967):

YW e W, Y, 23

Both ¥, and ‘¥, have negative values but ‘¥, is positive except rarely when wall pressure is
negative. In xylem clements ‘¥, is negative, 0, or under the influence of root pressure, positive. In
plant cells ¥, the sum of ¥, W, ¥, and ¥, is negative except in fully turgid cells when it is zero
(Kramer and Kozlowski, 1979) Water potential is measured in energy per unit volume and s
cmdymmdhhnuwm&).qumdyq"md‘l’.mmomimdﬁm
measurement since they are assumed to be small, although ‘¥, can be important in tall trees
(Scholander, Hammel, Bradstreet and Hemmingsen, 1965, Tobicssen, Rundel and Stecker, 1971)

Knowledge in any two plant parts or in the soil and plant enables an investigator to determine which
way water will move (i.e., from a region of lugh ¥ to one of low ‘¥), or if it will move at all Water
potential can be determined by vapour equilibration, thermocouple psychrometry, or using the
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Scholander pressure chamber (Savage, Wicbe and Cass, 1983; Savage and Cass, 1984).
2.5 Biomass production

1.5.1 Canopy growth

It has been demoanstrated for a wide range of crops, including forest trees, that dry matter increment is
lincarly related to leaf arca and the amount of radsation intercepted over the same penod, and also that
manipulation of the environment is likely to change the slope of this relationship (Jarvis and Leverenz,
1983, Jarwis, 1986, Linder, 1985) Biomass production, therefore, by different Eucalyprus spp. 1s hikely
to depend on their leaf canopy dynamics and bow these are influenced by environmental factors such
as water availability and temperature.

Leaf primordia of angiosperm Ieaves generally form on apices of shoots and grow mmtially by cell
division, producing layers of differentiated cells and the framework for leaf shape. The growth of a
plant cell involves extension of the cell wall in response to the hydrostatic or turgor pressure excrted by
the cell contents. Wall extension is combined with an influx of water and solutes which act to mantan
cell turgor. A steady rate of growth is achicved when the mie of water uptake equals the rate of wall
cxtension.

Biophysical analysis indicates that many eavironmental factors influence Icaf growth by changing
cell wall propertics, and that reduced water availability with soil drving may have a particularly
marked cffect (Tomos, 1985, Cosgrove, 1986) Some of the vanation in maturc leaf size may be
attributed to vanation in the duration of menstematic activity and partly due to variation in final cell
size. Rewatening afier a short penod of time may cause small unexpanded cells 1o swell such that a
burst of outgrowth is scen afier rewatenng.

It has been suggested that as the soil dnes, roots may generate a chemical signal which can limit
leaf growth. Fine roots have been implicated as particularly important sensors of water status and there
scem to be appreciable differences between specics in their capacity to sustain root turgor in drying
soil. Some also show enhanced root growth and/or deeper rooting as deficits develop (Van
Volkenburgh and Davies, 1983; Davies, Metcalfe, Schurr, Taylor and Zhang, 1987, Zhang, Schurr and
Dawvies, 1987)

The leaf growth (cm®) of seedling E globulus trees, grown in small pots over a period of 20 days in
response to different watering regimes was recorded by Davies, Rhizopoulou, Sanderson, Taylor,
Metcalfe and Zhang (1989). Leaf arca in this circumstance was greatest in the highest watering regime
and appeared 1o respond rapidly to watening after a peniod of relative deficiency.

In an experiment to determine the comparative water requirement and biomass (dry mass)
production of a Excalyptus hybnd (£ tereticornis) and some other selected tree species in their first
year of cstablishment, Chaturvedi, Sharma, and Snvastava (1984, 1988) concluded that water
consumption was strongly related to growth. Of interest is that while the Excalyptus hybnd consumed
the most water, it was also the most efficient user of water in terms of water consumption per gram of
above ground biomass (Table 2.1).

In an expeniment to quantify this further for such Eucalyprus trees, Dabral and Ratun (1985) grew a
selection of six month old hybrid seedlings in 3 m x 3 m x 3 m lysimeters for a period of 27 months.
They estimated that, for above ground biomass, 167 mm of water was required to produce | kg dry
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Table 2.1 Water consumption and biomass produced by selected tree species after one year of
establishment (Chaturved: et al, 1984)

Specics Water consumed (/)  Biomass produced (g)  Average water uptake |
{ per gram of Biomass (/)
| Pongomia pinnata 697 520 130 ‘
Albizzia lebbek 1371 2335 058
Syzigium cuminil 1460 2386 061 |
Acacia auriculiformia 1475 1713 0386 |
Dalbergia sissoo 1794 2005 089
| Eucalyptus hybrid 2662 5209 051
‘ Blank area 502 - .

mass (0.501 { per gram of dry mass).

Similarly, using a lysimetnic techmique, Rawat, Negi, Rawat, and Gurumurt: (1985) quantified the
water loss of E terenicormis under differential soil water conditions. They also determined the numbers
of open and closed stomata under these conditions using polystyrene film impressions. In their
conclusions they noted that the hybnds transpired "copiously”, but that when soul water was restnicted,
partial stomatal closure occurred reducing the transpiration rate. Optimum water use (0.27 / of water
per gram of dry mass), without a senous reduction in total dry matter, occurred at a soil water content
of 15 %

Like many other trees, Eucalyprus spp. show a dramatic difference in leaf morphology between
juvenile and adult foliage, particularly specific leaf arca (SLA) £.e., leaf area per unit dry mass (Linder,
1985), and as a conscquence probably also water consumption. Langford (1976), Bosch (1979) and
Van Lille, Kruger, and Van Vyk (1980) have shown that the apparent water loss through Eucalypus
trees is not necessanly related to stand age in a lincar function. This 15 possibly due to a number of
factors including curvilinear relationships between forest stand vanables and age. One example cited is
that leaf area of even-aged stands increased with age only 10 a centan limit, whercupon it remained
fairly constant Further, Van Lill er al (1980) noted that £ grandis trees exerted an observable
influence on catchment streamflow from about the third year after afforestation, reached a maximum at
about the fifth year, and then remained roughly constant for a further four years.

2.5.2 Stem Increment (Wood Production)

Up to 90 % of the annual vanation in xylem increment of forest trees has been antnbuted to water
deficits in and regions and up to 80 % in humid regions (Zahner, 1968). This is substantiated by
significant comrelations found between xylem increment and ramnfall or available soil water (Fnuts,
1976), and from thinning and irmgation studies (Zzahner and Whitmore, 1960, Zahner, 1968, Mochring,
Grano and Bassett, 1975, Kramer and Kozlowski, 1979).

Such vanations in wood production are the result of differences in both the rate and duration of
cambial activity These in tum determine the number of xylem cells produced, and the time of
initiation and duration of latewood Kozlowski (1979) has indicated that water deficits i trees are
often most cntical when radiation and temperature are optimal for growth. When several droughts
occur dunng the same growing scason multiple growth rings often form. Vanation in growth nng
patterns with climate (particularly rainfall) is the basis for dendrochronology (Fritts, 1976, Creber,
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1977)

Cambnal activity is inhibited dircctly by water deficits when cell turgor 15 low enough to reduce
synthesis, downward transport and action in the stem of hormonal growth regulators (Whitmore and
Zahner, 1976). In addition to restricting cambial activity duning drought, water deficits may also have
an indircct inhibitory effect on cambial growth in a subsequent vear because cambial activity is
regulated not only by hormonal plant growth regulators but also the basipetal flow of carbohydrates
Since this may be influenced by foliage amount which in tum may be influenced by xylem activity in
previous years, the resultant feed forward effect is explained

This 1s illustrated by evidence that water deficits often prevent any xylem forming m the lower
stems 15 suppressed or old trees (Larson, 1963, Zahner, 1968). The lower rate of cambial activity and
its cessation earlier in the season in suppressed rather than in dominant trees is also, to a large degree, a
response to water deficit (Kozlowski and Peterson, 1962). In Wisconsin (Canada) xylem increment was
greater and continued longer into the summer for P. resinosa trees growing on the lower part of a slope
than for trees on the upper part. These differences were attnbuted to greater water deficits in the
upper-slope trees (Brackke and Kozlowski, 1975)

Of interest is that cambial tissucs of Ecalypruy trees may come under considerable water stress
almost daily during the growing scason because of the great tensile forces which develop in the
adjacent mature xylem (Stewart, Tham and Rolfe, 1973).

2.5.3 Root Growth

Detailed discussions of water uptake in soil-plant systems have been presented by Taylor and Klepper
(1978), Landsberg and Fowkes (1978), Atkinson (1980), Feddes (1981) and Passioura (1981). The
main considerations in soil resource utilization by trees are the: (1) transfer charactenstics of the soil;
(1) "abundance” of absorbing surfaces ¢.g roots, (1) absorbing surface chamctenstics.

Typically, upon demand, plants withdraw water from the soil immediately adjacent to their roots,
with this zone being replenished from the bulk soil. If the rate of withdrawal exceeds the rate of water
movement through the soil to the root ie., the rate of uptake exceeds the soil hydraulic conductivity,
then the soil adjacent to the root becomes drier than the bulk soil and the rate of water flow into the
roots will decrease, possibly causing stress (typically -1 MPa). Consequently water availability to trees
ts likely to depend on the nature of the soils in which they grow (e.g water holding capacity, hydraulic
conductivity) and to how the trees respond to such a soil environment.

For example, Fabiio, Persson and Steen (1985) studied the growth of fine roots in the 0 to 400 mm
top soil layer of 11 to 16 year old stands of £ globulus over the period of one year. They noted that
approximately double the mass of fine roots were produced in clay soils than in sandy soils and that
fine-root tum-over due to decomposition in the former was approximately one third higher than in the
latter.

This is interesting since it has been observed that where soil resources (particularly water) are not
limiting, maximum above-ground biomass 1s achieved by plants that partition a mummum of resources
1o the root structure, particularly fine root tumover (Cannell, 1985) Evidently in circumstances where
resources do become limiting a more pessimistic behaviour is better - £ ¢, the development of a more
extensive root system.
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Root systems can tvpically be divided into three main components: (1) major permanent structural
roots usually much larger than the fine roots that they produce, analogous to the carbon skeleton of
above ground parts, (11) a system of temporary fine roots | to 2 mm in diameter, consisting of longer
exploratory roots beanng lateral shorter roots; (i) Mycorrhizas formed by infection of fine roots
(Bowen, 1983)

A root study of £ globulis trees at |, 3, 10 and 20 years of age has been presented by Mathur, Ray,
and Rajagopal (1986) The charactenstics of the four different aged plants is presented in Table 2.2,
Mathur et @l (1986) noted that most of the lateral roots arose from the top portion of the tap roots and
that the root volume in all the trees sampled was mostly confined to the upper one metre of soil. Root
depth increased with age (one to ten years), with the exception of the trees at 20 years of age which
they suggested had been restricted by some physical or edaphic factor (such as a stone, hard pan or soil
availability) which had resulted in the tap root turning laterally

Root abundance is often expressed as L, (m root m™ soil), L (m root m™ soil surface) or L, (kg dry
mass m"). Interpretation of such numbers is complicated since contact with the soil and root activity
with respect to water uptake, of the different root types is ofien uncertain. Atkinson (1980) has
indicated that these can be as little as 40 %, and may decrease considerably due to root shrinkage
during drying cycles (both diumally and over longer drying periods).

Using a profile wall technique down to | m, Baldwin and Stewart (1987 noted that 77 % of roots |
mm in diameter were in the top 300 mm of soil for £ grandis trees growing at a spacing of | Sm « 3
m at Milduma (Australia). Using a core sampling techmique in this region they noted that roots | mm in
diameter comprised 73 % of all roots counted and contributed to 85 % of the total length in this region.
They also excavated the roots from a 280 m x 280 m = 1.20 m block of soil around an imgated
six-year-old £ grandis tree The length and mass of these roots, is presented in Table 2.3.
Measurements were not made below 300 mm for roots 2 mm in diameter. The tap root of the excavated
root system was also noted to have been only 200 mm Jong and had appeared to be dead for some time.

The L, value for roots | mm in diameter from the six-year-old E grandis tree (Table 2 3) excavated
by Baldwin and Stewart (1987) is about three times the value of 374 m m™ reported for roots of the
same size in 29-year-old £ regnans forest (Incoll, 1979), while the L value of 3.13 kg m™ compares
reasonably with that of 4.54 kg m™ for forest trees of £ obliqua and E. dives (Feller, 1980) and 6.19 kg
m? for forest dominated by E. signata (Westman and Rogers, 1977).

The poor tap root development of the imgated E grandis tree (Table 2.3) contrasts with that of
natural stands of £ regnans where young trees may produce a substantial tap root (Ashton, 1975,
Incoll, 1979), aithough in 26-ycar-old stands the tap-root may be completely dead or missing (Ashton,
1975). For mature forest dominated by £ signata, tap roots contnbuted 19.6 % of the root mass

Table 2.2 Root charactenstics of £ globulus trees at four different ages (Mathur ef al, 1986)

| Parameters Asgofmg%) -
= 1 | 20

Lateral root extension (m) R ) 512 640 952
| Length of tap root 1.49 231 194 5.52
Area of concentration (m?) | 313 918 19.52 2026
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Table 2.3 Length and mass of roots in the 0 tol m soil horizon for imgated six-year-old £ grandis trees
grown at Mildura, Australia. Data are from an excavated arca of 7. 84 m® (Baldwin and Stewart, 1987)

' Root diameter (mm) _Root length (m m™*) % Root mass (kg m™’ % |
| 0-1 1029 8 863 01 3 ‘
| >1-2 1142 96 0.07 23

>2-5 287 24 021 6.7
>5-10 129 11 034 1o
>10-20 54 04 048 154
o N 02 192 6.1 |
Total 1932 100 3.13 100

(Westman and Rodgers, 1977).

Where a plant root system is non-umiformly distributed through the soil, as 1s usual, and has more
than an adequate capacity to supply water to the tree, then the mnitial pattern of water depletion will
reflect root density, assuming no great vanations in soil hydraulic conductivity or root resistance,
However, as the soil dries, the rate of water depletion will proportionally increase from those areas of
soil with relatively low root densitics (which remained relatively moist) and decrease from the dner
arcas of high root density. The rate of water depletion from the former arcas (per unit root length) then
will necessanily be higher than that found initially and possibly higher than that from the now dner
arcas of high root density, because of the higher flow rates needed 1o mantan transpiration from the
now comparatively restricted root system (Atkinson, 1978).

Stuart-Crombie, Tippett and Gorddard (1987), 1n an attempt 1o simulate effects of Phythophthora
cinnamomi infection of £ marginata saplings growing in Darling (Australia), noted that normal water
relations were mamtauned with as little as 50 % or the root system remaining, when the surface soils
were moist. However high vanabilitics in stomatal conductance and leaf water potential occurred when
the soils were dry, suggesting no excess in root capacity under such conditions. Stomatal conductance
was more sensitive 1o root loss due to severe pruning than was leaf water potential, where predawn leaf
water potentials were relatively unaffected by removal of up to 80 % of roots irrespective of whether
the surface soils were dry or moist. They concluded by suggesting that the vertically descending
“sinker” roots, charactenstic of Excalyptus spp. in ummpeding decp soils, were cssential to tap water
held decp down in the soil profile so as to ensure plant survival dunng drought periods. Destruction of
such roots by P. cinnamomi had greater effects on the water relations of £ marginata in summer than
shallow roots.

Greenwood and Beresford (1979) inferred from their studses that since the average transpiration of a
number of species of two-year-old trees growing at Popanyinning (Australia) mcreased threefold
between carly and late summer, that the roots of these trees had grown to reach the water table which
was at a depth of between 3 and 5 m by the end of the summer scason.

Similarly, Carbon, Bartle and Murray (1981) reported studics of water stress and transpiration rates
from natural £ marginata and E calophylia forest growing in five different catchments. Two of three
catchments were in a 1200 mm annual minfall region and three in a 700 mm region, all being in the
Darling Range (Australia). The soil consisted of | m of surface sand overlying 3 m of sandy loam
above 21 m of fine kaolinite clay. A permanent water table existed at a depth of 15 m at 15 out of 25
sites. They found little differcnce between £ marginata and E calophylla 1n their transpiration
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responses, subsequently confirmed by Colquhoun, Ridge, Bell, Loneragan and Kuo (1984), and little
differcnce between sites, except in late summer when transpiration rates were gencrally found to be
higher from sites with permanent water tables.

More recently Greenwood, Kiein, Beresford and Watson (1985) reported studies on seven-year-old
trees growing at Banmister in the Hothan valley (Australia). Their studies were conducted on two
plantations, onc¢ up-slope and the other immediately above a saline scep. Annual evaporation from
pasture in that arca was 39 mm regardless of the position on the slope. Annual evaporation
(interception + transpiration) from trees at the up-siope site was 2300 mm for £ maculata and 2700
mm for both £ globulus and E cladocalyx, while at the mid-slope site values were 1600 mm for £
wandoo, 1800 mm for £ leucoxylon and 2200 mm for £ globulus. They concluded that to support
these high rates, which exceeded the annual ranfall of 680 mm by a factor of approximately four, the
trees must have been extracting water directly from groundwater. Soil conng studies which revealed
roots at 6 m, | m below the water table at the time, supported this hypothesis.

Calder (1986) commented on this by noting that evaporation rates of this magnitude exceeded the
rate that could be supported by the input of solar radiation alone and implied considerable advection of
heat from the air mass moving over the forest. He suggested this was indeed possible and had been
verified for wet forests (Calder, 1985).

2.6 Catchment water balance

A number of catchment studics on water use by Eucalyprus spp. have been reported, mostly from
Australia, India and South Africa However the results of these are usually site specific. Extrapolation
to other arcas 15 difficult since the mechanisms responsble for water Joss are complex, and in the
absence of an applicable genenic model as a guide (Reynolds, Acock, Dogherty and Tenhunen, 1989)
sufficient information is seldom published for meaningful comparisons to be made. A general pattermn
shown by these studies 15 simular to that found in the majonty of catchment studies, which have
compared runoff from forested and unforested catchments. Typically the runoff s usually less from
forested catchments (Hibbert, 1967, Bosch and Hewlett, 1982, Calder, 1986).

Other catchment studics in Austraba mvolving Eucalyptus spp. have been reviewed by Lima
(1984)

Mathur, Ram Babu and Singh (1976) found, from catchment studics camed out near Dehra Dun
(India) that a mixed plantation of E grandis and E camaldulensis reduced runoff by ca 28 %
compared to the onginal brush vegetation i ¢.. 14 mm of an annual runoff of 50 mm.

Similarly at Mokobulaan (South Africa), Van Lill er al. (1980) noted an apparent mean reduction in
catchment streamflow of approxamately 300 mm per year due to afforestation with £ grandis trees (ca.
25 % of mean annual ranfall). They also gave special mention of the fact that the soils in the arca of
study were extremely shallow - "only a few tens of millimetres deep”, as discussed by Nanni (1971).

Interestingly from studies camed out at Lidsdale (New South Wales, Australia), Smith, Watson and
Pilgrim (1974) concluded that conversion of Eucalyprus forest to Pinus forest resulted in a 50 %
reduction in runoff (annual rainfall = 900 mm). More recent work (Dumin and Mackay, 1982, Sharma,
1984) indicated that transpiration losses from the two communitics are similar, the differences in total
loss being due to differences in mterception. Similar results have been presented by Pook and Moore
(1991a, b) where the storage capacitics of the trees studied in southcastern New South Wales
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(Australia) were 54 /and 11,3 [ for P radiata and E viminalis respectively. These accounted for 26 5
% and 83 % interception loss of incident rainfall respectively. They also cited literature where
hydrological resources modeiling indicated substantial reductions i water yield resulting from
increased total evaporation losses, mainly due 1o interception, following conversion of the land under
study from Eucalyptus forest to Pimes forest

Successful forest catchment hydrological modelling is likely to be most justified in: (a) the research
ficld, where some sort of model is essential as a framework for formal and organised hypothesis
formulation; (b) forest management and nisk assessment, where forest managers may use them to
estimate sustained productivity or predict the cffects of management actions, (¢) ecological impact
asscssment on both local and global scale

Water balance models are, superficially, structured the same way whether the objective is to (i)
calculate soil water content (or potential) as an input into a tree growth model or for determnation of
water availability to a forested stand, or (1) calculate stream flow and water yield of a catchment

If it 1s assumed that the water removed from a root zone 15 extracted uniformly and the ranfall
reaching the soil 1s distnbuted umiformly, the forest water balance (rate) may be written as (Whitehead
and Kelliher, 1991a; b):

R+F=(P~E,~E ~E ~E)~(W~W_)A 24

where R 1s the average rate of runoff, F 1s the average rate of drunage from the root zone, P is the
average rate of rainfall, E, is the average rate of transpiration from the dry tree canopy, £, is the
average rate of evaporation from the tree canopy and stems wetted by rainfall, and £ and E, are the
average rates of evaporation from the understorey vegetation and forest floor respectively, over the
time period Ar. The quantity W, ~ W, _, 1s the change in root zone water storage (AW) dunng the j,
penod.

2.7 Plant evaporative processes

Evaporative loss from vegetation can be differentiated into two essentially different components,
namely: (1) interception, and (11) transpiration. Interception is merely a physical process which involves
the evaporation of water from the wet outer plant surfaces during and after runfall. Transpiration 1s a
physiological process involving the uptake of water by plant roots and transfer 1o and through the
leaves, which is subject to more complex mechanisms.

2.7.1 Rainfall interception

Evaporative losses of intercepted water are determined by: (i) the rainfall duration and intensity, (i1)
wet time cvaporation rates, and (i) the amount of water that is stored on the tree canopy (Calder,

1986). Consequently 1t 1s likely to vary according 10 tree canopy structure and the nature of the weather
and climate 1n a particular area.

mmmtofmmmdmam(qnnmympuiodm&nowingmﬁn(ﬂmbe
determined from (Rutter, Kershaw, Robins, and Morton 1971, Rutter, Morton and Robins, 1975, Rutter
and Morton, 1977):

C=C,_ +[(1-p)P~E ~H]A 25

where p is the proportion of free throughfall (rain falling on to the ground without being intercepted by
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the tree) and the terms £ and H, are the average rates of evaporation and dranage of intercepted
rainfall from the tree dunng the period Ar, respectively.

If S is the tree surface water storage capacity, then the fraction of the tree that is completely wet in
the J,, penod 15 (.‘//S(Shuulcworda. 1976). Drainage of intercepted rainfall is expected to be zero when
C}SS.tharﬁnfdldiwcbdwuumtﬁumwugmmsmrapemdofm.
dranage 1s taken as the amount of water on the canopy after cvapomtion has taken place
(I(1 = p) P~ E_) A) which exceeds the remaining water storage capacity (S > C, _,) (Kelliher, Black
and Price, 1986, Whitchead and Kelliher, 1991a; b).

Interception storage capacity for a tree canopy is typically determined by the product of the total
leaf surface arca of the tree per unit ground area (leaf area index) and the water holding capacity per
unit leaf arca. Storage capacities of 2.2 to 8.3 mm m™ have been reported on tropical rain forest trees
(Herwitz, 1985). However, while Excalyptus spp. may have storage capacitics per unit leaf arca simular
to those of other tree species (Aston, 1979), they are likely to exhibit lower total interception storage
capacitics duc to lower leaf arca indices. In some cascs this may be less than a half those of other tree
species (Anderson, 1981). Compared to leaves, storage by woody parts such as trunk and branches,

Intercepted water lost through evaporation dunng minfall is likely to become decreasingly
significant, compared to that from storage in the canopy after rainfall cessation, with decreasing storm
duration and increasing storm intensity and canopy sparsencss. Some percentage runfall loss data due
to interception by some Eucalyptus spp. in relation to different parts of the world is presented in Table
24

Evaporation rates from wet trees tend to be much higher than those of shorter vegetation as they
present a relatively rougher surface to wind, increasing forced eddy convection which is the dominant
mechanism responsible for the vertical transport of water from leaves to the atmosphere (Eq. 2.6 and
Fig. 2.3).

The evaporation rate of intercepted water may be expressed as the sum of an equilibnum
evaporation rate term and a transport term (Monteith, 1965):

Ey= 1% (R,~ V1 0%+ 1) M+, pc, D, 26

where £, is the evaporation rate of intercepted water (mol m™ 5), 5 the slope of the relationship:
saturation vapour pressure vs air temperature, v=¢, P/ e pyclnmemeeonm(khl(").k the
net iradiance (J m? "), Hd\eﬁu&utyofhu:mwum"s').lmmmhuof

Table 2 4 Comparative interception ratios of different Eucalyptus spp. from different parts of the world
(Calder, 1986)

_Species Location  Mean annual runfall (mm)  Interception (% raunfall)
E hybnd Indsa 1670 12
E. globulus India 1150 2
E. camaldulensis Isracl 700 15
E. regnans Australia s10 1
E. regnans Australia 1660 19
E. obhga Australia 1200 1S =
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Fig. 2.3 The relation between the rate of evaporation of intercepted water (£;), and boundary conductance
(Zas) at a range of water vapour saturation deficits (). The ranges of likely boundary conductances for
grass, heath, shrub and forest canopies are shown. The shaded arca includes the likely rates of
evaporation from wet canopies of tree crops (Jarvis and Stewart, 1979)

vaporization of water (J mol™), g, = surface conductance from the canopy to an independent mixed air
layer above the canopy (mol m? 5™, p the air density (kg m™), ¢, the molar heat capacity of air at
constant pressure (J mol™ K™'), D, the water vapour saturation deficit of the planetary boundary air
layer or at a reference height in the mixed layer well above the surface of the forest canopy (kPa). The
commkc'mdpueallmklydependunonairlanm

2.7.2 Transpiration

Transpiration losses from Eucalyptus spp., as for most other vegetation types, are likely to be
determined principally by: (i) the climatic evaporative demand (which is related to prevailing solar
irradiance), ii) atmospheric humidity deficit; (iii) air temperature; (iv) windspeed; (v) physiological
response mechanisms which control stomatal apertures in response to environmental coaditions
(particularly soil water stress and stmospheric humidity deficits); (vi) soil water availability to roots,
and (vii) the canopy structure (notably leaf area index).

One would expect the transpiration of tree crops, in terms of evaporation per se, to follow the water
vapour saturation deficit of the ambient air-stream more closely than shorter agricultural vegetation
which would be more significantly influenced by net irradiance (Fig. 2.3). Jarvis (1985) has presented
a concept of using empirical coupling constants (£2) in mathematical models on transpiration to take

2.7.2.1 Canopy conductance
Rates of transpiration (£,) and evaporation (£_) from the tree canopy (excluding stems), may be
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calculated using the Penman-Monteith equation (Monteith, 1965), assuming similanty between tree
canopy acrodynamic conductances for sensible heat and water vapour (Hancock, Sellers and Crowther,
1983). This is based on one-dimensional acrodynamic and eaergy balance theory. When applied to
forest stands, the canopy 1s often treated as a single layer in the Penman-Monteith model The
assumptions necessary in taking such a "big leaf™ approach have been discussed by Jarvis et al (1981)
Total evaporation from a partially wet canopy may be expressed as:

E=((4+p6,Dag) M) iy Ts5.78) * 5 93]
where E=E + E_ A 18 the available energy flux density to the tree. The parameter g, is the bulk
acrodynamic conductance for the canopy from the surface to the reference height above it. Canopy
conductance (g.) may be given by (L x g,) where L 1s the leaf area (all surfaces) and g, ts the median
stomatal conductance for the leaves n the canopy. When C=0 this oquation reduces to the
Peaman-Monteith equation where £ = E, (Rutter ¢f ol , 1975).

27

The importance of coupling between the leaves in a canopy and the surrounding air in determining
the proportional effects of stomatal regulation and energy mput on the rate of transpiration has been
pointed out by McNaughton and Jarvis (1983) and Jarvis and McNaughton (1986). By adopting the
approach of Jarvis (1985), the Penman-Monteith equation for a completely dry canopy may be wnitten
in the form:

E=QE +(1-Q)E,, 28

where the coupling coefficient, £2, sets the relanve importance of the two terms: (1) equihbnum rate of
mmmm(EJ,md(ix)mpaedmofnmqﬁuﬁm(E.') Using the notation: A for the energy
flux density available for transpiration, ¢ as the change of latent heat content relative to the change of
sensible heat content of saturated air (s/y) and P as the atmosphenc pressure, the equilibnum rate of
transpiration equation is:

E,,sycA/[(u»l)l] 29
and that for the imposed rate of transpiration is:
Epp=2.DVP 2.10

layer (D) is related to D by:

D=QD_+(1-Q)D,_ 211
where
DqsycA/l(cH)c’g,l 212
and coupling factor (Q) is:
Q=(@E+1)/(e+1+8./8) 213

Acrodynamic conductance for transfer of water vapour (g,) is frequently calculated for a canopy
from the well-known momentum transfer equation (Monteith, 1965):
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1/8, = lin (2~ d)/z P/ u) 214

The reference hewght above the canopy (2), windspeed (u), roughness length of the forest surface
z,) and the zero planc displacement height (o) are measured values, while £ is von Karman's constant
The canopy is considered to be a single layer sink for momentum and a source or sink of water vapour
and sensible heat situated at one beight (Monteith, 1965),

Because of the tall, acrodynamically rough nature of forest canopies: (i) g, is much larger than g,
and (1) values of Q are often low (ca. 0.1) and it follows that transpiration can be closcly approximated
by E,,, (Jarvis and Stewan, 1979). Consequently transpiration is largely dnven by D and there 1s
significant stomatal control of transpiration In contrast values of £ for short crops such as pasture are
comparatively higher (ca 09) and g, 1s much less than g The canopy is poorly coupled and
transpiration is driven mainly by available energy and air temperature

Values of Q calculated for a number of crops has been presented by Jarvis and McNaughton (1986).
The significance of the structure of vegetation on the degree of coupling 15 well illustrated in an
Amazonian forest (Roberts, Cabral, and Aguiar, 1990) The value of Q increased from 0.3 at the top of
the canopy (36 m) to 0.8 in the understorey layer (1.5 m above ground level). This is consistent with
less mixing of the air at lower levels m deep, multi-stoned canopies (Jarvis and McNaughton, 1986),

The rate of evaporation from partially wet canopies is very sensitive to g, (Raupach and Finnigan,
1988). These arc hugh and occur largely dunng and immediately after rainfall (Gash, Wnght, and
Lloyd, 1980, Pearce and Rowe, 1981) The dominant dnving force for evaporation is convective
encrgy (Pearce, Rowe and Stewart, 1981) and rates are influenced more by the value of D during and
immediately after rainfall than by the water storage capacity of the canopy (McNaughton and Jarvis,
1983). On an annual basis, loss of rainfall by evaporation from wet canopics is froquently a significant
component of the water balance for forest canopies (Whitehead and Kelliber, 1991).

2.7.2 2 Stomatal conductance

Stomata begin to close when the turgor of guard cells decreases. Turgor changes that control stomatal
aperture appear to be caused by gain or loss of ions, pnmanly potassium. Dunng stomatal opening a
net influx of potassium fons from an external solution in adjacent cells has been shown for many
specics (Allaway and Milthorpe, 1976). Both histochemical and microprobe studies show a lincar
dependency of stomatal opening on potassium content of guard cells (Humble and Raschke, 1971).

Evidence indicates that potassium uptake by guard cells may nvolve a passive or active uptake
mechanism, or both. Production of organic acids in cells and export of hydrogen ions could increase
clectrochemical potential in cells to cause passive uptake of potassium ions. Altematively potassium
uptake against an electro-chemical potential gradient might be mediated by an active potassium pump
(Allaway and Milthorpe, 1976),

Typically, three daily patterns of stomatal aperture have been reported: (1) stomata open in the
moming, closed for a period during the middle of the day, reopen in the aftermoon, and finally closed
late in the day as the solar irradiance decreases, (i1) stomata open carly in the moming, closed rather
carly in the day and remain closed until the following moming, or (iii) on days of low water vapour
pressure deficit, abundant soil water and light overcast conditions, stomata remain open until evening
when photosyntheticallly active radiation declines,
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From the hiterature, it would appear that Eucalypne spp. show very different stomatal responses
between species and between sites, possibly reflecting physiological adaptive differences to the
environmental conditions from which they onginated.

Greenwood and Beresford (1979) found considerable vanation in transpiration rates between
vanous Eucalyptus spp. at sites of different annual rainfall in westemn Australia, and that the species
with the highest transpiration rate was different at cach site. £ globulus was highest at an 850 mm
annual runfall site, £. cladocalyx at a 500 mm site, and £ wandoo at a 420 mm site

In the past Excalyptus spp. have been classified into those that (i) show “'stomatal control™ wath
significant diumal and scasonal regulation, where stomatal resistances are typically low in the moming
but increase later in the day and overall with scasonal progression broadly in line with increased
vapour pressure deficit, e g £ maculata, E. resinifera, E saligna, E wandoo (Colquhoun er al , 1984),
E globulus (Pereira, Tenhunen and Lange, 1987) and £ grandis (Dye and Olbncht, 1991), and (1)
show little stomatal control of water loss with low leaf resistance throughout the day, with no evidence
of a correlation between stomatal resistance and atmosphenc water vapour pressure deficit, eg £
marginata, E calophylla (Colquhoun et al., 1984), £ microcarpa (Attiwall and Clayton-Greene, 1984)
and E terminaiis (Hoffmann, Barett and Fox, 1987).

Evidently species differ in the role played by stomatal functioning in assuring success under water
deficiency. Lewitt (1980) has classified spocies into those that: (i) are able to respond to carly signs of
drought in the air and soil and postpone dessication by mamntaining high ‘¥ for extended penods of
drought through use of a lugh degree of stomatal control. These he termed "drought avoiders of the
saving type", (11) can keep thewr stomata open, but are able to extract water from the soil rapidly enough
to compensate for water loss, typically achicved by genotypes with deep and large root systems or
where rapid changes in water potential can take place, either by changes in turgor pressure or osmotic
potential. These he termed “drought avoiders of the spending type”

Stomatal closure during the middle of the day has been reported for many species of forest and
orchard trees (Kramer and Kozlowski, 1979). Although midday stomatal closure has been attnbuted to
several causes, an important factor is the lag of water absorption behind transpiration. This induces leaf
dehydration and a reduction in leaf ‘¥ to a cntical level associated with stomatal closure. When leaf
water deficits are not severe, midday stomatal closure may also be observed under high temperature
conditions (Kozlowski, 1976).

The ume of stomatal closure dunng leaf water deficits may vary with leaf age, stomatal size and
location. Typically the stomata of shade leaves are more sensitive than those of sun leaves, and stomata
of young leaves often close sooner than those of old leaves in response to water deficits. Young leaves
of E. marginata transpired about 20 % less (per unit leaf area) than mature leaves on sunny days
because of more effective stomatal closure in the young leaves (Doley, 1967). Similar responses were
found in young and old lcaves of £ stuartiana (Henrica, 1946).

In both herbaccous and woody amphistomatous plants stomata of the upper (adaxial) and lower
(abaxial) leaf surfaces often close at different cnitical values of 'V Abaxial stomata of E. camaldulensis
scedlings closed gradually at \¥ values between -0 8 o -1 2 MPa Those of the adaxial surface closed
rapidly at ¥ values ncar -09 MPa (Percira and Kozlowski, 1976). Environmental and biological
control of stomatal aperture is discussed by Pospisilova and Solarova (1980)
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The critical leaf ‘¥ value at stomatal closure for different species varies for different clones and
cultivars (Pallardy and Kozlowski, 1979) and is modified significantly by factors such as solar
irradiance, CO, content of intercellular spaces, air humidity, windspeed, leaf age and, osmotic
adjustment. Absolute causal relationships for such responses have not yet been established which has
led some authors to conclude that the pattems in stomatal regulation obscrved may be due to factors
besides water pressure deficit

Percira et al (1987) reported that the stomata of £ globulus trees, growing i a winter runfall arca
ncar Lisbon (Portugal), became more closed as the scason became warmer and dner from winter to
summer and were generally more closed in the aftemoon than the moming at these times, at the same
rates of net photosynthesis, temperature or leaf to air water vapour partial pressure difference (Fig.
2.4). They concluded that the observed asymmetry in diumal pattemns of stomatal conductance (g) and
photosynthesis (7)) could not be explained by the occurrence of a higher ambient air water vapour
saturation deficit in the aftemoon alone

Alternatively the change in the relationship between P and g dunng the course of the day may also
be explained by a mid-day high in solar irradiance or air temperature and by differcat phytohormonal
regulation in the moming compared to the afternoon (Percira ef al, 1987). These could possibly be
related to photosynthesis and assimilate demand (Chaves, 1991) It also scems plausible that when
plants are subjected to stress, abscisic acid (ABA) accumulated in the chloroplast is released into the
apoplast, even at stress levels too mild to promote ABA synthesis (Schulze, 1986), presumably as a
result of a pH-dependent process (Hartung, Slovik, and Baicr, 1990). Some evidence has been
presented relating stomatal closure duning midday with an increase in leaf ABA content (Burschka,
Tenhunen, and Hartung, 1983, Pereira, Chaves, Rodrigucs, and Davics, 1989, Quarnie, 1990)

In the absence of water stress stomata generally opencd when the summed PAR incident on both
leaf surfaces was 100 mol m™ s”'. Maximum leaf conductance reached levels of 245 mmol m™ total
leaf area s (Pereira ef al., 1987), This is similar to those reported for adult leaves of other Eucalyptus
spp. under ficld conditions and in the absence of water stress in S and SE. Australia e g, E panciflora
(Slatyer and Morrrow, 1977, Komer and Cochrane, 1985), E Fasciculosa and E Obligua (Sinclair,
1980), but higher than more xeromorphic specics e g, £ microcarpa (Attiwill and Clayton-Greene,
1584).

2.7.2 3 Soil water avatlabulity

Bates and Hall (1981), Blackman and Davies (1985) and Gollan, Passioura and Munns (1986), have
demonstrated that stomata were less open in plants with partially droughted root systems, despite leaf
turgors at levels similar to those oxperienced dunng times of adequate water availability, than plants in
a thoroughly wetted soil. They suggested that a reduction in the cytokinin/ABA balance due to the

In their work, Gollan, Tumer and Schulze (1985) concluded that soil water availability rather than
instantancous values of leaf water potential (‘V) were responsible for many of the observed fluctuations
m leaf gas exchange. This might well explain the phenomenon of decreasing conductances as the
scason became warmer and dner in the work of Pereira er al (1987)

Recent research increasingly supports carhier suggestions (Hsiao, 1973) that plant responses to
water deficit are often not just by the chemical potential of the water per se, but rather due to other
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Fig. 24 A Hysteresis was observed dunng the course of the day in the relationship between leaf
conductance to water vapour on & single leafl surface area basis (g) and leaf-to-air water vapour partial
pressure difference (£'). B. Relationship between net photosynthetic rate P, and leaf conductance to
water vapour pressure on a projected leaf arca basis (g) Dtﬂwdhmdchmtdnpmoddmngwhuch
light limitation of stomatal conductance occurred (PAR < 100 mol m™ 5™').
Open circles refer to the aftemoon and filled squares to the moming. Data shown was obtained on (i) a

winter day (January 10, 1983); (11) a spnng day (March 25, 1983) and (111) a day n carly summer (July 6,
1983)] (Pereira er al, 1987)

factors varving mn concert with leaf or root water potential such as turgor (Bradford and Hsiao, 1982),
increased concentrations of solutes (Kaiser, 1987) or chemical compounds coming from the roots
(Zhang and Dawvics, 1989).

Theoretically predawn (base) leaf water potential (‘¥,) may be considered an approximate measure
of rhizosphere equilibrium water potential, under conditions of zero or low transpiration at night and
where root pressurization effects are ignored. Consequently it is often used as an indicator of overall
water stress in the ficld (typically ‘¥, decreases from about -1 MPa with increasing water stress). This
1s well illustrated in the work of Pereira er al. (1987), (Fig. 2.5) where maximum leaf conductance (g)
decreased with decreased ‘¥, (when W, was less than -1.0 MPa, values of maximum g were
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Fig. 2.5 A. Changes in maximum leaf conductance to water vapour on a single surface leaf arca basis (g)
in response to predawn leaf water potential (ws). B. Changes in daily maximum leaf conductance to
water vapour on a single surface leaf arca basis (g) in response to the leaf to air water vapour partial
pressure difference (D) at different predawn leaf water potentials (ws), C. Relationship between
maximum photosynthetic rates (P,) and leaf conductance to water vapour on & projected leaf area basis
(G) at the time of observation of maximal net photosynthetic rates, at different times over a year (Pereira
etal, 1987)

consistently low). Similar results have been presented by Schulze, Lange, Kappen, Evenari, and
Buschbom (1975); Schulze and Kippers (1979), Losch, Pereira, and Lange (1982), Pezeshki and
Hinckley (1982), Kdmer and Cochrane (1985) and Tumer, Schulze and Gollan (1985).

In the work of Pereira ef al. (1987) discussed above, maximum g decreased with increasingly severe
plant water stress as the season progressed, as did the slope of the decline in g with increasing water
leaf to air water vapour partial pressure difference. Interestingly, at similar plant water stress,
decreasing maximum values of g were also associated with decreasing leaf to air water vapour partial
pressure differences (D) in Fig. 2.5B, the influence of which were greatest when ‘¥, was high.

Note also that in summer low rates of leaf conductance appeared to limit net photosynthetic rate
(Figs 2.4 and 2.5). This is of particular importance because it emphasises a dependence of growth on
water availability, where tree biomass production is ultimately dependant on net photosynthesis.
Hence, ignoring relative photosynthetic efficiencies, one can speculate that stomatal behaviourial
differences between species are likely to indicate yield differences and also reflect relative adaptions to
drought 1lerance.

Individual leaf water potential measurements are, however, likely to be subject to the nature of the
leaf under consideration (e.2 metabolic activity and storage capacity) and to the path of water between
roots and the foliage itself. Zimmermann (1983) has hypothesised that a priority system for water is
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likely to be established in foliage depending on the development of conducting clements and
differences in resistance to water movement at different junctions (Le. root to stem, stem to branch,
branch to branch and branch to leaf). Consequently it is likely that leaf water potential will vary
considerably in the canopy, increasing the importance of replication of measurements within a canopy
which practically 15 often a limiting factor m determinations of this nature.

2.8 Water movement through trees

Long distance water flow in trees occurs through the lumens of non-living tracheary clements (vessels
and trachcids) of the xylem and through the lateral pits that interconnect the tracheary elements (Esau,
1965). Pits are thin and porous depressions in the wall where secondary wall matenal is absent. A
vessel is composed of a sencs of vessel clements (vessel members) stacked end-to-end and
interconnected by perforations at the end walls. Since vessels, like tracheids, are of finite length, water
must eventually move from vessel to vessel or from tracheid to tracheid through lateral pit pairs.

Vesscls can range from less than | mm to many meters in length in different species (Zimmermann
and Jeje, 1981, Ewers, Fisher and Chiu, 1990). Coniferous trees lack vessels, and therefore are entirely
dependent upon tracheids for their water transport. Tracheids are individual clongated conducting cells
ranging in length from a mean of 2 to 6 mm (Panshin and de Zecuw, 1980). In young stems tracheids
are often | mm or less in length.

In addition to the tracheary elements, wood (secondary xylem) contains other cell types, including
fibres and living parenchyma cells Fibres are thick-walled cells specialised for mechamical support.
Xylem parenchyma cells are involved with water and carbohydrate storage, and may be crucial in
defence agaunst discase. Non-living cells cannot respond to wounding or parasite entry, but living cells
can and do by excreting substances (¢ g, gums and lignin precursors) or by growing into the vessel
lumens to form tyloses (Panshin and de Zecuw, 1980, Zimmermann, 1983, Bonsen and Kucera, 1990)
These and other responses by living cells help to limat the spread of pathogens in the xylem. Some of
these protective responses are also a normal part of heartwood formation, the non-conducting portion
of the xylem, which is intemmal to the actively conducting sapwood and is ncapable of water
conduction (Esau, 1965, Panshin and de Zecuw, 1980),

In heartwood, the parenchyma cells are non-living vessels filled with gums or tyloses, and put
membranes are often encrusted with “extractives” (Wheeler, 1983) The number of growth layers of
sapwood varies considerably among species as well as within individual trees. The wood of trees s
often designated as: (i) nonporous (i.¢. without vessels as in conifers e.g, P. ponderosa, Ponderosa
pine) or (ii) porous (Fig. 2.6). Porous woods can be classified as: (a) nng-porous, with extremely large
carly wood vessels and much smaller latewood vessels (e.g. Castanes dentata, Amencan Chestnut),
and (b) diffuse porous (e.g E grandis, Blue gum), where the vessels are rather uniform in diameter,
Intermediate situations arc classified as: (c) semi-nng-porous or semi-diffuse-porous It should be
noted that the number of growth rings tends to decrease with height above the ground (Ewers and
Cruiziat, 1991).

2.8.1 Poisuille-Hagen equation

Many studies have applicd Poiseuille’s law to model xylem transport. In the nineteenth century Hagen
and Poiscuille independently armved at an equation (modified here) for fluxd flow through a bundle of
perfectly cylindnical pipes:
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Fig. 2.6 Amangement of heartwood, sapwood, vascular cambium, phloem, and outer bark in stems of
trees. The number of layers of sapwood fewest in ring-porous species (A), intermediate in diffuse
porous species (B), and greatest in nonporous wood (C). Transverse section details are also shown (D)
(Ewers and Cruiziat, 1991)

k, = (np/128n) Y Df 215
iI=]
where k, is the hydraulic conductivity (conductance per unit pressure gradient) of a bundle of pipes of
different diameters and is the proportionality constant between flux (F, kg s™') and pressure gradient
(dP/dx, MPa m™') causing the flux, p is the density of the fluid (kg m™), 1| is the dynamic viscosity of
the fluid (MPa s™'), D, is the diameter of the { th pipe (m), and n represents the number of pipes in the
bundle

From the Poisuille-Hagen equation it is evident that the hydraulic contribution of one large vessel
four times the median size will contribute the same conductivity as 4* = 256 median diameter vessels.
This demonstrates the marked effect of a few large vessels on the hydraulic conductivity of stems. It is
not unusual for the median vessel diameter to be one half 10 one quanier the diameter of the largest
vessels in wood (Tyree and Zimmermann, 197]; Zimmermann and Brown, 1971; Panshin and de
Zeeuw, 1980; Gibson, Calkin and Nobel, 1985; Calkin, Gibson and Noble, 1986; Sperry and Tyree,
1988; Sperry and Tyree, 1990; Sperry, Tyree and Donnelly, 1988; Ewers and Cruiziat, 1991; Tyree and
Ewers, 1991).

2.8.2 Pipe model

Leonardo da Vinci may have been the first person to suggest that the relative size of tree components
follows a pattern, He wrote * ... the branches of a tree at every stage of its height when put together are
equal in thickness to the trunk” (Richter, 1970). More than 400 years later Japanese researchers
expanded upon this relationship, developing what they termed "...the pipe model theory of tree form"
(Shinozaki, Yoda, Hozumi and Kima, 1964a; b). The plant was viewed as an assemblage of “‘unit
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pipes™ cach of which supports a unit of lcaves (¢, a given unit arca of water-conducting tissuc at any
point in the tree stem is necessary to supply water to a given unit mass of transpinng foliage above that
point. This suggests a functional relationship between the water conducting stem xylem and transpiring
fohage (Huber, 1928; Kline, Reed, Wanng and Stewart, 1976)

However, stem cross-section allocated per unit leaf area and the vessel diameter in the stems vary
widely within the crowns of many trees. Detailed studics of large trees, sectioned and delincated by
conducting area at intervals below the crown (Huber, 1928, Monkawa, 1974) show that while the
proportion of wood conducting water decreascs towards the base, the arca continues to increase. In
trees where an extensive part of their bole length 1s free of branches it has been shown that sapwood
tapers lincarly between breast height (1.37 m) and the base of the crown. Trees tend to minimise a
massive build up of “unit pipes™ as they age. Those with secondary growth normally produce wider
and longer vessels and tracheids at their lower parts as they age. This helps to compensate for the
mcreased transport distances and invalidates the “umit pipe™ hypothesis (Booker and Kininmonth,
1978; Aloni and Zimmermann, 1983, Raven and Handley, 1987; Aloni, 1987; 1991).

Different approaches to the pipe model have been of some value in understanding tree growth
resource allocation and biomechanics (Ewers and Zimmermann, 1984a; b).

2.8.3 Sapwood area to leaf area ratio

The sapwood area to leaf area ratio in any onc species changes with the environmental circumstances
of the site on which the trees are growing, with stocking density, and with the dominance class of
individual trees. This has been attnibuted to changes in the ability of the sapwood to conduct water (its
permeability) under these different circumstances. Physiological mechanisms to explain these changes
have not been elucidated fully (Grer and Wanng, 1974, Waring, Gholz, Gner and Plummer, 1977,
Whitchead, 1978, Sncll and Brown, 1978; Rogers and Hinckley, 1979, Kaufmann and Troendle, 1981,
Long, Smith and Scot, 1981, Waring, Newman and Bell, 1981, Waring, Schrocder, and Oren, 1982,
Brix and Mitchell, 1983, Albrektson, 1984, Binkley, 1984, Marchand, 1984, Whitchead, Edwards and
Jarvis, 1984, Whitchead ef al, 1984, Blanche, Hodges and Nebeker, 1985, Dean and Long, 1986,
Espinosa Banclan, Perry and Marshall, 1987, Hungerford, 1987, Keane and Weetman, 1987, Long and
Smith, 1988, 1989, Thompson 1989, Pothicr ¢f ol 1989a; b).

Edwards and Jarvis (1982) found a positive correlaton between sapwood permeability and
Lodgepole pine growth rate. Pothicr, Margolis, Poliquin and Wanng (1989) contributed towards
modifying the pipe model by relating anatomical charactenstics of sapwood to stem permeability.
Since most water moves through carlywood rather than latewood cells (Zahner, Lotan and Baughman,
1964, Booker and Kininmonth, 1978, Kramer and Kozlowski, 1979), the proportion of carly-wood in
the sapwood may be decisive in the leaf arca to sapwood relationship. Fast growth is often associated
with a relatively high proportion of carlywood (Panshin and de Zeeuw, 1980).

In mathematical terms, these findings have led to reformulation of the pipe model as:
L =asp, 2.16

where L_ is the total leaf dry mass (kg) or arca (m®) supported by a tree above some height x (m) above
ground level, 5, is the stem sapwood arca (m?) at x, p, is the permeability of the sapwood (m®) at x, and
a is a parameter (kg m™*). Whitehead er al. (1984d) are some of the few researchers who have collected
data 1o test formally the applicability of Eq. 2.16. A synthesis selected from vanous literature sources
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is provided by Waring, Schroeder and Oren (1982).

Work with this theory has dealt principally with comifers. Imtially most analyses were expressed in
foliage mass per unit of conductung arca (Gner and Wanng, 1974). However, leaves of more
shade-tolerant species are known 1o vary in mass as a function of PAR (Larcher, 1980) so arca is
mostly substituted for mass. In general, larger leaf area to sapwood area cocfficients are associated
with taxa that grow n mild climates or that represent shade tolerant advanced successionary specics
such as Abies grandis or Abies amabalis. Species adapted to full exposure or desiccating environments
show progressively smaller cocfficients (Wanng, Schroeder and Oren, 1982)

West and Wells (1990) developed a practical method along the lines of the pipe model to estimate
lcaf mass of standing £ regnans (F. Muell.) trees across a range of site and stand conditions. Their
work was conducted on even aged, monoculture stands aged 8 to 20 years (Victona, Tasmania). Since
it was not considered practical to measure stem permeability (p,) in the ficld nor was there any detailed
understanding of how stand conditions affect permeability, their model involved the replacement of the
expression @ x p, with an empincal function involving vanables that could readily be measured. Their
model requires an estimate of sapwood area from a single core taken at some measured height x above
breast height and below the first live branch on the stem, the total height 4 of the tree, its diameter at
breast height over bark, and its age

2.8.4 Sapwood to composite root cross-sectional area

Carlson and Harnngton (1987) found the taproot circumference and cross sectional arca of loblolly
pine (P. taeda L.) and short-leaf pine (7. echinata Mill.) at groundline to be significantly correlated to
the sum of those of the first order lateral roots and the taproot below (composite cross sectional arca).
The slopes of the lincar geometne mean regression lines were slightly less than but close 1o 1. Age
corrclations with the area and circumference vanables were all posiive and statistically significant,
implying an overall developmental relationship. Tree age ranged from 3 to 9 years for shortleaf pine
and from 4 1o 9 years for loblolly pine.

A report by Benecke and Nordmeyer (1982) mentions a similar cross sectional area relationship in
P. contorta (Dougl. ex Loud) ssp. contorta w that of Carlson and Harnington (1987). However, while
Carlson and Harnngton (1987) did not directly measure annual increment, the fact that the relationship
between stem area and composite root arca remained constant over age implics that stem increment and
and development from mitials in the vascular cambium at vanous locations is tightly coatrolled via an
interactive system, and that root system development is directly related to that of basal stem.

In contrast other workers (Fayle, 1983, Fayle and Axclsson, 1985) have reported that the ratio of
root increment (measured at vanous distances from the centre of the stem) to stem increment
(measured at 100 mm above groundline) may increase over time and is altered by silvicultural
treatment. Such differences may be attnibuted to differences in method of measurement, the age and
range of trees sampled, taprooted vs non-taprooted systems, and species.

Diameter development of split root systems of Sitka spruce (Picea sitchensis (Bong,) Carr) has
been shown to be regulated by the nutnent levels in the medium bathing a particular root (Coutts and
Philipson, 1976, Philipson and Coutts, 1977). Wilson (1975) hypothesised that the close correlation
between the cross-sectional area of a root above a branch point and the sum of the branch roots could
be simply a function of the progressive removal of photosynthate from the phloem in proportion to
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relative transport capacity These proposals may be complementary where nutrient content in the
xylem sap is related to sink strength,

2.8.5 Leaf senescence

Leaf metabolism 15 affected by xylem delivery rates. Changes in rates of delivery of xylem solutes to
leaf ussucs have rapid regulatory cffects (within hours) on: (1) levels of nitrate reductase, (Shaner and
Boyer, 1976), soluble protein and chiorophyll (Martin and Thimann, 1972), (1) photosynthetic gas
exchange, and (in) stomatal resistance values (Harns, Cheeseborough and Walker, 1983)

In many species basal leaves begin sencscence dunng carly development while the apical leaves
still show vigorous growth. Neumann and Stemn (1984) have shown that progressive changes in both
hydraulic resistances to flow into competing leaves and stomatal resistance 1o vapour loss leaves occur
dunng ontogeny. The mechanisms underlying this sequential ordenng of cvents have not been clearly
defined. However, supplics of both 1ons and cytokinins which are delivered from roots to leaves via the
xylem network (Torrey, 1976) do interact in the regulation of leaf senescence (Neumann and Stein,
1983, Neumann and Noodén, 1983)

A plausible explanation is that on-going declines in relative xylem delivery rates of solute to basal
leaves, accompanied by changes in phloem transport from import to export, as lcaves mature (Pate and
Atkins, 1983; Thorpe and Lang, 1983) result in a progressive diversion of root produced regulatory
solutes (cytokinins, mincral clements) from basal leaves towards more apical leaves. The resulting
gradients of distnbution would discnminate against basal leaves and be specifically involved in their
senescence. Of interest is that localised applications of cytokinins may provent senescence symptoms
and accelerate the senescence of neighbounng untreated Ieaves (Leopold and Kawase, 1964).

Environmental factors such as water and nutrient stress or shading of the lower lcaves could
sccentuate this diversion by selectively increasing stll further the stomatal resistances in the basal
leaves (Jordan, Brown and Thomas, 1975, Davis, Van Bavel and McCree, 1977). Further, progressive
changes in the pathways of distribution and rates of delivery of growth regulatory xylem solutes to
competing organs duning shoot ontogeny, could also participate in regulating long-term developmental
changes at the whole plant level. However, Davis, Van Bavel and McCree (1977) have concluded that
relatively hugh stomatal resistances in basal lcaves and the tendency for stomatal resistances 1o increase
with Icaf age may also be caused by internal rather than environmental factors.

lon exchange between solutes carrying positive charges and negatively charged sites in the xylem
walls may modify the distnbution of calcium ions, amino acids and amides. Active uptake of solutes
by xylem parenchyma and transfer cells, as well as xylem to xylem transfer and xylem to phloem
transfers, also occur (Pate and Gunning, 1972; Layzell, Pate, Atkins and Canvin, 1981; Ficus, Klute
and Kaufmann, 1983, Neumann and Noodén, 1984),

Xylem transport 1s particularly important where distnbution of solutes to shoot tissues via the
phloem transport pathway is restricted ¢ g, (i) Ca®*, BOy-3, NO,- and cytokinins have relatively low
phloem mobility (Epstein, 1972; Hall and Baker, 1972; Van Staden and Davey, 1979), (ii) young apical
leaves of some specics also obtain most of their requirements for N and K via the xylem (Pate and
Atkins, 1983), and (iii) mature Jeaf tissues tend to export solutes and not import them via the phloem
(Pate and Atkins, 1983, Thorpe and Lang, 1983).

Chapter 2 Plant water interactions




An investigation of the stem steady state heat energy 38
balance technique in determining water use by trees

2.9 Ohm’s Law analogy and modelled SPAC water flux

The fundamentals of water movement in plants have been understood for some time (Dixon 1914;
Dixon and Joly, 1986; Huber, 1928; 1956; Van den Honert, 1948; Scholander, 1972) and have been
reviewed by Zimmerman (1983) and Boyer (1985),

2.9.1 Description

Huber (1928) and Van den Honert (1948) made significant contributions to our comprehension of long
distance water flow in plants through application of the Ohm's law analogy to plants where water flux
through the various parts of the soil-plant-atmosphere-continuum (SPAC) are treated as a catena
process, analogous to an electric circuit which is composed of a series of resistors (Fig. 2.7). Valuable
discussion concerning some of the misunderstanding and misuse of the principle is provided in the
literature of Richter (1973), Fiscus (1983), and Passoiura and Munns (1984).

In the Ohm’s law analogy the flux of water through a discrete region from A to B in the liquid
phase of the soil-plant-atmosphere continuum (SPAC) is proportional 1o the product of the hydraalic
conductance (k,, kg s’ MPa™") of that region, and the water potential drop across the structure
(‘¥, - ¥p). Resistance (R) is the reciprocal of hydraulic conductance.

The classical Ohm's law analogy assumes that the resistance offered by the system is a constant and
that water flux between points A and B does not reflect water movement through a single point within
the system, rather k, and R are averaged values between points A and B. If a system under study obeys
Ohm's Law, it shows a linear relationship between the flux passing through and the driving force. This

implies that steady state conditions must be achieved for both water flux and water potentials and that
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Fig. 2.7 Simple application of the Ohm's law analogy in an unbranched catena of a small number of
resistance elements. The total conductance is seen as resultant conductance (k) of the root, stem, leaf,
stomates and boundary layer in scries. The conductances in the vapour pressure phase are much less
than in the liquid phase. Water flow is driven by the differences in water potential between the soil
(Wsait) and the atmosphere (W) (Ewers and Cruiziat, 1991)
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the flux passing by pomnts A and B must be the same.

In trees particularly the above analogy breaks down Water potential is a function not only of
transpiration but also of the amount of water moving in and out of storage. The Ohm's law analogy
may be adjusted to allow for such hydraulic capacitances, C (kg MPa'') The following equation
descnbes this situation:

fhux, = dV/de = dV/d¥-d¥/de

where flux indicates a flux due to a net release or gain of water into the system, dV/dt is the denvative
of the water volume of the syvstem with respect to time, and d"¥/dr is the denvative of ¥ with time
Capacitance is the relationship between water potential and water content (dV/d'¥) which could be
determined from “pressure volume curves™ (Tyree and Jarvis, 1982, Pallardy, Pereira and Parker,
1991) Since the magnitude of C is most likely to be proportional to the size of the storage t:ssuc, it has
also frequently been defined per unit tissue volume or per umit dry mass, or for leaves per unit arca.
The effect of capacitance 1s to cause the water flux into a region (F,) to be unequal to the water flux
going out (F,) whenever ‘¥ is changing in the region. The magmitude of the differences in fluxes in and
out depends upon the product of C ,; and the rate of change of ¥ (d¥/d1, MPas™).

The tissues of a plant may be considered as a number of altemative sources of water linked in
parallel with cach other and the soil (Jarvis, 1975). Thus the total flux from the plant as transpiration
(£) may be made up of a number of partial flows in the plant. From a particular store this flow may be
represented by

g,= (¥, - ¥ VR, 218

where R, is the resistance of the tissue 1o water movement, and ‘¥, is a function of the tissue relative
water content (RWC). Waning and Running (1978) have used the following formula to calculate
relative water content (%)

RWC = [(W,~ W)V~ V)] 100 219

where W,isthcl‘mhmot‘wood.W,hdnm&y(ﬂ’C)mofwood,V,mhevolmofme
wood, and ¥, 1s the volume of the solid (cell wall) matenial in the wood.

The relative sizes and phasing of flows out of storage depend upon: (i) the resistances between the
stores and xylem (i) the capacity of the stores, and (i) the relationships between the ssue
charactenistics, ‘¥, and RWC,_ Thus the volume of water that can come from storage, may be
represented by

L
AV, = V,ARWC, = | g, dt. 220

h

Theoretically the water storage capacity of a plant (WSC) is the quantity of water that can be lost
without irreversible wilting:

WSC=V(1-8) 221

where ¥ is the quantity (volume or mass) of water in the tssue at full turgidity and © is the cntical
relative water content leading to irreversible wilting (unitless fraction).
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2.9.2 Stored water

There s considerable evidence that trees undergo seasonal and diumal fluctuations in water content
This fluctuation n water content may be viewed as water going into and out of storage

Gibbs (1958) made scasonal mcasurements of the fresh mass and oven dry mass of stems of over
300 young trees. Following leaf fall in autumn, the wood mcreased in water content between 15 10 20
% of wood volume. The water content did not decrease until the leaves started to transpire i spring.
Much less scasonal fluctuiation occurred in nag-porous than diffuse-porous wood. This may be because
the volume of sapwood 1s comparatively less in most nng-porous specics.

Based on measurements of stem circumference, xylem pressure potential, and leaf surface
resistance, Hinckley and Bruckerhoff (1975) concluded that significant amounts of water storage
occurred in an 189 m high, ning porous, white ocak (Quercus alba). Both daily and weckly stem
shnnkage occurred with corresponding fluctuations i leaf water potential. A delayed response in stem
hydration exhibited typical hysteresis loops in diumal plots of stem circumference with potential.

In apple (Malus pumtla), Landsberg et al. (1976) observed leaf capacitances twice as great as that of
stems or roots. They calculated that a small fully hydrated apple tree, with a leaf arca of 4 m® and a
total mass (including roots) of 15 kg, had about 0.7 kg of stored water wihnch could be relcased by a
decrease in water potential of 2.0 MPa. This could present two hours of transpiration at a rate of 20 mg
m?s!

Interesting work is presented by Schulze, Cermak, Matyssck, Penka, Zimmermann, Vasicek, Gnes,
and Kucera (1985), who studied the canopy transpiration and xylem water fluxes in 72 year-old spruce
(Picea ables) and 33-year-old larch (Lartx decidua, L. leptolepis, and L leptolepis x decidua) trees.
The former, located at Rijec (CSSR), possess a relatively complex canopy structure due to leaf age
stratification and considerable self shading, while the latter, at Bayreuth (FRG), are deciduous and
require relatively high levels of PAR and have a very open canopy structure.

Compared to a value of 3.7 x 10* kg™ Pa™' published by Landsberg e al. (1976) for young apple
trees, significant water capacitance was located in the crowns of the two species viz, 5.5 « 10* kg™ Pa™
and 63 x 10" kg Pa”' respectively. These caused a time lag between the start of leaf transpiration and
xylem flow at the crown bases. In both cases transpiration started at 04h00, two to three hours carlier
than the stem flow. Transpiration decreased appreciably by late moming (10b00) despite increased
xylem flow in the trunk. Similarly leaf water poteatials decreased to minimum levels of <1.6 MPa and
-1.7 MPa respectively. Over this period 4.1 kg in Larix and 8.7 kg in Picea was from stored water,
contributing only 14 to 24 % of the daily transpiration compared to between 30 and 40 % in
Douglas-fir (Wanng efal, 1979).

Schulze ef al (1985) noted that the difference between water efflux from the trunk to the crown and
influx from the root, in Lartx, was no more than 1.5 kg when the water potential had decreased to -1 2
MPa. They commented that this trunk specific capacitance appeared to be surprisingly low.

Waring, Whitehead and Jarvis (1979) worked on 40-year-old Scots pine (P. sylvestris) trees at
Roseisle (Scotland), where over 90 % of plant water was located in sapwood. Considering annual and
diumal data, on average 64 % of this water in stem sapwood was made available for transpiration. In
phloem, cambium and foliage it was less than 5 %

Waring ef al. (1979) noted that the largest change in sapwood relative water content occurred over a
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2-week penod. This was a reduction by 27 % which corresponded to extractions from sapwood of 2.5
and 5.1 mm of water in plots with population densitics of - (i) 3281 trees ha”' (WSC of 212 m” ha”' =
21.2 mm) and (i1) 608 trees ha™' (WSC of 124 m” ha' = 12 4 mm), respectively. Comparatively this
was less than RWC scasonal changes of over 40 % reported by: Chalk and Bigg (1956) in Picea
sitchensis, Gibbs (1958) in many specics including Tsuga canadensis, P. strobus and Larix europea,
Rothwell (1974) in P. contorta, and by Wanng and Running (1978) in Psesndotsuga menziesii. Wanng
et al. (1979) attnibuted some differences between trees in RWC to differences in wood density.

Sapwood water content was gencrally lower at times of high transpiration. Resaturation took several
months dunng winter. This trend was also observed in the RWC ficld studics of Chalk and Bigg
(1956), in Great Botain, and Clark and Gibbs (1957), in Canada, on a vanety of conifers including
Douglas-fir.

In soft lcaves and in herbaccous stems and roots the mechanism of water storage is primarily clastic
Le., as the tissue 'V mcreases or decreases, the volume of the tissue increases or decreases respectively.
In woody stems and roots the bark changes considerably in volume with changes in ‘¥, but the volume
of the wood changes very little

Two water storage areas can be distinguished within roots, branches, and trunks (Ewers and
Cruiziat, 1991) (1) bark and (1) xylem. The inner bark (1e, vascular cambium and phloem tissuc)
consists mostly of hiving tissue which has a small wtal WSC but a short response time constant
(short-term WSC). Most of the total WSC of the plant is in the sapwood. However, this volume of water
may only be slowly exchangeable over a penod of several days or weeks (long term WSC)

Water storage and retneval in woody stems involves two mechanisms in addition 1o clastic storage
(Zimmermann, 1983): (i) capillary storage, and (i1) cavitation release. These mechanisms have been
demoanstrated by Tyree and Yang (1990)
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tracheids, or wood fibres) containing air bubbles because the lumina had cavitated previously As the
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which cavitation starts releasing water to the stem vanes between species, In some it can start at -0.5
MPa, whereas in others it may not start until -4 or -5 MPa,

An important phenomenon connected with inequality between transpiration and absorption is plant
organ growth which may influence water storage. Another 15 that under conditions of low transpiration,
root resistance estimates must consider the uptake of solutes as well as the pressure potential gradient
as the driving force for water flow (Ficus, Klute and Kaufman, 1983).

2.9.3 Water movement patterns

Initially one would expect water 1o move out of storage from tissues closest to the evaporation sites,
the leaves. With depletion of this source, 'V would decrease and the main sources of supply would
come from progressively lower _own the plant. If storage within the plant is adequate and the
resistances between storage tissue and xylem are lower than between xylem and soil sufficient water
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might be drawn from the tissues to meet transpiration requirements for considerable periods.

One might think of water transport in terms of either balanced or non-balanced flux conditions -
termed: (i) conservative and (i) non conservative, respectively by Ewers and Cruiziat (1991).

Balanced flux means that throughout the considered interval of time, the quantity of water
transpiring from the plant is equal to the quantity absorbed by roots (Situation | and 2 in Fig. 2.8).
Under non-balanced flux conditions absorption and transpiration differ (Situation 3 and 4 in Fig.2.8).
When absorption is greater than transpiration the plant experiences rehydration. When absorbtion is
less than transpiration, the plant dehydrates. "Steady State™ conditions mean, literally, a constant rate of
transpiration and absorption (Situation 1 and 3 in Fig. 2.8). During the growing season, plants normally
have neither a steady state nor a balanced flux situation for very long. Instead, Situation 4 in Fig. 2.8
prevails, where transpiration and absorption are closely coupled, but each is changing independently
with time.

In Larix trees, Schulze er al. (1985) observed lincar relationships between leaf water potential and
transpiration as well as xylem flow in the trunk, both exhibiting hysteresis (Fig. 2.9A). The latter
indicated a constant hydraulic conductance (k) throughout the day and a constant water supply from
roots. However, the leaf water potential was lower at the end of the day than at the commencement of
measurement. Similar trends were not observed in Picea trees (Fig. 2.9B), possibly reflecting
differences in crown water storage capacity, hydraulic architecture and plant soil interactions between
the two species.

Water was initially available to the needles at a very low conductance and at rapidly decreasing
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Fig. 2.8 Diagram of flux conditions showing absorption (dotted line), and transpiration (solid line), over
time (£). Graphs (Situation) | and 2 represent balanced, conservative flux, conditions, while 3 and 4
represent nonbalanced, nonconservative, conditions. Only situations 1 and 3 indicate steady state
conditions (Ewers and Cruiziat, 1991)
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Fig. 2.9 The relation between transpiration and the water potential of sun needles, and the relation
between xylem flow and the water potential of shade needles of: A. Larix and B. Plcea. The arrows
indicate the time course of measurement, the small numbers indicate equivaleat times in the moming.
The slope represents the liquid flow conductance
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water potentials. This phase probably represented the use of stored water in very small twigs The
itial phasc was followed by a higher water flux throughout the rest of the day, representing
conductance drawn from the main stem n the crown and trunk. The availabiity of water to the leaves
did not appear to change dunng the day, but the avaulability of water to the trunk changed considerably
Interestingly, at a water potential of -1 4 to -1 6 MPa, flux through the stem appeared 10 increase
without any further decrease in water potential. The liquid flow conductance in the trunk decreased
agamn when the water potential mn the shaded needles increased above -1.2 MPa, possibly reflecting
rapid rehydration from roots and an approach to full recharge of crown storage.

2.9.4 Stem hydraulic conductivity

Two rclationships that are umportant in modelling water transport through the soil-plant-atmosphere
continuum (Jarvis er al, 1981) are; (1) changes in sapwood water content consequent to changes in
xylem water potential, and (1) the effect of reductions in water content on permeability of sapwood o
water transport. One would expect to observe relationships between water potential, water content and
permeability in sapwood to be ssmilar to those found in soils, if pore size distnbution 1s considered The
relative conductivity of sapwood (R,) varies lincarly with specific gravity (SG). As SG decreases, the
actual conducting arca increases proportionally. Puntch (1971) demonstrated that R, (at a given SG)
decreases exponentially as relative water content (RWC) decreases, for sapwood of Grand fir (Abres
grandis). Wanng and Running (1978) gencralised Puntch’s (1971) findings to predict Rk, as a
percentage of that value at saturation (Rk, sar)) for Douglas fir (Pseudosotsuga menziesti). The
relationship can be descnbed by

RE/RE, ., = 04092 ¢°3 * I¥C™ 2

This indicates that a decrease m RWC from 100 % to 90 % can reduce Rk, to 58 % of that of
saturation. A reduction in RWC from 70 % to 60 % rcpresents a decrease in Rk, from 19 % to0 11 % of
that of saturation. As RWC is reduced to the bound water level of approximately 20 %, Rk, approaches
0. Such an exponential relationship is 1o be expected as a result of the pore size distnbution of the
wood studied. The larger diameter tracheids, common to the low SG wood laid down in the spring
conduct more cfficiently than predominantly smaller diameter tracheids laid down in later scasons.

In their work on stems of Doulas-fir, Wanng and Running (1978) noted that under some conditions
a diumal change in RWC by as much as 25 % may be required to explain the obscrved decreases in
Rk, They also noted marked hysteresis in the relation between ', and £ at high RWC (90 %) but a
lack of hysteresis at low RWC (56 %).

Embolisms resulting from cavitation are likely to reduce permeability by reducing the number of
flow paths (Byme, Begg and Hansen, 1977). Since the largest lumens will tend to cavitate first, onc can
deduce from the Hagen-Poisseuille law for flud flow in capillanes that relatively few cavitations may
cause substantial changes in permeability.

Edwards and Jarvis (1982) analysed a number of pressurc-volume curves of fresh branchwood and
stem sapwood of P. contorta and Picea sttchensis and concluded that the reduction in Rk, /Rk h sat at
low water contents can only be the result of cavitation of tracheuds

Three phases in water loss, or the relationship between relative water content and applied pressure
or osmotic potential, were discernable. In the initial phase at high water potentials (ie. >-0.5 MPa),
there was an exponential decline down to a water potential of about -0 5 MPa with a large capacitance,
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long time constant, and large resistance to flow compared to intermediate water potentials (i.e. -0.5 to
-1.5 MPa); followed by a linear slowly changing phase to about - 1.5 MPa, followed in some cases by a
much steeper decrease in relative water content with decrease in potential (Le. -1.5 to -3.0 MPa) where
the time constant and resistance declined still further while the capacitance had a tendency 1o increase
again.

They suggested that such a pattern reflects the size distributions of both the tracheid lumens and the
margo (pit membrane) pores. The initial steep decline at high potentials are most probably associated
with embolism in the large carlywood tracheids accounting for the large initial reduction in Rk, /RE,
The second phase probably resulting from the embolism of smaller tracheids. At still lower potentials,
a sufficient pressure gradient would exist 1o pass an air-water interface through the largest pores of the
pit margo so that the third phase may reflect the pore size distribution of the margo. Nonetheless, their
relationship between Rk, /RE, . and relative water content was similar to that obtained by Puritch
(1971) using small dowels (Fig. 2.10).

2.9.5 Tree hydraulic design

The hydraulic architecture of trees has been the subject of quantitative investigation since the
pioneering work of Zimmermann (1978a; b). Zimmermann introduced the concept of leaf specific
conductance (LSC) of stem segments. The LSC is defined as the absolute hydraulic conductance of a
stem segment, k, (mass of water per unit time), divided by the total leaf area fed by the stem segment.
T‘heLSCdnmmisofbmrinicnlmbewnsehcandirectlymhhcvnpomiveﬂnx.b',(kgm‘zs").ﬁ'om
leaves fed by a segment to the pressure gradient, dP/dr (MPa m™), within the segment, ic.,
ndP/dx = E/LSC. A stem segment with a low LSC is less capable of supplying water to leaves fed by
it than a stem segment with high LSC.

The LSC pattern throughout the crown of several hardwoods and softwoods has revealed a
consistent pattern. The LSC of minor branches is 10 to 1000 times less than that of the bole of trees
(e.g Zimmermann, 1978 a; b; Ewers, 1985; Tyree, Graham, Cooper and Bazos, 1983; Thompson,
Tyree, LoGullo and Salleo, 1983). This means that a decrease in ‘¥ through minor branches is very
large compared to the gradients of ‘¥ in the bole, and could account for a substantial fraction of the
total decrease in ‘¥ from the soil to leaves. Tyree (1988) shows that in cedar the main resistance to
water flow resides in branches less than about 10 mm diameter. So the minor branches of cedar, and
perhaps of all trees, might be better viewed as a collection of small independent plants each "rooted” in
the bole.

2.9.6 Modelling

Modelling the dynamics of water flow through plants and trees has attracted continued interest for
many years (Jarvis, Edwards and Talbot, 1981; Boyer, 1985). Such models can be divided into two
major classes depending on whether they account for plant water storage capacity or not Le., whether
they are (i) dynamic or (ii) steady state models, respectively.

Within each class, models can be further divided according to how the catena (chain) of plant
resistances to water flow is accommodated. In the simplest models, the plant is reduced 1o a single
resistance clement (a one-link catena), or an unbranched catena of a small number of resistance
clements e.g., root resistance, stem resistance and leaf resistance in series. In other models the
branching structure of the plant is explicitly taken into account. The plant is reduced to a larger number
of resistance elements arranged in a branched catena pattern. Resistance measurements of portions of a
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Fig. 2.10 The relationship between: A. Stem sapwood conductivity of P. conforta and sapwood relative
water content where conductivity has been normalised relative to the value at saturation. Data are
shown for a number of determinations on two separate stem sections, B. The relationship between stem
relative water content and applied pressure for stemwood of P. contorta (triangle) and Picea sitchensis
(W) at a height of 1.3 m, as well as at a height of 11 m just beneath the live crown (@) for the latter
(Edwards and Jarvis, 1982)

Chapter 2 Plant water interactions



An investigation of the stem steady state heat energy 47
balance technique in determining water use by trees

tree may be more reliable than measurements of total plant resistance.

2.9.6.1 Single link catena

For a forest stand if the canopy is treated as a single leaf at a uniform water potential (‘F,), then the

conductance for the entire pathway (g,) ignoring branching may be given by (Richter 1973, Jarvis,
1975):

g=E/(Y, ¥~ pg) 223

where W, is the soil water potential, £ is the transpiration rate from the canopy, hp g is the
gravitational pull on a column of water of density p and height &, and g is the acceleration due to
gravity.

This forms a basis for describing the flux of water through parts of trees, whole trees, and forest
stands. It identifies £ as the driving force for reducing the water potential in the leaves. The water
potential gradient that results is related to the efficiency of the conducting system and is a function of
dwphytialpmpatiesoﬁhepndlway.mmncmfameenﬁnpuhmy.g’isconsidetedlobe
uniform throughout the trees in the stand and linearly related 1o £,

The assumption of uniform conductance may be adequate for models dealing with water flux from
forest stands on a long term basis (Thorp ef al., 1978). However, departure from linearity implied in the
above equation is often exhibited in the form of hysteresis in a diurnal relationship between £, and
(¥, - ¥, - hp g) (Hinckley, Lassoie and Running, 1978). This apparent variation in G, throughout the
day is related, amongst other factors, to the lateral flux of water to the active xylem from stores within
the tree.

To incorporate the additional effects of lateral movement of water from storage joining the
transpiration stream, Landsberg, Blanchard and Warrit (1976) extended the electrical analog in Eq.
2.23 1o include capacitance.

For the simplest case if it is assumed that the storage in the tree can be treated as a single reservoir
with capacitance C, g is the conductance between soil at water potential ‘¥, and the xylem in the
leaves at water potential ‘¥, then the total transpiration flux E, is (Jarvis et al,, 1981):

E,=(¥,-¥)g, +C. 224

As an alternative to Eq. 2.23, water flux through tree stems may also be described in terms of
physical properties of the sapwood by Darcy’s equation. Considering the pathway from soil to leaves
as one component, the volume flux of water passing through a single tree stem, ¢, with conducting area
of xylem (sapwood) A, and length (equivalent to tree height) A is given by:

k4,
=gy (¥, ¥~ hpg) 225

where k is the relative conductivity of the sapwood and 1 is the viscosity of water, which is dependent
on temperature. This is more because of the introduction of sapwood basal area for a stand (n4,) which
is a property of the forest stand environment. By equating E, in Eq. 2.24 with ng for a stand with n trees
per unit area from Eq. 2.25, the definition of conductance for as forest stand is:
.Ml
".ﬁ—. 226

Whitchead, Jarvis and Waring (1984b) combined Eq. 2.25 with Eq. 2.10, which defines the driving
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force for water movement in terms of canopy conductance £, =g D /P, (g = g A) where g, 1s the
average stomatal conductance and A, s the leaf area for a tree, to give:
A, MY, - -hpg) p 5%
A, in gD,

This 1s a formal representation of the concepts presented by Hinckley and Ceulemans (1989) and
provides a functional relationship that can be tested with a range of silvicultural treatments for different
species growing at the same site, or at sites with different values of air saturation deficit. Some of these
aspects have been investigated by Jarvis (1976), Whitchead ef ol (1984b; ¢) and Espmosa Bancalan,
Perry and Marshall (1987).

Potheir, Margolis and Wanng (1989) suggest that increases in saturated & in relation to age for
stands of P. mmmcwhnmwxwmdmumuhbltmemammwﬂ‘wl
difforent stages of stand development, while still mamtaining similar maximum rates of transpiration
per unit leaf area. Homeostatic adjustment in the cross-sectional areas of sapwood and heartwood in
abies balsamea trees has been interpreted in relation to the degree of pruning.

2.9.6.2 Multiple link catena

In order to understand trees as whole and functional organisms, onc needs to study their hydraulic
architecture. This influences the movement of water from roots to leaves, Thus different designs could
have different consequences for diverse species of trees. In trees with complicated branching patterns a
complicated branched catena model may be more desirable than models further from closure in order
to answer relevant questions, or the study of the comparative physiology of different tree species.

The entire pathway s compnsed of a number of parallel-linked conductances for cach of the
components of the hydraulic pathway between the soil and the leaves. The locations of the points of
limiting conductance within the pathway have been discussed m detal (Jarvis, 1975, Tyree ef al,
1975; Hinckley er al., 1978, Landsberg and Jones, 1981, Whitchead and Jarvis, 1981). Richter (1973)
has pointed out the errors that can result in models of water flow n trees when the consequences of
branching structure are ignored.

Examples where steady-state branched catena models have correctly predicted the range of water
potentials (V) throughout tree crowns are those: (i) in cedar (Thwja occidentalis) by Tyree, Graham,
Cooper and Bazos (1983), and (11) in olive (Qlea europea L.) by Thompson, Tyree, LoGullo and Sallco
(1983).

Edwards, Jarvis, Landsberg and Talbot (1986) divided a tree into four compartments. The roots,
branches, and leaves were cach treated as a single compartment in which branching was not
considered, but the stem was divided into a large number of thin slices. In the model, capacitance is
defined for cach compartment, and flow is descnbed by Darcy’s equation using relationships between
relative conductivity and water content for the root, stem, and branch compartments. The model is
driven by transpiration from the lcaf using the Penman-Monteith equation. For each discrete ime step,
the mode! calculates changes in water content, flow, water potential and relative conductivity.

A model developed by Tyree (1988) is driven by transpiration and uses Darcy’s cquation in a
similar manner to the model by Edwards er ol (1986). Hydmulic architecture is introduced by
characterizing length, diameter, conductance, and leaf arca for a branched catena of 4107 segments,
although the root is considered as onc compartment The spatial varability of transpiration from
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different quadrants of the crown s also conmdered. Capacitance effects are also included, but
conductance does not vary with water content. Comparison of water potential simulated by the model,
for different heights, with measurements in the lower part of a 6 m tall Thwja occidentalis tree showed
good agreement.
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2.10 List of terms

A(umoln’l")ndﬂ(molm’l")whmmo{nﬁﬂ-nldco,ndorm
respectively, per unit ares of & particular Jeaf of a pasticular inatant of time. In the function £ = E(4), varistion in 4 and £
mmmummgeﬂ;mmum«wmmumsm
term SE/84 ia constant and 3°E/34% > 0 for any particular value of A snd corresponds 10 a particular optimal vanation in
siomatal aperture of an miinite number of optimal Surmal Unjectorics

A = Lagrange multiplier, & constant which one might iverpeet as 3 physological parameter that depends on the amouant of
plant available. When ). is large, marginal water cost is large and optimal variations in gas exchange do not deviate greatly
from those which would occur if leaf conductance were constant. With decreasing A, the deviations become relatively
greater and gas oxchange is increasiogly confined % those penods carly in the marning and late in the afternoon, when
uradiance and tempemture are appropnate for rapid photosynthesis but because the ambient vapour pressure deficit is
relatively small, the potential rate of transprration s also relatively small

W-WMMI)?.'MM‘\:‘P&?,-mMMWhmwn
cell wall and is determuned by turgor in or tenmon in Xylem claments;, Vs = solute or oxmotic potential ansisg
from osmotically active solutes in water, ‘¥ = matric potential arsing from capallary or collosdal forces by soil
colioads or cell wallg, ¥, = gmvitation potential ‘Pry * water potential of a sngle Jeaf at & unifonn water potential
Y= Vo= water ial difference across a structure. ‘¥, » the soil water potential. ‘F'r = kaf waler potential

L = measure of root abundance, Ly (1 root m” soil), L, (m root m™ soil surfice) or Le (kg dry mass m™>) are messures of root

R = avernge mite of runoff (mm b’ )

F = average mite of drainage from the root zone (mm h'')

P = average rate of rinfall (mmh™')

£, = avernge rate of taspurtion from the dry troe canopy (mm ')

E, = the average rate of evaporation from the tree canopy and stems wetted by ruinfall (man h™')

EwEc+EewhenCw0then B« E

E.-mm-o(Mvmm(mb")

E, = average rte of forest floor evaporation (mm b )

W = root zone water storage change (W) — W)..,) during the ja period (mm h')

C; = water stored on & tree (mm)

J = time penod refarence

p = proportion of ratn fallng through the tree canopy 1o the ground without being mtercepted

F.. = avernge mtcs of cvapontion of tee mtercepted raenfall durng the penod ¢ (mm h'')

m-mmdwﬁmwmw(mw)mdwm-wwu
2o when § |, over a period of time, dramage is taken a3 the amount of water on the canopy afler evaporstion bas taken
place ([(1 ~ p) P - Ee| AP

§ = the tree susface waler storage capecity (mun)

Cr5 = the fraction of the tree that is completely wet in the y» peniod

E; = evaporation rie of intercepted water (mol m ™ 57')

2+ slope of the relationship: saturalion Yapour pressure vy or lemperatire.

y = ¢y P/A Le prychometric constant (kPa K'')

Ry = nct radisnt flux density (Jm* 5°')

H = flux deasity of hest mto storage (Jm ™ 1)

% = molar latent heat of vaporization of water (J mol ')

220 = urface conductance from the canopy 1o a mixed air lsyer above the canopy (molm ™~ ')

p = sir density (kg m )

C, = molar heat capacity of air at constant pressare (J mol” K')

2 = anpincal coupling constant

A = the availabie energy Ml density to the tree (W m'™')

24 = bulk acrodyneenic conductance for transfer of water vapour from the canopy surface 10 & refesence height sbove (m s™')

& = canopy conductance = [, « g,, where L. is Jeaf area and g, is the median canopy leaf stomatal conductivity (mm ')
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& = median of average somatal conductance for the leaves in the canopy (mm ')

£ = stomatal conductance (mmol m ™ total lesf wea s )

L = leaf arca for all surfaces (m”)

Ey = equilibrium rate of transparation (mm N'')

Eimp * imposed mite of transpirstion = £y = g D/P, where go = g Ay, (mm &™)

& = the change in latent heat content relative t the sensthie heat content of ssturnted air (+/y)
P = stmospheric pressure (kPa)

2 = reference heght shove the canopy (m)

u-wuhpud(nn")

2, = roughness leogth of a forest sxfhce (m)

d = zero plane dssplacement hexght (m)

m = von Karman's constant

PAR = photosynthetically active mdwation (molm s ')

Py = photosynthesis

VPD = water vapour ssiumtion vaposr pressure deficit

LY = waler vapour partsal pressure difference

D = the air water vapour saturation deficit measured above tree height but within the canopy boundary layer (kPa)
D = diameter of the i th pipe (m)

D, = is the water vapour saturation deficit of the planctary boundary air layer or at a reference height in the mixed layer well
above the surface of the forest canopy (kFa)

p-damduﬂu'd(hn")

n = dynamic viscosity of water, which is dependant upon temperature (MPa s ')

n = a representative mumber

L = total Jeaf dry mass (kg) or area (m”) supported by a troe above some height x (m)
pu = permeability of the sspwood (m”)

@ = a pammeter (kg m™)

p(x) = stem permeability

WSC = water storsge capacity of a plant = V(1 ~ @), the water storage capacity of a plant or tssue 1., the quantity of water
that can be lost withoot meverssble wilting (kg)

RWC = relative water content or relative turgadity (%)

SD » saturation deficit

G = wood specific gravity = Wa/Vy(kg m™)

Flux=(kgs")
- { pd ) ]

et SOt Yo Sl S v 7 B Sl 0 o vk s ot (P30 Wi ¥
changing in the region. The magnitude of the differences in flixes 0 and out depends upon the product of Can and the
rate of change of ¥ with time (¥ /dt, MPa s

dv/dt = denvative of the water cantent of a systan with respect 1o time (kg s ')

d¥ /dt = dezivative of ¥ with time (MPa 5°')

W= fresh mass of wood (kg)

W4 oven dry (70 °C) mass of wood (kg)

¥7= volume of wood (m”)

¥, = volume of the solid (cell wall) material in wood (m”)

¥ = quantity (volume of mass) of water in the tssue at full turgidity (m’)

© = critical relative water content Jeading to irreversible wilting (umitless fraction)

(G, = conductance for an entire pathway
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G = the conductunce between soil at water potential ‘¥, and Jeaf xylam water potential ‘¥,

k» = hydmulic conductance (kg m m")=M@/&)l:,@“pﬁﬂlpﬂﬂpﬂ:ﬂﬁ;m"'mﬁl
Nm*hl) from stem specific hydrmulic conductivity k,, whese &, = ky/A, which is & measure of stem porosity (kg m'
s

rky = k, conductivity of the sapwood relative to that at wood ssturation, which for any SG decyeases exponentially with RWC

ki) = Stursiod conductivity

R = remstance which s the reciprocal of hydmulc conductance

LSC = leaf specific conductance of stem segments * ky/A, (kg m " 5" MPa") The LSC datum s of heunstic value because it
qw:yrd-wmn.&mn*’-')mmuw-mmummamm
m'"'), within the sogment, fe., dP/dx=E/LSC. A stem segment with 8 low LSC is less capable of supplying water 1o
Jeaves fed by it than a stem segment with high LSC

b * in the gravitational pull on a column of water of density p i » tree at height A, and g 1s the acceleration due 1o gravity

¢~ the volume flux of water pusung through a smgle troe stem (m’)

A = length or tree beight (m)

A;-wldudﬂbnmm“h’)

Ay = 0 = cross sectional conducting ares of stem sapwood of xylem (m”)
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Chapter 3

Comparison between stem steady state heat energy balance (SSS), heat pulse
velocity (HPV) and thermal dissipation sap flow measurement techniques

3.1 Abstract

The SSS and HPV techniques are frequently used in research within the fields of agrometeorology and
plant physiology. Both techniques are however empirical and critically dependent on assumptions
which, depending upon circumstance, may depart from reality to varying degrees. The theoretical and
practical constraints in using ecach technique are presented in order to ascertain the validity of their
application to different circumstances and to subsequent interpretation of measured data.

While a number of variants to the SSS technique exist, we focus on an application with a single
constant output heater. This typically requires measurement of heat flux conducted through the plant
limb and measurement assembly. Other variants apply for example single or multiple dynamic output
heaters which potentially eliminate a need for dynamic measurements of conducted heat flux, and also
reduce transient errors due to changes in heat flux to and from storage with plant tissue temperature
changes.

Two empirical constants (K, and K____ ) are required for inclusion in the SSS technique heat
energy balance equations for conducted heat flux axially through (£_ ) and radially (£, /) from the
plant stem. The stem thermal conductivity X, which is used in the calculation of E__, varies in and
between plants with differences in plant stem anatomy (e.g. specific gravity, porosity and stem water
content). Since £__, is usually a small component of the heat energy balance it poses a relatively
minor uncertainty to the accuracy of the technique. The term K___ is usually approximated, in sifu,
under zero sap flow conditions from a residual to the energy balance equation. However, determination
of K e is prone to error introduced from limited equipment precision, sampling procedure and
model-error residuals which may be included in the energy balance equation. Since the £ term of
the SSS technique can dominate the energy balance equation, the accuracy of the technique is sensitive
to such errors. This poses a problem, which is more significant in larger plant species, where the
confidence of obtaining a true K__ value at zero sap flow proves to be precarious (e.g the incorrect
WOfW(MU)MbKMAVMWme&W
flow may also be necessary to account for diurnal temperature gradients, or different rates in stem
temperature change, along the stem.

A number of variants to the HPV technique also exist. These differ in placement distance and
arrangement of sensors, heater output, the method of calculating heat pulse velocity, the method of
determining the ratio of the specific heat of conducting xylem wood to that of sap, and the method of
scaling up from a sample measurement point to sap flow across the xylem.

Empirical constants which are fundamental to the HPV technique include a measurement of the
specific heat capacity of the stem wood, which is a function of stem anatomy and water content, and
plant specific adjustments for deviations from reality in the fundamental assumptions of the technique.
The primary assumption made in applying HPV technique theory is that the stem is an infinite
homogenecous, porous material with constant thermal conductivity. However heater and temperature
wobumdﬁuhﬁuﬂhnemﬂamwmwmmmwu
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anisotropic stem tissue in which they are usually inserted. Stem tissue borders, wounding resulting
from sensor implantation, and a vascular anatomy exhibiting narrow growth rings of varying hydraulic
conductivity, or otherwise an extremely diffuse porous wood with a relatively few large and widely
dispersed vessels, are also important sources of departure from idealised theory. Together these tend to
result in under-estimation of convective sap velocity. Consequently application of the HPV technique,
which usually necessarily assumes that these practicalities have persistent effects, depends on
empirical or numerical adjustment for such effects.

Comparison between the techniques is made by taking the following factors into consideration:
plant vasculature, technique and sensor placement, localisation on efficiency and accuracy, and
instrumentation.

The Granier (heat dissipation) method is an empirical method for determining sap flow in trees with
diameters greater than 40 mm. Two cylindrical probes (about 2 mm in diameter) are inserted radially
into the stem, each probe about 100 mm apart. The upper probe contains the sensing thermocouple and
a heater. The temperature of the upper probe is referenced to the temperature sensed by the
thermocouple in the lower probe. Constant power is applied to the heater and the temperature
difference is empirically related to the sap flow. The temperature difference is measured under flow
and no sap flow conditions and using values for the sap density and the arca of the sap wood, the mass
flow rate of sap is calculated. It is recommended that the technique be calibrated for species for which
it has not been validated. The technique is relatively simple and requires few measurements and
calculations.

3.2 List of terms

3.2.1 SSS technique
Exgp (W) = Enviser — Ecvial = Emutial = Essorage

Enewer (W) = _heat produced by the SSS gauge heater (W) = far ¥ Vi, Where Ricaer 15 Vs’ lioamer such that
Enoater = VP roaser’ Rhasier

Eqd (W) = * Edvwer * Kutew % Aswm (2T opper/ d21 % dTiwer/d21) wach that dT s temperature difference over the
distance of &= between two points located upstream or downstreamn from the gauge heaser respectively

Epntial (W) = radially conducted heat flux from s heated plant limb segment

Eserage (W) = heat energy term 10 account for stem beating or cooling

Eresutuat (W) = calculated voltage from a zer0 sum balance in the energy balance equation: Ekeer ~ Faual — Evatial = Eurge
Co () g K = specific heat of water (4.186 ) g K™')

AT e (K) = the mean stem surface temperature difference between the junction pairs of thermocouples A and B (°C) used in
practice 10 assume 7wy

AT soum natared (K) ™ AT sene values measured with the gauge heater swisched off

Kucew (W m™ K”) = stem thermal conductivity

Avew (m°) = stem cross sectional area

x.:muv*)-mmmmmmmq gauge characteristics (such s installation

and imsulation malerials) and environment n’nV")TMlnMn
(Eneaer — Ecral = Ewnp)/ Vinermopete Under zero sap flow conditions

Kpmuge qppares (W mV') = calculsted value for Kpmge Where with the assumptions: (1) steady state beat flux, (i) zero o
muwrwmmma&_.&-ur_..u(mmwmuw
such that Ky =~ 0

M..(.s")-wmu
Vm(nw-MMMMhnwuwwmmumm
a.mummus&smu— (mV)
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Vikssmcsupie 4 (mV) = potential difference change with temperature between two seasing junctions in Thermocouple A
u;r#.(mw-mamm-mwmmmmmhw

Fagarer (V) = the measured voltage across 2 heater

Romer (£2) = heater resistance

S(VK) = Seebeck coefficient for copper-constantan thermocouples

& (m) = gap distance between thermocouples A and B
&‘(m’l-hﬂmw\rm

Gp (1 4g” K) = stem spesific heat capacity

AT7Ar(K 5°') = e of stem temperature change

¥ (MPa) = water potential

L (m) = length of flow path in the transfer medium (m)

T (K) = iemperature at the heater surface (K)

T+ (K) = temperature ot the outside of the insulation maserial (K)

r1 (m) = radius at the heater surface (m)

r1 {m) = radius of the outside insulation matenial (m)

Knatial (W K'') = overall gauge radial thermal conductance, where K pege = Knabo/S 508 Vitermoynte’S # { The = T4)
e (3) = time constant

& (Wm™ K') = thermal conductivity of the gauge insulation maserial
Encgme = stepwise pattern of voltage switching used

Ecp/ Enwater = proportion of heat convected i sap 10 heat emitied by heater.

3.2.2 HPV technique

T'= wemperature (K), or departure from ambicnt temperature

1 = time interval over which heat transfer ts measwred in determining heat luxes (5)
k = thermal diffusivity (m’ s')

K = thermal conductivity of & maserial (W' m"' g‘;hﬂnnumwwuwmmu
numerically equal 1o the rate of heat flow (J s7°) through a unit cube of material (1 m on a side) betwoen two opposite
paralic] surfaces having a temperature difference of | K ar °C

x, y, r= distance from heater (m)

a = fraction of any plane perpendicular to the -aus occupied by sap streams
A4 = cross sectional area perpendicular w the direction of heat flow (m’)

4 = unsfoem velocsty of sap streams (m s )

v = heat pulse velocity (ms™')

p = density of a medium; py = density of sap (= water), py = demsity of combined wood-sap mixture = pj (1 + my);
Db = Didry weet = baxsic wood density = oven dry mass of wood /green volume of wood

€ = specific heat capacity of & medium (J kg™ r';c,-wuuqt-muc.-mu«m
mixture = (Cy + me C)(1 + mo) (eg, 25MIkg™ K™ for soybean); Ch = Cury wend = specific heat of dey wood

q = average power applied per unit length of a sensor heater (W m”)

@ = intermally generated heat such that O = g4C, where p C is the volumetric beat capacity of the medium
J = sap flow velocity (m5”)

me = wood water content () = (wood-sap mixture mass - oven dry mass)y/{oven dry mass|

a = specific gravity (kg m”) = mass/[volume of water displaced by substance]

fon = matrix fraction of bulk sample

Ji = liquid fraction of bulk sample

« = hase of natural logarithms

n=22/7
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In = natural log function
lmgs = Uime (3) %0 peak tempersture (Le. dT/dA = 0)
o ™ timne (3) 10 peak temperatare (Le. T/ dAr » 0) under the condition of 2¢r0 sap flow

ty = time () required for & temperature difference between two sensors 10 return o an initial value or an egual temperature
subsequent 1o the reicase of a heat palse in the sensing medium

AT = peak temperature rise (K) resulting from a heat pulse, under the condition of 2er0 sap flow

R-mﬂlm(KV'l.Mudm!ywmdmnlmgmmmcﬂw&mmmmmx!y
proportional 10 its cross-sectional area perpendscular to the flow direction (e R« (r x L)/A

r = resistivity (m K W) which is resistance (K W) of a cube a5 measured between two paralie] surfaces.

3.3 Introduction

Transpiration may be defined as the loss of water-vapour by land plants, which occurs mainly from
leaves and differs from simple evaporation in that it takes place from living tissue and is influenced by
the physiology of the plant. Transpiration takes place chiefly through stomata and to a lesser extent
through the cuticle. For a healthy plant transpiration is inevitable, particularly during interchanges of
gasses between the plant and atmosphere in photosynthesis and respiration. Transpiration by trees
growing in forests or plantations remains a difficult quantity to characterise.

Application of approaches to approximate transpiration from forest canopies and the rate at which
water is released from these, through a measure of their evaporation, is frequently limited by the
necessity for estimation of foliage area and certain physical and physiological properties of the foliage
(e.g stomatal conductance) for each component of the forest canopy (Monteith, 1965; Jarvis, 1975,
Jarvis, James and Landsberg, 1976).

As an alternative approach, attempts at determining the rate (kg s”', mm s and m’ ') at which
water moves up the xylem of living plants and is subsequently lost to the surrounding atmosphere have
led to the development of various techniques, which have been discussed by Denmead (1984).

The active xylem, sapwood, is the principle component of the tree in which water transport occurs
and consists of several of the youngest growth rings, the number depending on the species and ranging
from one to several years growth (Biddulph, 1959). Afier water has entered the roots it rises 1o most
parts of the plant. This process is known as the ascent of sap. The ascent of sap is a result of
transpiration, capillary rise and bulk flow all occurring simultancously (Levitt, 1974). However sap
flow in trees is known to lag behind transpiration by as much as 15 0 45 min (Hinckley, 1971;
Veselkov and Tikhov, 1984). Differences between sap flow and transpiration are common in trees but
not in many other plants.

Techniques which measure sap flux density (kg s’ m™, mm s' m™ and m’ s' m? = m s) remain
the most economical and practical approach to the direct estimation of water use by individual trees.
These techniques emphasise local measurement of sap flow which can be integrated or calibrated for
an entire plant.

To scale up water use sampled from a small number of trees, the total cross-sectional area of a
larger number of trees in a stand can be measured 10 develop a linear regression between total
cross-sectional area and sapwood area. Subsequently sap flow could be calculated on a total sapwood
per unit ground arca basis.

Alternatively a survey of the trees’ positions in the study arca could be conducted. Subsequently
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tessellation of the site could be performed, using the method of Dinichlet (1850), to apportion the study
area among trees. This approach implies that each tree exploits all points closer to it than do other
trees. This method is common 10 many investigations of ecology (Pielou, 1977; Mithen, Harper and
Weiner, 1984; Hutchings and Discombe, 1986). Stand flux is calculated as the mean of each sampled
tree's water use divided by its occupation area as determined by the tessellation (Cohen, Fuchs,
Valkenburg and Moreshet, 1988).

Rein (1929), Huber (1932), Baumgartner (1934); Huber and Schmidt (1937) and Bloodworth, Page
and Cowley (1955; 1956) laid the foundation for the use of heat to measure sap flux density, Currently
the most widely applied techniques which use heat to measure sap flow are the steady state heat energy
balance (SSS) and the heat pulse velocity (HPV) techniques (Table 3.1 and Table 3.2). A notable
advantage to these two approaches is that they allow practically continuous measurement of sap flow
velocity over long periods of time, so that temporal variations can be followed, The data are produced
in the form of an electrical signal, suitable for further processing and storage.

Table 3.1 List of frequently cited applications of the SSS technique

Hosey mesquite (Prosopis glandulosa Torr, var. glandulosa, P. alba) - Dugas, Marcus and Mayeux (1992); Leviit, Simpson
and Tiptan (1992)

Corn (Zoa mays L) - Gavioski, Whitfield and Ellis (1992a; b;); Ishida, Campbell and CalissendorfT (1991); Stockle,
Kjelgaard and Campbell (1992); Coben, Takeuchi, Nozaka and Yano {1993); Peressotti and Ham (1996)

Cotton (Gossypium hirsutum L.) - Ham, Heilman and Lascano (1990; 1991); Baker and Van Bavel (1987); Dugas, Hever,
Hunsaker, Kimball, Lewin, Nagy and Johason (1994)

Cucumber (Cucumis sativas L.) - Kitano and Eguchi (19%9)

Prairie grass (Andropogon gerardil Vitman and Sorghastrum nutans L) - Senock and Ham (1995); Ham, Owensby, Coyne
and Bremer (1999)

Sunflower (Helianthus annus L) - Sekeratani (1981), Baker and Van Bavel (1987), Ham and Heilman (1990); Ishida,
Campbell and CalissendorfT (1991); Stockle, Kjelgaard and Campbell (1992)

Soybean (Glycine max. Merr,) - Sakuratani (1981); Sato and Sskuratani (1982); Sakuratani (1987); Cohen, Takeuchi, Nozaka
and Yano (1993); Gerdes, Allison and Pereira (1994)

{Saccharum officinarum, S. spontancum) - Sakuratani and Abe (1985), Saliendra, Meinzer, grantz, Neufeld and
Goldstein (1992)

Rice (Orzea vulgare ) - Sakurstani (1979; 1990)

Blue gum (Eucalyptus grandis) - Savage, Lightbody and Graham (1993)

Coffee (Coffea arabica L.) - Gutiérrez, Harington, Meinzer and Fownes (1994)

Koa (Acacia koa Geay) - Gutiérrez, Harrington, Meinzer and Fownes (1994)

Black Spruce (Picea mariama) - Groot and King (1992)

Oak (Quercus vieginiana) - Levitt, Simpsoa and Tipton (1992)

Jack Pine (Pinus bankszana Lamb. ) - Groot and King (1992)

Potato (Solanum tuberosum L.) - Ishida, Campbell and CalissendordT (1991); Stockle, Kjelgaard and Campdell (1992)
Grape vines (Vitis vinifera 1) - Lascano, Basmbardt and Lipe (1992a; b)

thﬂawa(wmmmmmm)-rmm

Peach (Prunus persica L. ) - Shackel, Johnson, Medawar and Phene (1992)

Fig (Ficus benjamina, Ficus retusa L. Nitidn) - Steinberg (1988); Steinberg Van Bavel and McFartand (1989)
Pecan tree (Carya illinoensts ‘Wichita") - Steinberg, McFarland and Worthington (1990)

Bald cyprus (Taxodium distichum) - Stemnberg, Van Bavel and McFarland (1990)

Crape myrtle (Lagerstroemia indica L) - Zajicek and Heilman (1991)

Hibiscaus (Hibiscus rosa-sinensis 1) - Steinberg, Zajicek and McFarland (1991b)
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Privet or Wax Leaf Ligustrum (Ligustrum jsponicum Thunb.) « Heflman, Brittin and Zajicek (1989); Heibman and Ham
(1990); Steinberg, Zajicek and McFarland (1991a)

Cretoa (Croton melagocarpus) - Ong and Kahn (1993)
Apple (Malus sylvestris ) - Valancogne and Nosr (1989).

Table 3.2 List of frequently cited applications of the HPV technique
Acacia (Fuidherbia albida) - Ong, Singh, Kahn and Osman (1990)

Plane tree (Plantanus oriestalis L) - Cohen, Fuchs and Green (1981)

African hardwood (Albizia lebbeck) - Ong. Singh, Kahn and Osman (1990)

Willow (Salix fragilis ) - Swanson ( 1962)

Grapevine (Vitis vinifera L) -Schander] (1936)

Citrus (Citrus sinensis 1. Osbeck.) - Coben, Fuchs and Green (1981); Cohen, Fuchs and Coben (1983)
Citrus (grapefult var Marsh seedless) - Coben (1991)

Kiwifruit (Actinidia deliciosa) - Green and Clothier (198%)

Kiwifruit (Actinidia chinensis Planchon) - Edwards and Warwick (1984)

Apple (Malus sylvestris X Red delicious) - Marshall, 1958; Green and Clothier (1988)
Blue Gum ( Eucalyptus grandis Hill ex Maiden) - Olbeich (1991)

Jarrsh (Eucalyptus marginata) - Doley and Grieve (1966)

Mountain Ash (Eucalyptus regnans) - Dunn and Connor (1995)

Red River Gum (Eucalyptus camaldulensis) - Salama, Barthe and Farrington (1994)
Poplar {Populus alba L.) - Cohen, fuchs and Green (1981)

Poplar (Populus nigra var. italica Du Rod) - Closs (1958); Hein and Farr (1973)
Poplar (Populus deltoides) - Edwards and Booker (1984), Smith (1992)

Patuls Pine (Pinus patula) - Dye, Olbrich and Poulter (1992)

Radiats Pine (Pinus madiatal), Doa) « Swanson and Whitfield (1981); Hatton and Veressy (1989, 1990), Hation, Catchpole
and Vertessy (1990)

Maritime Pine (Pinus pinaster) - Diawara, Loustan and Berbigier (1991)

Ponderosa Pine (Pinus ponderosa) - Lopushinsky (1986)

Aleppo Pine (Finus halepensis Mill ) « Swanson (1972)

Sitka Spruce (Abies amabilis) - Hinckley and Ritchie (1970)

Douglas Fir (Pscudostuga menziesii) - Lassoie, Scott and Fritschen (1977); Lopushinsky (1986)

Norway Spruce (Picea abies (L.). Karst) - Cermék, Clenciala, Kuera and Hallgren (1992)

Oak (Quercus spp.) - Miller, Vavrina and Christensen (1980); Cermék, Clenciala, Kuera and Hiligren (1992)
Engelmana spruce ( ) - Swanson (1967); Mark and Crews (1973)

Lodgepole pine (Pinus contorta) - Swanson (1967); Mark and Crews (1973)

Mountain Beech (Nothofages solandri var cliffortoides (Hook. £) Orst ) - Swanson, Bencke and Havranck (1979)

Catton | hirsutom L) - Cohen, Fuchs, Falkenflug and Moreshet (1988); Bloodworth, Page and Cowley (1955);
Closs (1958); Stone and Shirazi (1975); Sakuratani (1981); Petersen, Fuchs, Moreshet, Cohen and Sinoquet (1992)

Soybean (Glycine max Merr, cv, tamahomare) - Cohen, Takeuchi, Nozaka and Yano (1993)
Corn (Zea mays ¢v. kakuteru 901) - Cohen, Takeuchi, Nozaks and Yano (1993).

3.4 Rationale

It is suspected that the SSS and the HPV techniques are critically dependent on assumptions which,
depending upon circumstance, depart from reality to varying degrees and which consequently may
render them both empirical in application. Selection for application of either technique depends upon
thechmmmwhkhdmvhmhlmﬁunmﬁtyhmm&mm&ufa
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cach, and 1o which these can be accommodated,

Both the SSS and the HPV techniques are frequently cited (Tables 3.1 and 3.2) in research within
the ficlds of agrometeorology and plant physiology. In order 1o ascertain the validity of application and
subsequent interpretation of measured data using ecither technique, it is important that there s a
theoretical and practical examination of cach technique. This is necessary when the researcher is faced
with a choice of applying either to a particular circumstance, particularly for the first time.

The null hypothesis to be tested is that cach technique is equally appropriate and interchangeable in
their application to plant species, irrespective of the circumstance, and secondly that neither is
dependent upon circumstance specific empinical adjustment.

We present a comparative evaluation of the theoretical and practical constraints and implications in
using the Steady State Heat Energy Balance (Sakuratani, 1981; 1984; Baker and Van Bavel, 1987;
Ishida, Campbell and Calissendorff, 1991) and the Heat Pulse Velocity techniques (Cohen, Fuchs and
Green, 1981; Swanson, 1983).

One would hope to leam from this the comparative extent to which each technique is necessarily
prone to empirical adjustment, and under which circumstances application of either is preferable for
research into the wide diversity in plant species growing under varying climatic conditions in South
Africa.

In addressing this, specific factors which are 10 be considered for comparison concern (i) the
suitability of each technique with regards to plant vasculsture, and related to this, (ii) the implications
of the degree of localisation of the techniques’ sample measurement at the plant xylem on its efficiency
and accuracy in determining of sap flow, and (iii) instrumentation.

3.5 Work plan and methodology

A literature review was conducted with initial installation and application of the two techniques. No
data is presented in this chapter since this does not meet the rationale, hypothesis or objectives outlined
above. Experimental work and data concerning the SSS technique follow in subsequent chapters. This
thesis focusses on the application of the SSS technique, consequently no data using the HPV technique
is presented.

3.5.1 SSS theory

The SSS technique was theorised by Vieweg and Ziegler (1960) and later developed further by Daum
(1967), Saddler and Pitman (1970), Sakuratani (1981; 1984), Baker and Van Bavel (1987), Steinberg,
Van Bavel and McFarland (1989; 1990) and many others.

By supplying a continuous constant heat energy flux (J s™) to a plant limb (using a surrounding
heater) and accounting for its assumed component energy losses by: (i) conduction both vertically
upwards and downwards (axially) through and radially from the stem, and (ii) heat stored in the plant
limb, the heat component convected in sap can be determined (Fig. 3.1):

£~3£u"£“-£w-£“- 3.‘

Sap flow (kg s™*) can be determined fm&eqnmhnofmewmww(h").
and the product of sap specific heat capacity (J kg™ K™') and the temperature difference (K) between
above and below the heater (Fig. 3.1), such that:
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where
= 33
Epg=C o ndl  xM,,

and where: C_ is the specific heat capacity of sap which is assumed to be the same as that for water
(4186 J kg K, dT,,, (K) is the mean sap temperature difference (frequently assumed from
measurements at the stem surface) between the centre of two pairs of vertical points, separated by d,
each upstream and downstream of a heater respectively and A, is the sap flow (kg s™').

The heat energy flux supplied by the heater is determined by measuring the potential difference
across the heater and the heater impedance:

S e e 34
where V,____ is the potential difference (V) across the heater and R is its electrical resistance (£2).
The power applied to the heater is given by £ =/ xV,___ while from Ohm's law
Rivser ™ Viearer’ Inoaer 50 that E__ =V5 /R, In practice the heater is powered by electronic
circuitry connected to a battery, which facilitates a constant potential difference across the heater.
Measurements and computations are facilitated by a datalogger.

THERMOCOUPLES:

A
e Tupper |
uh dz  Topper [T —BT
T i upper 2 -
;Ebum = Eradil | THERMOPILE
HEATER B

Edown

Fig. 3.1i Hlustration of the steady state heat energy balance. Heat flux components are represented by
arrows. The terms Eneater, Eup, Edown, and Eradial are determined directly using sensors and Esqp is
determined by subtraction of the latter three terms from Epcaer i.€.
Eup = Eheater — stp Edown — Eradial.

ii. Diagram showing the conceptual and sensing components of the SSHB technique. Note the positions
of thermocouples A and B used in the wiring procedure of Steinberg, Van Bavel and McFarland (1990)
and the positions of the sensing junctions on the stem or plant limb surface. Each thermojunction is pair
separated by the distance dz (m) such that combined temperature gradient in the stem away from the

heater is given by:
((@Tupper/dz) + (dTiower/ d2)]
# (Tigppert = Tupper2)/dz + (Tiower ~ Tlower1)/dz = (Tippert = Tlower1)/d2 = (Tupper2 = Tlower2)/dz
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Most applications of the SSS technique use a heat transfer coefficient (K with unit W mV™"),
also referred to as the thermal conductance of the gauge, as the proportionality constant between the
radial energy flux component £ . (W) and the thermopile measured voltage difference between
inner and outer surfaces of a cork layer surrounding the heater, such that:

Bt ™ . X Y ittt is5

mnﬁablcoodﬁciean"cmbcdcﬁvcdclwlyfmmlquponthm. It is dependent on
the thermopile design, the thermal properties of the gauge (e.g., the nature and thickness of the
insulating material used), and gauge size. Theoretically it is not a function of the environment. Further,
it should not be a function of power, unless there is some type of model error in the heat balance.

Altermatively £, (W), based on the expression for radial heat flow in a cylinder of infinite length
(Carslaw and Jaeger, 1959), may also be described by:

E =25k (T~ T) L/ (ry/r) = K, (1o~ T) 16

wh«ck,hmcdmmlcondmivhyofdwmmmM(Wm"K").T.ismoumpulnmuww
heater surface, 7, is the temperature at the outside of the insulation material, L is the length of the flow
(m), r, is the radius at the heater surface, r, is the radius of the outside insulation material, and K, __ is
an overall radial thermal conductance (W K™') (Ishida, Campbell and Calissendorff, 1991). The
resultant simultancous solution to the above two equations is K = K /S, where § is the Seebeck
coefficient (uV K') for the thermocouple type used to measure Vo . such that

Vaermepie’ 5= g = T).

Baker and Van Bavel (1987) show that for gauges with diameters between 8 and 18 mm, K, . is
approximately 0.03 W K', meaning that the maximum temperature inside the heated segment at zero
sap flow will exceed ambient temperature by | °C for every 0.03 W of heating. In this instance a heat
input of 0.1 W was used resulting in a maximum temperature increase of slightly greater than 3 °C.

The voltage output from the thermopile is a function of the Secbeck coefficient and the number of
junction pairs in the thermopile. The analysis of Baker and Van Bavel (1987) as presented in the above
paragraph is incorrect since the increase in temperature in a heated stem segment at zero sap flow is
also dependent upon axial heat conduction. This simplified analysis would cause an overestimate of
stem heating, the significance of which would depend on the ratioof E__, 0 E,__, .

The method for measuring £, ., described in Eq. 3.6 is impractical with regards to standard
Dynamax gauge fittings and the assumed model dimensions around which the technique is based. It
would either require measurement of the thickness, thermal conductivity and inner and outer surface
temperature difference of the gauge insulation, or a measurement of the gauge thermal conductance (W
K''). These measurements would destroy the sensor.

kawwhhmmwducn‘hethENismihedby:

B o

where Vkmcbeuedsegnauvolm(m’).pisthedeuityofmem(kgm’).C,isthem:peciﬁc
heat capacity (J kg K™') and AT7A¢ is the rate of temperature change in the stem (K 5.

= ¥p C, AT/Ar 3.7

A heat storage term has frequently been omitted from the assumed thermal energy balance e.g,
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Dynamax gauge design and assumptions of Baker and Van Bavel (1987) and Steinberg, Van Bavel and
McFarland (1990). This would imply that it is assumed that the stem segment does not heat up or cool
down significantly for any period during the application of the technique. While the influence of stored
heat on the energy balance may be small, the assumption that the heated stem segment temperature will
remain constant is unrealistic. Coansideration of stored heat in the energy balance has been shown by
Ham and Heilman (1990) and Groot and King (1992).

The vertically conducted (axial) energy flux component can be determined using two
thermocouples, where potential difference (mV) changes with temperature between the two sensing
Junctions of these thermocouples (A and B), such that (Savage, Graham and Lightbody, 1993):

Eoi=V, ea=Va e/ Sxd))xA, xK, 38

where S (uV K™') is the Seebeck coefficient for copper-constantan thermocouples, ds (m) is the gap
distance between the two thermocouples, A, is the stem area (m?), and K, is the stem thermal
conductivity (W m™' K™'). This equation reflects the wiring procedure used by Steinberg, Van Bavel
and McFarland (1990) which was introduced to reduce the number of datalogger channels required to
operate the gauge Le, it allows the determination of three energy balance terms with the measurement
of only two voltages. It does not not affect the accuracy of the gauges but does however not allow
measurement of stem temperature (for calculation of £, ), for which an extra thermocouple and
channel would be required.

Practically 47, _ is recorded by a datalogger connected to the same thermocouples A and B as used
to measure £__ in the wiring manoeuvre used by Steinberg, Van Bavel and McFarland (1990) such
that:

lﬂ'“ ot ((le v VW Dml/s 39

A two-dimensional mathematical analysis of the SSS procedure has been presented by Pickard and
Puccia (1972). A variant of this technique in which, by varying the power of the heater, a constant
temperature is maintained between the sensors above the heated stem segment has been presented by
Cermik, Dem| and Penka (1973), Cermik, Kuera, and Penka (1976), Cermik, Jenik, Kuera and Zidek
(1984), Kuera, Cermdk and Penka (1977); Schulze, Cermdk, Matyssek, Penka, Zimmerman, Vasicek,
Gries and Kuera (1985) and Fichtner and Schulze (1990).

A major criticism of the variable power constant temperature technique is that conductive heat loss
has not been measured directly, which may cause significant errors. Ishida, Campbell and
Calissendorff (1991) have combined the approaches of Sakuratani (1981; 1984) and Baker and Van
Bavel (1987) with that of Cermik er al. (1973) and Fichtner and Schulze (1990) - to combine the
advantages inherent in the two methodologies. Subsequent work using the combined technique has
been presented by Stockle, Kjelgaard and Campbell (1992).

Some researchers have developed heat-balance gauges that use multiple heaters in combination with
variable power techniques to eliminate some of the problems associated with more traditional, single
heater approaches. Kitano and Eguchi (1988) used three heaters and three variable power controllers,
which eliminate the need for dynamic measurements of radial and axial temperatures. Some workers
have described multiple-heater gauge in which two tandem heaters are attached to the stem with a
third, larger heater wrapped around the periphery of the gauge assembly. A new proto-type of
_mllﬁpb-benaupﬂowmseh:bmmudbywmdﬂm(lmxmkmpm
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developed to eliminate the necessity of measuring radial heat flux from the gauge heater and reduce
transient errors in the application of the technique.

3.5.2 HPV theory

The first widely accepted theoretical basis for the HPV technique was proposed by Marshall (1958).
He suggested that the heat transfer mechanisms within a plant are conduction and convection (Eq.

3.10), the latter being proportional to sap velocity, It was first implemented, in a modified form, by
Closs (1958):

§r_ 81 . &1 0.C, 8r 310
Tk by o wpC -

where sap flow is in the axial direction (Marshall, 1958; Carslaw and Jaeger, 1959) and where T is
temperature departure from ambient, ¢ is time, u is sap speed, @ is the fraction of xylem cross sectional
area occupied by moving sap streams, p and C are density (kg m™) and specific heat capacity (J kg™’
K™') and subscripts s and w are for sap and the mixture of sap with the wood matrix, x and y are the
axial and tangential thermal diffusivities of the mixture, respectively and Q is internally generated heat
such that ¢/p C = Q, where p C is the volumetric heat capacity of the medium and ¢ is the average
power applied per unit length of sensor (W m™).

The first two terms on the right hand side of Eq. 3.10 describe heat conduction and the third
convection. Eq. 3.10 is of the same form as the equation for pure conduction in a medium in the axial
direction (Jakob, 1949) ie, the stationary wood and the moving sap together act like a single medium
moving at a speed defined by 7. This speed is less than that of the sap itself; it is in fact a weighted
average of the velocities of the sap and the stationary wood substance. This is not surprising when one
considers that in the wood alone the heat pulse would remain stationary as it diffused, while in the sap
alone the pulse would move at the same speed as the sap.

Marshall (1958) showed that if the sap and the woody matrix were considered as a homogeneous
medium, then the ratio of sap velocity to heat pulse velocity could be written as:

¥ a p'C‘
VAR, i

where u is the sap velocity within the lumens of the vessels, v is the heat pulse velocity, @ and A are the
|mmwwmmmmay.pmw’)aum,cuw KY)is
the specific heat, and the subscripts , and _ are sap and wood matrix plus sap (including gas)
respectively.

Assuming the xylem to be infinite in extent so that surface effects could be ignored, heat released
instantancously along a straight line in the sap would diffuse gradually throughout the xylem by the
process of conduction, until the temperature of all the xylem was raised by the same small amount. The
temperature at any point would rise to a maximum and then fall much more slowly to the original
value,

In this regard, for a given quantity of heat the temperature at a point at a given time would depend
only on the xylem thermal diffusivity, k (m® s™), which depends on the thermal conductivity, K (W m”’
K'), and the volumetric heat capacity, p C (J m™ K'™), where p is the density (kg m™) and C, is the
specific heat capacity (J kg K™'):
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k=K/pC, 312

Current HPV techniques follow Closs's implementation and detect times of arrival of a heat pulse
upstream and downstream of a heater to determine convective heat pulse velocity:

sap flow =[p_C Ap,CHlIv A __ . 3.13

where 4 is the stem cross sectional arca and the heat wave pulse velocity (v) is defined by:
p,C

V=t f 314
p'('
such that:
p.C,
J-zl‘- ——-t- = p.((. *M)V 315

wm.listhcupﬂowvdocity(ms‘).thctum.p,nswooddeuwy(mdrymmlmvohmc).
C,, is specific heat of wood-sap mixture, and m (8) is wood water content e (wood-sap mixture mass
- oven dry mass)( oven dry mass).

The specific gravity of sap (o,) is 1000 kg m™, and that of the solid woody matrix, excluding air, is
1530 kg m™. The latter value may be considered constant within and between specics (Panshin and de
Zeeuw, 1970, Edwards and Warwick, 1984). The specific heat of the woody matrix (C) may be taken
as 1.38 x 10° kJ kg™ K™ (Skaar, 1972) and that of sap as equal 1o the specific heat of water (4,186 J g’
K'Y

Using the wood matrix (f,) and liquid (/) component volume fractions of the stem, the bulk density
(kg m™) of the tissue is given by:

C, = 15301, + 1000 3.16
and its specific heat (kJ kg™') may be taken to be:
C,= DNAte G : 3.17

15304, + 1000/ 1530/ + 1000
Volumetric heat capacity is linearly reiated to the inverse of As_ (Campbell, Calissendorfl and
Williams, 1991) and can be measured at zero sap flow in a similar manner to that for measuring v;:

p,C,=q/lex P AT,). 3.8

The significance of measuring the volumetric heat capacity from Eq. 3.15 is that the water content of
the plant tissue does not need to be monitored using Eq. 3.16 and Eq. 3.17 to solve Eq. 3.15.

3521 Method A
The change in temperature (AT) measured at radial distance () from the heat source after a period of
time (¢) after the application of the heat pulse is given by (Carslaw and Jaeger, 1959; Cohen, Fuchs and
Green, 1981):
("",02
exp (- ]

lxpCh Akt
The exponent term v, ¢ describes a convective influence on 7 where v is the heat wave convective
velocity (m s™). The function described by Eq. 3.19 has a maximum occurring at time 7, when the
_l:ngdetivaﬁveofﬁq. 319 iseqmllouro(dT/dAt = 0) such that:
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v= _r__-d;“’”, 3.20

For a given value of r, and with known physical and thermal properties of live wood, the measurement
of 1, in Eq. 3.20 allows the computation of the sap flow velocity, /(m "), from Eq. 3.15.

A property which is apparently difficult to determine is the thermal diffusivity, & (m® s, of the live
wood. With no sap flow, Le. v=0, Eq. 3.20 yields:
A
k= T 321
Substituting Eq. 3.21 into Eq. 3.20 yields an altemative equation whereby the heat pulse velocity
can be measured from the time to peak rise in temperature from the heat pulse during sap flow relative

to that at zero sap flow:
\J|-.'._"'
V= ——- 3.22

3.5.2.2 Method B

Cohen, Fuchs and Green (1981) indicated that the temperature wave dissipation at a point upstream
from the heater is obtained by replacing (r) with (-r) in Eq. 3.19. If the sensors are placed
symmetrically above (+r) and below (-r) the heater, the differential temperature wave 7{+r) - 7(-r)
has a maximum occurring at a time 7 which also satisfies the first derivative of Eq. 3.19, provided
that the sap velocity (v) differs from zero. With v equal to zero, 7{+x) - 7{-x) is also zero, and its
measurement can be used to check the absence of convective transport.

Fluctuations in the ambient temperature disturb temperature evolution described in Eq. 3.19,
because herbaceous plants are thermally coupled to environment. The evaluation of the thermal
diffusivity of stems is also difficult due to the uncertainty of getting zero flow. To overcome these
difficulties, Closs (1958) and Swanson (1962) suggested using differential temperature measurement at
two asymmetrically located points above and below the line heat source. Thus they considered two
temperatures, one upstream (7)) at a distance of —x; and the other downstream (7)) at a distance +x,
from the heater, and showed that for 1, the time required for the temperature difference between the
twO sensors 1o return 1o an initial value (or indicate the same temperature:

X +x

V‘=-77—. 3.23
o
Using ¢, one can determine v from Eq. 3.23 and invert Eq. 3.20 w determine k as:
PPl
k-'—'ﬁ-r—v 3.2‘
may

Cohen, Fuchs, Falkenflug and Moreshet (1988) indicated that over the range of velocities between 0.17
and 0.22 mm 5™, both 7, and 1, could be measured with reasonable accuracy so that k could be
determined by solving Eq. 3.20 and Eq. 323 simultaneously (s, < 15 s). The thermocouple
configuration they suggested from their work on cotton (Gassypium hirsutum) is 9 mm above and 4
mm below the heater,

Cohen, Takeuchi, Nozaka and Yano (1993) questioned the validity of using simultaneously 7, and
fme 10 estimate k in personal communications with W.A. Dugas and S. Moreshet, since they were
observing inconsistent results. They subsequently re-assessed the range of heat velocity for this
procedure and concluded that & should be estimated only at 7, 2 13 s since their data suggested errors in
measurement of £, at less than 13 s.
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They noted that heat velocity in maize (Zea mays) was not measurable at sap flow ratesof 7g b or
below (heat velocity below 8 x 10 mm s™') as a result of inaccurate detection of temperature changes
in the stem (low voltage signal). They concluded that temperature detection might be improved if the
distance between the heater and sensors is reduced in order to shorten the time for ¢,

3.5.2.3 Method C

One may manipulate Eq. 3.19 in several ways to calculate velocity from the temperature variation with
time st one or more points (x - direction) in the xylem. Marshall (1958) considered a single
lemperature sensor down-stream from the heater read at three times /£, 7o, and 1, such that ¢, = 3 1, and
t,=2t,, and derived:

Ver| a— X\ 325

f oI (e
L'y

More generally, if the two sensors of the above configurations are sensed at any two times 7, and 1,,
such that T, 7, (Swanson, 1962):

7.I Tl
(#,In (Tz-)'t = 4in (1;),’)
V=(x, +x,)

fy
2 ‘. h(?;)‘.
R
' 3.26

3.5.2.4 Wound corrections to heat pulse velocity

Heisenbergs’ Uncertainty Principle, philosophically, has been used to imply that the closer one is to the
point of measurement, the more what one measures changes. Marshall's (1958) theory assumes that the
heat pulse velocity probes play no role in the heat flow. The cakulation of V from Eq. 3.23 is based on
Marshall's (1958) idealized theory and assumes the heat pulse probes have no effect on the measured
heat flow. Both the heater and the sensors occupy space in tissue and must therefore in some way alter
the measured sap flow. It has been shown (Cohen e al., 1981; Green and Clothier, 1988) that the
influence of the probes and heat probe cause an underestimation in the measured heat pulse velocity.
The general procedure 1o avoid this has been to apply an empirical correction for the effects of
wounding. This correction can be done empirically (for example, Cohen, Fuchs and Green, 1981).
Swanson and Whitfield (1981) derived correction coefficients from numerical solutions of Marshall's
(1958) equations, for various wound sizes using an equation of the form:

V.=sa+bVic i 327

wmr‘(anh")hmemndheupubewbcitynd V is the raw heat-pulse velocity given by Eq.
3.23 and where a, b, and ¢ are correction coefficients. The units of cm h™' have been retained since the
correction coefficients are for those units. The values for the correction factors for different wound
widths are shown (Table 3.3). The use of Table 3.3 does not then involve empirical calibration of the
technique except that the wound width has 1o be measured 1o within 0.4 mm. This method then avoids
the use of an empirical calibration to obtain the best estimate V.

A first approximation of the wound size is the diameter of the drilled hole. Usually however,
additional damage results and the wound size is larger and therefore unknown at the time of
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Table 3.3 The values of the constants @, b, and ¢ of Eq. 3.23 For the correction of the sap velocity for
wounding (after Swanson and Whitfield, 1981)

Wound width (mm) a b c
0.0 0.000 1.000 0.000
1.6 0393 1.356 0.036
20 0.807 1.203 0.058
24 1.184 1.072 0.087
28 1.524 0.964 0.124
32 1.826 0.879 0.169
316 2.0% 0818 0221
measurements.

A number of practical problems arise with regard to wound size corrections:

1. anatomical investigations by Barrett, Hatton, Ash and Ball (1995) indicated the total wound
width is likely to extend about 0.3 mm on either side of the drill hole. So for a sensor with a 1.6
mm diameter, the typical wound width would be 2.2 mm;

e 2 the 0.3 mm extension may vary depending on species;

¢ 1. the wound size often increases with time. The rate of increase of wound size may vary between
species and therefore independent verifications may be required to determine how long meaningful
measurements may be obtained for a given set of probes;

e 4. insertion of the probes, if not carefully inserted and correctly aligned, may result in a higher
wound size;

e 5. the corrected sap flow velocity is very sensitive to the wound factor so extra care needs to be
taken when the probes are inserted or if the wound size is measured (Fig. 3.2).

3.6 Analysis and discussion

3.6.1 Biophysical evidence for empirical adjustment to technique theory

3.6.1.1 5SS technique
Todm.daumhaﬁonofx’”hsmodybcmmdmm(l)mducMiMwhnE-h
assumed to equal zero, or (b) by iterative selection using a lysimeter as the reference for true sap flow.
The former is an empirical zero set and should not be confused with the latter which is a calibration
response to known changes in sap flow rate. Thus the determination of K ___ can be considered a form
of empirical calibration.

The accuracy of both of these approaches would depend however on the extent of the model error in
the heat balance. Assuming that the thermal conductivity of the stem is known and remains constant,
or can be measured, all the other terms required for the calculation of sap flux are assumed to be either
known constants or they are measured signals. Thus, re-arranging Eq. 3.1 from Eq. 3.5:

Besinad B =B~ B =B L)

an ( e 328
V ¥V,
daermopiie shermopiie

MK ui\en(mnhguudymhuﬂu.mﬁlehuwinme
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Fig. 3.2 The corrected flow for various measured flows and the various wound corrections. Typically,
for a wound size of 2 mm, a measured flow of 60 ¢m h™' is increased five fold and about six fold at a
measured flow of 100 ¢m b’

gauge, and accurate determinationsof £ E__ and V, shermapile) 5P flux has ceased such that
Ep™0.

Examples on the empirical determination of K____ include: (i) using a dowel rod consisting of
wood, glass, bakelite or plastic to model a plant limb (Sakuratani, 1984; Savage, Graham and
Lightbody, 1993), (ii) using excised sections of the plant limb (Baker and Van Bavel, 1987), (iii) using
in situ predawn measurement under low evaporative conditions (Van Bavel and Van Bavel, 1990), and
(iv) forcing low evaporative conditions by controlling radiation and temperature (Sakuratani, 1981,
Baker and Van Bavel, 1987; Steinberg, Van Bavel and McFarland, 1989; Ham and Heilman, 1990,
Heilman and Ham, 1990, Ishida, Campbell and Calissendorff, 1991).

ConsidaﬁrgmdiwmﬁeqmlybenaduofmgniMelugetthnchkrE“orsw(e.g.
bwupﬂwcu\didms).misbninthedemminuimofK”mmﬂydominmﬂn
sccuracy of the sap flow calculation. Thus the technique is particularly vulnerable to deviation from
mtmptiomofmupﬂow.modcletm.mdmmprecisionviz.ther&ioofﬁ‘.mb‘m
(Sakuratani, 1981).When measured experimentally K g Often appears to change with time
(Lightbody, Savage and Graham, 1994). This is caused by model or measurement errors. In fact
temporal (daily) varinionsinK"hlvebeen documented in many manuscripts cited in Table 3.1.
Clearly the empirical determination of X ___ is an important aspect to using this technique.

When measuring sap flux using the SSS sap flux technique, the thermal conductivity of the plant
limb tissue (K, ) in W m" K™ is required for the calculation of the vertical (axial) conduction of heat

Chapter 3 Com n between steady state heat energy balance (SSS) and
t pulse velocity (Hl}V) sap flow measurement techniques




An investigation of the stem steady state heat energy 69
balance technique in determining water use by trees

in Eq. 3.8. Over the years various techniques have been devised to measure X This value directly
affects the determination of gauge conductance K. Thus a different combination of K, _and X___
can result in the same determination of sap flow, M_. For this reason an assumed value of K is
required a priori for a particular plant limb prior to determining X___.

Sakuratani (1981; 1984) assumed a thermal conductivity for a stem ( 90 % water) equal to that of
water with acceptable errors. Frequently published averages for stem thermal conductivity are: 0.54 W
m™' K (Sakuratani, 1981; 1984) for various herbaceous species and 0.42 10 0.47 Wm™' K™ (Steinberg,
Van Bavel and McFarland, 1989; Steinberg, McFarland and Worthington, 1990) for woody plant
species, both of which are slightly less than 0.609 W m™' K™ for water at 300 K, thermal conductivity
of water being dependent upon temperature (Weast, 1979), or 0.76 W m” K for willow trees
(Swanson and Whitfield, 1981).

In Chapter 4 we present details of the measurement of stem thermal conductivity. We measured a
value of 034 W m™ K™ for a 28 mm diameter excised stem segment from a two year old Eucalyptus
grandis seedling, using intrusive thermal conductivity probe sensors (Shiozawa and Campbell, 1990).
The relatively low thermal conductivity value of the Eucalyprus trees can be attributed to the the high
specific gravity and density of the wood sample taken. This is consistent with a trend of increasing
thermal conductivity with increasing herbaceousness. The only cited anomaly to this trend is that the
thermal conductivity value for willow, cited by Swanson and Whitfield (1981), is greater than that for
pure water.

Clearly stem thermal conductivity essentially changes between different plant species and growth
habits (e.g with plant limb morphology, xylem hydraulic architecture and conduit specific gravity),
The necessity for its measurement or altematively assuming a fixed value axially conducted heat
component of the energy balance of the SSS technique is empirical in nature.

Axially conducted heat loss is however frequently the smallest component of the energy balance in
the SSS sap flux technique during the daytime hours. Consequently it is not surprising that sap flow
MM,wmhmmmbWbmwmﬁy-malwﬂw
rates (Sakuratani, 1979; Steinberg, Van Bavel and McFarland, 1989). Ishida, Campbell and
CalissendorfT (1991) calculated that a 10 % uncertainty in X resulted in an uncertainty in £__ less
than | %. However, Steinberg et al. (1989) noted a 17 % error in measured sap flow when E__, was
omitted from the energy balance equation.

Critical to the SSS technique is the assumption of steady state. The heat energy flux (W) supplied
by the heater (E__, ) is assumed to be fully accounted for according to the conservation of energy
principle, such that B, =E .+ E .+ E._ This implics that no extrancous or unmeasured
energy enters or departs the system other than by sap convection. To facilitate this it is usually
necessary 10 insulate the heater and sensors from solar irradiance and wind effects. In circumstances
where incident radiant energy may be large e.g, in forests at times when the solar elevation is low, a
highly reflective aluminium foil surrounding the thermal insulation is also applied.

A critical assumption implicit in the relation described in Eq. 3.2 is that the term d7,__ is solely a
consequence of the displacement by sap of heat applied to the stem (usually mainly by a heater).

While several studies have reported a high degree of accuracy of the SSS sap flux method when
eimpuredwithmvhnevic measurements ¢.g, Baker and Van Bavel (1987) and Ham and Heilman
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(1990), or when subject to mathematical analysis e.g., Baker and Nicber (1989) and Groot and King
(1992), some have noted that serious transient errors in direction and magnitude of sap flow estimates,
which may have occurred due to stem temperature gradients which violate the above assumption by
imposing a bias in d7,__ e g, Cermik, Jenik, Kucera and Zidek (1984), Fichtner and Schulze (1990),
Shackel, Johnson, Medawar and Phene (1992), Cohen, Takeuchi, Nozaka and Yano (1993). The details
of this is discussed in Chapter 4.

Shackel, Johnson, Medawar and Phene (1992) have noted and attributed the occurrence of d7
values in the absence of heat input, to different rates of temperature change along the stem. Working on
three year old peach trees (stems 60 to 75 mm in diameter) they observed the largest 47, values to
occur under conditions of most rapid changes in stem temperature (d7/dr). Conversely the smallest
dr ., values occurred when all positions along the stem approached thermal equilibrium with the
ambient. These observations were drawn from data pooled over 34 days while the gauge heater was
switched off. In addition to a substantial degree of variability, their data exhibited that 47, was
largely independent of d7/dr around solar noon (£ 3 h).

By adjusting for a bias in d7,__, Gutiérrez, Harrrington, Meinzer and Fownes (1994) noted a
substantial increase in similarity between transpiration estimated by the SSS sap flux technique and
gravimetric methods for koa (Acacia koa Gray) growing under greenhouse conditions (stems 9.5 to 11
mm in diameter). Thus it would appear that where it is necessary to adjust for a bias in d7,__, the SSS
technique is further dependent on empirical adjustment for measurement of sap flow,

3.6.1.2 HPV technique

The first quantitative treatment of the physical problem presented by pulsed heat from implanted
sensors for estimation of sap flux was carried out my Marshall (1958). This work is theoretically sound
for idealised situations but is not obtainable in practice. The technique is applied however on the
assumption that practical deviations from the idealised theory have persistent effects. Numerical
solutions are used to adjust for such problems based on in sity measurements (e.g., E grandis Hill ex
Maiden (Olbrich, 1991); Nothofagus solandri (Hook. f) Orst, Pimu halepensis Mill, and Pinus
Radiata D. Don (Swanson and Whitfield, 1981).

Heater and temperature probes are of finite size and have thermal properties different from those of
three-dimensionally anisotropic surrounding wood. In addition, sap flow tends to be interrupted by
these sensors and their immediate neighbourhood (Leyton, 1969),

Sensitivity analyses have indicated that it is important to measure wound size accurately. Olbrich
(1991) noted that wounding resulting from sensor implantation may be up to 48 % greater than the
implied volume occupied by the sensor (resulting from tissue oxidation and resin deposition). The
response to wounding depends on season (Lopushinsky, 1986), phenological state (Shigo and Hillis,
1973) and increases with time afier probe implantation (Swanson and Whitfield, 1981; Olbrich, 1991).
Clearly measurement crrors in these will inevitably bias sap flux estimates,

The HPV technique is based on the assumption that the stem is a homogeneous and porous material.
This implies that stem sapwood does not contain layers of non-convective material which may require
appreciable time to reach thermal equilibrium with their surroundings. It also assumes that the heat
moves uniformly through all the stem material and does not simply stream up a few large
water-conducting channels. This implies that the convective heat pulse velocity coefficient is equal 1o
mweiwun@dmwwm@mmmm:mmewm
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sap; and implies a constant thermal conductivity through the woody matrix. This has been discussed by
Hein and Farr (1973) after personal communication with D.C. Marshall.

Stem tissue borders are important sources of departure from idealised theory (Swanson, 1983) and
deviation from ideal conditions tends to result in under-estimation of convective sap velocity, This was
first shown by Marshall (1958) for sap-conducting elements surrounded by non-conducting tissue.
Swanson (1983) has indicated that any non-convective thickness less than 0.4 mm would not cause
significant departure from thermal homogeneity.

Hein and Farr (1973) established that **P radicisotope velocity was faster than the conducted heat
pulse through the stationary wood combined with the convection of the heat pulse through the vessels
containing sap, for Populus nigra var. italica Du Roi. Hein (1970) found that the xylem lumina for
poplar (anatomically similar to willow) made up 20 % of the total xylem cross-sectional area and
deduced that only 13 % of the lumina were involved in conduction.

Green and Clothier (1988) concluded that large vessels and substantial interstitial area of woody
matrix affects the thermal homogeneity of kiwifruit (Actinidia deliciosa) and therefore affects the
transmission and measurement of heat-pulse in kiwifruit; unlike that for apples (Malus sylvestris X
Red delicious) where the vessels are small, short, closely packed and interconnected. They concluded
that the HPV theory would need to be modified to take into account the inhomogencous nature of
plants with very large vessels ¢ g, grape vines and kiwifruit.

In maize (typical herbaceous monocotyledon) the vascular bundles are scattered unevenly
throughout the entire cross section of the stem, and their arrangement is related to the position of the
various bundles of cach leaf in the stem (Esau, 1965; Foster and Gifford, 1974). Sap velocity in the
vascular bundles, traced by safranine, varied considerably between bundles but the average was =10
times higher than sap flux estimated by the heat pulse method (Cohen, Takeuchi, Nozaka and Yano,
1993).

Evidently, unadjusted, the HPV technique tends to underestimate sap flux systematically (Swanson,
Beneke and Havranek, 1979; Coben, Fuchs and Green, 1981; Green and Clothier, 1988; Olbrich,
1991). Consequently it is fundamentally based on a necessity for empirical adjustment to sap flow
measurement since errors are caused by assumptions made (e.g. assuming instantancous beat flow) in
applying the transient heat flow equation. This limitation is counter-balanced by the opportunity for
measurement continuity.

3.6.2 Extent of localisation

3.6.2.1 855 technique
Non-intrusive placement of sensing junctions, i.e. where sensors are kept in contact with the plant limb,

offer a significant potential advantage to applying the SSS technique over other procedures which do
require sensor insertion into the xylem.

Whether the SSS technique is applied intrusively or non-intrusively, its application implies that
temperatures are assumed 10 be constant throughout the plane of measurement and can be
approximated by localised sample measurements for the determination of the stem temperature
gradients: T, dT,  aod dT ., _ (Fig. 3.1). Plant limb cross sectional area, and lateral and vertical
thermal conductivities are also necessarily assumed to be constant throughout the plant stem section. In
Chapter 3 Conr:hubem state heat energy balance and
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reality however, one would expect all of these factors to vary systematically with radial profile
differences in tissue type, water content and hydraulic conductance, from the centre 10 the surface of
the stem. Clearly the size of plant under consideration is important when a non-intrusive approach to
this technique is considered.

Since dT,__, which appears in the denominator of Eq. 3.2, is used 10 calculate sap flux, very small
dT ., values result in M, approaching infinity. This situation is likely to occur at either very high sap
flow rates or when sap flow has ceased (Fig. 3.3). Consequently the technique is particularly dependent
on the sensor precision or accuracy for determining d7,_ at an upper and lower range of sap flow
detection. Where measurement accuracy is compromised at low values for o7, relatively large errors
can be anticipated. It is within this pretext that the technique is most vulnerable to extrancous
temperature gradients (*C m™),

Examples of conditions which contribute to extrancous temperature gradients in the stem include:
(i) heat conduction down the limb when the sun is vertically overhead a species which presents a fairly
large, horizontally closed canopy to incoming solar radiation, and (ii) heat conducted up the limb
during night time when heat loss is frequently more rapid than the soil. This presents an inconvenience
since the extent of such a predisposition to over or underestimate sap flow requires in sitw evaluation.

Presented in Fig. 3.3, from left to right, are the possible thermocouple junction states under three
different sap flow scenarios. (A.) Zero flow, (B.) Moderate flow (C.) Upper limit. During zero sap flow
conditions (Fig. 3.3A) there should be no net temperature difference across the heater if the
thermojunctions are evenly spaced relative to the heater. The £ . and E__, energy balance
components would be at a maximum level. If the power to the heater is not decreased the stem section

A. Zero flow B. Moderate flow C. Upper limit
! VE +VE +VE
= oo Hot o Coot
| HoT HOT 5
HOT COLD
COOL COLD

Sap flow

Fig. 3.3 Diagrams illustrating typical states of the gauge upper and lower thermocouples, during a
typical day

Chapter 3 Eo-m-o between state heat balance and
o p:hevdoen;‘mnp Mmmt u(:cb ues



An investigation of the stoem steady state heat energy 73
balance technique in determining water use by trees

under the heater would tend 1o heat up and be a source of heat over and above that of the heater upon
resumption of sap flow (Fig. 3.3B). At low rates of change in sap flow, d7___ recorded may be
considerable. During this period the assumption of steady-state is violated and significant error
introduced into calculated sap flow. Consequently it is necessary to regard the technique lower limit to
be where steady-state heat flow is re-established following this event. With the transition from zero
flux (Fig. 3.3B), as the heated section moves over the upper thermocouple junctions, d7,__ increases
considerably, The magnitude of this depends upon the extent to which the stationary sap in the stem
segment under the heater increased in temperature before the re-commencement of sap flow.
Practically the extent 1o which this is recorded depends on the datalogger interrogation (sampling)
interval, and the rate of change in sap flow. At the upper limit to sap flux most of the input heat is
removed by sap convection (Fig. 3.3C). At this point one would expect £ and E__ approach zero
with the approach of £, towards £ The temperature difference across the heater (d7,, ) also
approaches zero resulting in an infinity error due to division by zero in Eq. 3.2.

Shackel, Johnson, Medewar and Phene (1992) showed that under natural conditions there were
substantial measurement errors in sap flux of young peach trees (Prumus persica L), because the
surface temperature was not equivalent to the temperature in the cross section. Their results suggested
that the stem surface temperature differential was not simply a consequence of the dissipation of heat
supplied by the gauge, but was affected by environmental conditions.

A distinct limitation to the SSS sap flux technique is (i) the likelihood of tissue damage, without
prior knowledge of the plants specific tissue sensitivity, and (ii) stimulation of nodal bud growth, from
increases in stem temperature and impaired stem respiration in the region under heater and insulation,
Where non-dynamic heat input systems are used, risk of significant plant tissue damage limits the
application of the technique on any single limb to a period of only a few weeks. In this circumstance
effects are likely to be greatest under Jow sap flow conditions e.g, conditions of low evaporative
demand and at night. However under day-time conditions much of the heat flux from the heater can be
removed by sap flow. Such dynamic changes in heat requirements can prove challenging.

The SSS technique requires the establishment of steady-state heat flux conditions. A time constant
is a measure of time taken for re-establishment of steady state conditions e, lag response time 10 a
rapid change e.g., in sap flow or heater power, due to the thermal inertia of the system. This has been
described (Kuera, Cermik and Penka, 1977; Baker and Van Bavel, 1987).

The dynamic response of the system can be improved by cither reducing the dimensions of the
heated segment or increasing the thermal conductance of the system. There are however practical
limitations in both cases. If the heated segment selected is very small, the heat input must be reduced to
avoid physiological plant damage. The result is that the various outward fluxes and corresponding
signals diminish, increasing the relative error of the measurement. If the thermal conductance is too
large, the implied assumption of one-dimensional conduction in the stem becomes increasingly tenuous
for a given gauge installation and heater setting.

Published time constants of Dynamax gauges (Van Bavel and Van Bavel, 1990) suitable for fitment
on stems between 10 and 19 mm diameter, ranges from 4 to 9 minutes at a sap flow rate of 10 g b
Similarly for gauges between 25 and 100 mm diameter, the time constant ranges from 15 to 55
minutes. These time constants typically decrease 10 2ero as sap flow increases (Sakuratani, 1981).

Sakuratani (1981) evaluated the heat flux by the energy balance components: £_, £, (and £
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with increased sap velocity in 13 mm diameter sunflower (Helionthus annus) stems. As the mean stem
sap velocity increased, the magnitude of the heat energy flux removed by sap convection (E,_)
increased with a proportional decrease in the contribution by the other components, particularly E_ .
With increased sap velocity (m s'), the stem thermal conductivity radially into the stem remained
greater than that in the axial direction. While not detected, heat storage in active sapwood probably
decreased with increasing sap velocity i e., the stem cools down with increased sap flux.

Sakuratani (1981) showed that the relative error of £_ typically increases in an exponential manner
with a reduction in the proportion of supplied heat conducted to sap. For a given sap flow accuracy
level the proportion of heat conducted to sap must necessarily increase with decreased precision in the
E o = E it * £y measurement (Fig. 3.4). This example illustrates that for an £ accuracy of
between 80 and 90 % (ie. 1 - ¢) the proportion of heat conducted to sap should be between 20 and 30
%. Consequently, under ideal conditions it is expected that the accuracy of the technique will increase
with increased sap flow. The limits imposed are by the magnitude of the heater power setting. As
E_/Eb.,m:podmmybucmumemhniqmmumnhhakoquiteoomeivnblc
that with increased sap flow a point is reached where £__ approaches zero and e and e, increase to
infinity as measurement precision limits are approached le, E,__ is insufficient (Fig. 3.4).
Consequu:ﬂylvnhcfortbeuﬁoE../Emoonldakobexhaedudnmiqmumlimit.

Using the notation E__ 10 represent the sum of £__, and E___, rather than the residual difference
between £, and E.', Sakuratani (1981) described the following procedure in order to evaluate
errors in the determination ol'E”. Firstly he defined the relative errors: (i) c,ulhcermrﬁacﬁon of
E.. (ie., ¢/=(EW—E.,)/E_')nw(ii) e.astbccrmrﬁncﬁouofb‘_ (ie., c.n(E‘_-Eu)/E_,)

§ g SRSt
| IE 4l= 0.05 |
08~ N | gl=0.1
Qi X |
_ 0.6~ |
[ Y-
b
0.4
|
0.2
J. ———
g O 0.2 04 06 08 1.0

E'sap /Eheater

Fig. 3.4 lllustration of the dependence of efon the magnitude of £'sap/ Eneaser as influenced by the value
Offq
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wbcnb"wulhemrnlucofthehwcnctgyﬂuxmvoﬂedinmenp.lndlz"_ulhcuucnhnof
E By combining the above equations and assuming £, = £, where E', s the true value of
E s use 2 relation for e, is obtained such that the % error in £ = the % error in £ x (fraction £7__ is
of E_./fraction E'__isof E__ (e, e= e x [E JE )~ WE/E_.) Thus the term |e] is
the absolute value of the relative emmor m the determination of convected heat with sap flow.
E o/ Eppser 15 the matio of the true value of convected heat 10 the heat energy supplied to the stem
segment. je | is the absolute value of the relative error in the determination of heat loss due to
conduction and convection. To evaluate the magnitude heat energy flux into sap convection at an
accuracy higher than the relative error of 20 % then: E¥_/E . = 02at e |=0050r E_/E, . =
O3S = 0.10 (Sakuratani, 1981).

The phenomenon presented in Fig. 3.4 1s reflected in the temperature difference across the heater
(d7,..)- A maximum and minimum J7_  value is associated with the applied gauge's lower and
upper limits respectively, where ‘cut-off” sap flow rates can be selected from the relationship between
sap flow rate and 47, (Fig. 3.5). Data is from four Dynamax SGB19 gauges fitted to 20 mm
diameter Phragmites stems. Most of the calculated night-time sap flow rates fall below $ g (15 min) "',
except for those associated with a very small d7,__ value (Circle A). During the day data associated
with a d7___ value Jess than 1.5 °C would also require exclusion for a valid data set. In this case a sap
flow rate of 55 g (15 min)"' constituted the technique upper limit where £, /E, . =0.1. The limits of
this function are indicated where d7,__ tends towards zero in esch case but remain within measurable

80 Dynamax SGB19 gauge

' B

Sap flux (g 15min™")
3

'i:"
:

detem (*C)

Fig. 3.5 Relationship between sap flow vs. d7uem during steady state-conditions, and the night-time
deviation from this function when the steady state assumption is compromised
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precision limits. Since £__ = sap flow (g) x dT,_ xC,, the slope of sap flow ws dT,,_ = (C/E . For
a heater flux of 0.4 W, data is rejected (10 % accuracy) where the above slope is greater than 116 (e,
C/(wao.l). or (20 % accuracy) where the above slope is greater than 5225 ie,

C/(Ew x 0.2,

3.6.22 HPV technique

Assuming that the sap moves with uniform parallel motion perpendicular to the straight line heater, the
pulse of heat would also depend on conduction and convection in the bodily movement of sap.
Consequently the temperature at a point directly downstream from the heater would rise 1o a greater
maximum than if the sap were stationary and at an earlier time (Fig. 3.6). It would also retum to its
original value more quickly for a given quantity of heat. The temperature at a point at a given time
would thus depend on both the diffusivity of the sap wood and the sap velocity (Eq. 3.10).

Typically two points have been used along the temperature curve following the heat pulse (ca 0.2
seconds for herbaceous species, ca 8 seconds for woody species). For low flow rates, it is suggested
dauoonvecﬁvebu:veiocity(v-Obozzms".l,>20:)beestiumedby5q. 3.23. At such low
flow rates the /, datum can be measured with precision 1o accurately estimate sap velocity. However at
velocities greater than 0.22 mm s°' the initial differential temperature change is too small and evolves
too rapidly to detect when temperature returns 1o its initial value, but the temperature wave does have a
well defined maximum that is related to sap velocity (Fig. 3.7). In such circumstances v should be
estimated by Eq. 3.20 (Cohen, Fuchs, Falkenflug and Moreshet, 1988).

Two sensor-heater probe arrays are possible (Fig. 3.8). One uses a heater coupled to a single sensor
probe, forming a couplet, and is only suitable for one method of heat pulse velocity measurement
(Method A); while the other, which uses a heater and two sensor probes to form a triplet, is suitable for
all three methods (Method A, Mcthod B and Method C). Sensor probe separation is typically set at
approximately 10 mm above and 5 mm below the heating probe. Frequently exact spacings are
determined following implantation and these values used subsequently in the heat pulse velocity
calculations (Swanson, 1983; Cohen, Fuchs, Falkenflug and Moreshet, 1988; Olbrich, 1991).

Method B is frequently named the Compensation Heat-pulse Technique. This involves the time
delay for an equal temperature rise to be sensed at the locations upstream and downstream of the
heater, following the release of a heat pulse (Green and Clothier, 1988). Probes are connected in a
Wheatstone bridge configuration and adjusted to zero output before heat pulse generation. Usually the
time taken for the bridge to retumn to the initial balance point after the heater is pulsed is recorded
(Olbrich, 1991).

Since sap flow velocity usually varies with depth into a stem, to calculate volumetric flow rates it is
necessary to measure sap flux density at different depths into the stem. Spacings of one probe per 2.5 x
10’ mm® sapwood in young trees and one probe per 4.5 x 10° mm” in older trees have been
recommended (Swanson, 1983; Olbrich, 1991). Some examples of sample probe depths used include
(i) 4, 10, 17 and 23 mm (Olbrich, 1991) and (ii) §, 12, 18 and 24 mm (Smith, 1992).

The sensors located in different positions along each probe are used to derive a sampie of convected
heat pulse velocity, Each sample position is considered to represent sap flux at the corresponding
position in the sapwood. The sapwood area associated with each sensor is then calculated on the basis
of concentric rings, with their limits midway between successive sensors. Total sap flow is calculated
as the sum of these partial areas multiplied by their associated sap flux densities. This procedure is
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TEMPERATURE RISE

DISTANCE DOWNSTREAM {(cm)

TEMPERATURE RISE

TIME (min)

Fig. 3.6A Theoretical temperature distribution at particular times, t (min) after release of a heat pulse.
Heat pulse velocity, ¥ = 0.3 m h™', Diffusivity, k = 025 x 10 m® s”'. B. Theoretical curves of
ummdxapinnﬁmudnpﬁmlSmmduwngumﬁmmem,fuhw—pduwhcim
¥=0,0.1,03,06mh". Diffusivity, k=025 x 10° m* s

termed the “step function" by Swanson (1983) and Olbrich (1991) respectively. Alternatively a second
order least squares regression equation may be fitted 1o the sap flux density measurements. The
resulting flux profile could then be integrated over the sapwood cross-section to calculate volume flux
(Green and Clothier, 1988).

Probes are usually placed below the bark. The location of the cambium and sapwood interface is
determined by examination of colour changes along a stem cross section from sample cores.
Heartwood my be distinguished from sapwood by application of a methyl-orange stain. This results in
development of a crimson colour in the more acidic heartwood and a more neutral colour in sapwood.
Where R, represents the radius of the tree at the sapwood bark interface, and R, represents the tree
radius at the sapwood heartwood interface, the conductive area is calculated as = (R)’ - (R,)".
Consider a probe with a sensor spacing of 10 mm. The arca of the outer most ring 15 mm ring is given

by % [(R)? - (R, ~ 15)°], the area of the next ring 10 mm ring is given by = [(R - 15 - (R_-25)°)
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Fig. 3.7 Plots of time vs temperature rise for the various solutions to Eq. 3.19. Heat pulse velocity = 0.15
m h"'. A. Temperature rise at one sensor located 10 mm downstream from the heater. B. Temperature
rise at the downstream sensor and a second at 5 mm upstream. C. Temperature difference at 10 mm
downstream, S mm upstream

and so on (Fig. 3.9).

Several studies on a variety of species have shown that sap velocity is not uniform throughout the
sapwood but for example may peak 10 to 20 mm from the cambium for some tree species (Swanson,
1967; Mark and Crews, 1973; Lassoie, Scott and Fritschen, 1977; Miller, Vavrina and Christensen,
1980; Cohen, Fuchs and Green, 1981). This has led to the generalization of a parabolic sap flow
distribution. Several workers advocate the fitting of a least squares polynomial (quadratic) function to
stem flux measurements and subsequent integration to derive a measurement of sap flux, from point
estimates within the sapwood (Cohen, Fuchs and Green, 1981; Edwards and Warwick, 1984; Green
and Clothier, 1988).

Cermik, Cienciala, Kuera and Hillgren (1992) confirmed the radial profile of flow velocity in
mmNmywe(Plaaabm&). Karst) to be symmetrical Le., maximum flow velocity was in
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Fig. 3.8 Sensor and heater probe arrays used in the application of the HPV technique, an intrusive sap
velocity system. The thermocouple probe consists of three thermocouples embedded in a stainless steel
tube (length 35 mm, diameter 1.3 mm). The thermocouples are spaced 10 mm apart with one
thermocouple 5 mm from the tip of the tube
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Fig. 3.9 Diagrammatic representation of single thermocouple probe iserted into the sapwood of a stem,
The non-conducting heartwood region is shown. The spacer facilitates the insertion of the probes into
the stem and allows accurate positions at know distances, Conducting sapwood arca determination: Ry is
the radius of the heartwood. If there is no heartwood Rji = 0. The distance Ry is the radius of the tree at
the sapwood bark interface. The thermocouple probe consists of three thermocouples embedded in a
stainless steel tube (length 35 mm, diameter 1.3 mm). The thermocouples are spaced 10 mm apart with
one thermocouple S mm from the tip of the tube. If the inner thermocouple detects little or no flow, Ra
can be taken as Re — 35 with little error. If the flow at the inner thermocouples substantial, it will be
necessary to determine Ry by doing an increment boring on the tree and measuring R4 directly. The
radius of the xylem, Ry is calculated from the tree radius Ryee minus the bark thickness diark
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the centre of the conducting xylem and tailed with low amplitude in the direction of the cambium and
heartwood, but was highly variable around the trunk. In contrast they noted that in pedunculate oak
(Quercus robur L) the radial profile of flow velocity was highly asymmetrical in the youngest growth
ring and tailing centripetally for about 10 growth rings, but that variability around the trunk was less.

Non-conducting tissue e.g. annual growth rings in Douglas fir (Pseudostugn menziesii), radiata
pine (Pinus radiata) and patula pine (Pinus patula), may also invalidate the assumption of a pambolic
radial sap flux distribution (Hatton and Vertessy, 1989; Dye, Olbrich and Poulter, 1992).

The width of wood influenced by the pulse of heat is usually 7 to 8 mm (Swanson, 1974) and
therefore, if the widths of annual rings are substantially narrower than this, the resulting averaging
effect reduces between-ring variation. Should the rings be wider than this, clearly between-ring
variation may be revealed in sampled point measurements. If differences in sap velocities through the
sapwood occur as a result of growth rings, it will have an important bearing on the sampling strategy
and the estimation of mean sap velocity for the species.

Sap flow velocities tend towards zero across the sapwood profile at night and profile curvature, if it
develops, generally increases with increasing flux. Hatton, Catchpole and Vertessy (1990) used a
weighted average approach to the sampled sapwood area of Pinus radiata, with sensor spacing
determined from a theorem to determine equal areal weighting of cach sensors data, to obtain flux from
the sap flow velocity estimates with depth into the bole. This approach is less sensitive to artifacts
arising from small measurement errors or random variation in sap flow velocity than the least square
polynomial technique.

No growth ring effect has been observed in Populus deltoides and Eucalyptus grandis. Both profiles
were in the form of & skewed parabolic function, with velocities highest at approximately 10 mm inside
the cambium, declining to zero at the heartwood interface (Olbrich, 1991; Smith, 1992). This facilitates
casy sampling procedure in terms of probe placement.

3.6.3 Construction

1.6.3.1 SSS technique

Typically a flexible heater (Heater Designs Inc. or Fantech Corp., US.A.) is installed completely
surrounding a portion of stem. In larger gauges, heaters are typically constructed from silicone rubber
impregnated fibre glass with Nichrome wire, while smaller gauge heaters are etched from 0.25 mm
Inconel foil on 0.05 mm Kapton and then coated with vamnish (Baker and Van Bavel, 1987; Baker and
Nieber, 1989). The heater is completely surrounded by a 2 to 3 mm thick cork / neoprene gasket
substrate layer, subsequently enclosed by a polyurethane foam insulation material which has a thermal
conductivity much lower than that of plant tissues. These three components are secured to each other
using flexible silicone, isocyanurate or cyanoacrylate adhesive (Superglue).

In order 1o estimate the radial heat flux density, a number of 0.01 to 0.38 mm diameter teflon

insulated thermocouples (Omega Engineering, U.S.A.) joined together 10 form a thermopile equal in
width to the heater, are used to measure the temperature difference between the inner and outer
surfaces of the cork-layer. The thermopile is typically constructed by joining equal lengths, alternately
of copper and constantan wire, beginning and ending with copper wires. Alternate junctions are glued
10 opposite surfaces of the cork layer. A thumbtack is used to punch holes for wire insertion between
surfaces (Steinberg, Van Bavel and McFarland, 1989).

—-
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A further two, cither: (1) copper-constantan (type T) or (1) chromel-constantan (type E),
thermocouples arc used to determine the mean temperature difference across the heater (¢, between
points upstream and downstream of the heater (Eq. 3.9), and also to determine conducted heat flux
away from the heater through the plant limb (Eq. 3.10). The junctions are placed at the inner surface of
the cork layer, while all the leads run through the outer cork surface proxamal to the insulation matenal
One junction pair, one junction cach from two thermocouples paired together, separated by a distance
dz (m), 1s placed upstream from the heater. The two remaining junctions of the thermocouple pair are
placed downstream from the heater. The junction separation distance of a particular thermocouple is
typically equal to the stem diameter plus haif the heater wadth (Ishuda, Campbell and Calissendorff,
1991). Two to four thermocouple pairs (Fig. 3.10) wired in parallel may be used to achieve a better
sample around the plant limb (Mitchell, 1983)

< - WEATHFR.
/ INSULATION FOAM -\ SHiELD
Direction of Sap prem= —
Flow A~—— |
" THERMOPILE | ‘

——

/ TPIN
/ /| CONNECTOR

Ae B

_ = 2
HEATER- Fo_s oC
 E¢ 9D )

- Rubber Impregnated ----==--- Constantan
Wire Resistor — Copper

Cotk e Inside Cork
B Cot loyer o Outside Cork

Fig. 3.10 Schematic of the construction and wiring of a typical 4-channel Dynamax SSHB sap flux
technique gauge positioned horizontally. The four finely dotted lincs show where the thermopile and
heater fit sequentially between the two junctions of a thermocouple pair, A and B respectively. Letters
A,B C D E F and H on the 7 pin connector represent the pins connected to wires coded by colour
(green, brown, blue, red, black, orange and white respectively) for connection to a data logger. An § th
pin may also be used when using cables 25 m or longer to connect a sense lead (vellow) to the heater for
more accurate determination of actual potential difference across the heater
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Gauges can be supplied with power by an external power source (Elanco Electronics Inc. model
XP750) calibrated to deliver a set voltage (Gavloski, Whitfield and Ellis, 1992a; b; Ishida, Campbell
and Calissendorff, 1991).

3.6.3.2 HPV technique

Different approaches are frequently used to apply the HPV technique. Typically two types of sensor
used: (1) thermocouples, and (ii) thermistors,

A heater probe is paired with one or more sensor probes. Often these are constructed into stainless
steel or teflon tubes (35 to 120 mm in length; 0.5 to 2.1 mm in diameter). The sensor probes are
embedded with thermocouples (copper-constantan 0.05 to 0.1 mm) while heater probes are embedded
with heating elements. These are tipped at one end with silver solder. The spherical junction is near the
tip of the probe (Cohen, Fuchs, Falkenflug and Moreshet (1988).

As an shtermative to thermocouples, microbead thermistors (GB 43 JI; Fenwal electronics,
Farmingham Massachusetts) may be used, For example, Cohen, Fuchs and Green (1981) mounted
these on phenol fibre strips 0.8 mm thick, 3 mm wide and 65 mm long, spaced 10 mm apart. The probe
was moulded in epoxy to form a cylindrical rod. At the thermistor locations the epoxy was replaced by
aluminium segments over a length of 1.5 mm to improve thermal contact between wood and sensors.

Using a 0.36 £ heater coupled to a 12 V heat source Cohen, Fuchs and Green (1981) controlled the
pulse width with a 555 timer (Signetics, Sunnyvale, California) from 0.25 sto 1.5 s in steps of 0.25 5.

The corresponding heat outputs were from 100 J to 600 J.

Different kinds of heat pulse recorders have been used. “'Old style™ pen recorders, typically have a
sensitivity of 4 uV mm™' (Heine and Farr, 1973). Differential outpat is amplified and recorded on a
potentiometric recorder with accurate chart speed control. Subsequently the time elapsed between heat
pulse release and maximum signal can then be read off the chart (Coben Fuchs and Green, 1981).
Customised commercial heat pulse recorders (Aokautere Soil Conservation, P.O. Box 8041,
Palmerston North, New Zealand) are currently available. These record sensed data and automatically
trigger heat pulses with a duration of 0.7 to 0.8 seconds (Cohen, Fuchs, Falkenflug and Moreshet,
1988; Olbrich, 1991).

Versatile scientific dataloggers (Campbell Scientific, Logan, UT) are also suitable. For example,
using a Campbell Scientific 21X datalogger, Coben, Takeuchi, Nozaka and Yano (1993) applied a heat
pulse of 0.2 5. The temperature difference between the two thermocouples was monitored at 0.4 s
intervals for a period of 450 s afier the heat pulse. To correct temperature readings, the temperature
difference was monitored over a duration of 60 s before the heat pulse application to compute stem

temperature drift.

3.7 The thermal dissipation method

The Granier (1985, 1987) method is an empirical method for determining sap flow in trees with
diameters greater than 40 mm. Two cylindrical probes (about 2 mm in diameter) are inserted radially
into the stem, each probe about 100 mm apart. The upper probe contains the seasing thermocouple and
a heater. The temperature of the upper probe is referenced to the temperature sensed by the
thermocouple in the lower probe. Constant power is applied to the heater and the temperature
iiﬂumkmpikdlynhwdbtmcuplbw.deiﬂaemkmedmduﬂw
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(AT) and no sap flow conditions (A7) and related to sap flow u, inm’ m~ 5™
u, =119 x 10°% [(AT, - AT)/AN' 2,
The mass flow is then calculated using:
Fo=p,u,A_

where p, is the sap density and A__ is the area of the sap wood. It is recommended that the technique be
calibrated for species for which it has not been validated.

The technique is relatively simple and requires few measurements and calculations.

3.8 Discussion and conclusion

Any work plan for the application of the SSS technique for research purposes would require the
determination of the extent to which empirical measurement of K, &k and d7,__ would be
possible for adjustment of measured sap flow so that it approximates actual sap flow within an
acceptable level of accuracy. Both techniques require experimentation to know peak sap flow before
designing and applying a gauge. The size of plant and potential for tissue damage is important.

The morphology, air filled lacunae, sensitivity to damage (e.g. fungal infection, gumming) are
important issues in the case of heat pulse velocity technigue.

TchSSkthmuﬁalbhsd.oulydmduumh»wldpofﬂnwpmmmx”md
the stem thermal conductivity K.
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Chapter 4

Use of a stem steady state heat energy balance technique for the in situ
measurement of transpiration in Eucalyptus grandis: theory and errors

4.1 Abstract

The stem steady state heat energy balance (SSS) technique for the in sity measurement of transpiration
rate is non-intrusive and dynamic. Application of heat around a stem and measurement of temperature
differentials at various points allows sap flow rate to be calculated under steady state conditions.
Problems in assuming steady state under field conditions that are not steady state are discussed. The
magnitude of stem differential temperatures was maintained as large as possible during the day-time
hours through the application of heater power. Two gauges on the same Ewcalyptus grandis tree
vielded very similar data although there was some evidence that the upper gauge measurements were
being affected by heating from the lower gauge. Good comparisons between flow rates and lysimetric
evaporation rates for 30-min data were obtained. Standard deviations of all component energy terms
increases dramatically at sunrise and sunset.

The SSS technique is critically dependent on the value of the continuous power supplied to the
heater and the resultant stem temperature differential o7, measured. The expression used for
calculating the sap flux M_ has 47 in the denominator. If heater power is too low and/or
transpiration rates are high, then d7,__ tends 10 zero with the M value calculated becoming unstable
when compared with lysimeter values. The influence of stem thermal conductivity K, and gauge
conductance K___ on calculated M, values is discussed.

Theory associated with the correction of naturally occurring stem temperature gradients was
developed and used to correct measurements. Naturally occurring vertical temperature gradients in the
stem of £ grandis may affect the measurement accuracy of the calculated M, values. Corrections
may be performed based on actual stem temperature gradients in the absence of heat applied to the
heater. It is advisable to measure these stem gradients, in the absence of any heating, for a range of
environmental conditions, The error may be much larger for the larger diameter gauges (diameters
greater than 35 mm). A method could be developed to switch off the heater power on various days,
measure the stem temperature gradients, and correct the measured gradients for those days when the
power to the heater was on. The errors in M__ are large negative (corresponding to an overestimation
in M_, by the gauge) before 11h30 when the sap flow is increasing with the errors then becoming
increasingly positive after this time. At night, the large errors are often of no consequence since M,_ is
mﬂlfﬂn&umWfanW&&y,&:WthufmmMm
cancel with the underestimation after noon.

For the large Dynamax SGB-100ws sap flow gauges, a reduction in the power supplied to the gauge
heater may require up to six hours before steady state thermal equilibrium is achieved, the duration of
this period being influenced by the magnitude of the voitage change. Different magnitudes in power
supplied to the gauge require the use of different K values for the determination of £, . A linear
model allows gauge conductance K to be determined for different heater voltages. This procedure
is useful when batteries become progressively discharged or due to changes in gauge heater resistance.

The field use of the largest sized (120 mm diameter) stem steady state heat energy balance gauges is
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discussed. Measurements were performed at Kwa-Mbonambi, Zululand and at Bloemendal near
Pietermaritzburg. The technique was validated using a cut-stem technique. Measurements were
performed at Kwa-Mbonambi on fertilised and unfertilised trees. Aspects addressed in this study
include: diumal stem and gauge temperature gradients; stem heating; a mathematical determination of
the influence of stem gauge conductance and stem thermal conductivity on gauge accuracy, using the
cut-stem technique for verification of sap flow. Our data suggested that a storage term in the heat
encrgy balance for the 120-mm diameter gauges is necessary. In the cut-stem experiment, a gauge
conductance of between 1.6 and 1.8 W mV"' resulted in an adequate comparison with the day-time
cumulative sap flow, measured using a portable lysimeter. The maximum daily sap flow was more than
35 kg (for an unfertilised tree) compared to 24 kg maximum for a fertilised tree.

4.2 Introduction

Given the scenario of the establishment of commercial forests, there can be no doubt of the impact of
this on limited and unpredictable water supplies. Traditional agricultural practices (such as the growing
of maize, soybeans), for which there is a reasonable knowledge of plant water utilization, will be
displaced by forest production with little knowledge of its water utilization.

Eucalyptus spp., for example, are ofien planted in ecologically sensitive areas not suited to their
high water usage or in areas dominated by traditional crop production where irrigation would be used
to supplement rainfall. There is therefore a need 1o determine the water usage of trees in order 1o
establish which arcas are not suited to growth with respect to rainfall, soil form, water holding capacity
and soil depth. The stem steady state heat energy balance technique (SSS) for the measurement of sap
flow is applied and compared against lysimetrically measured evaporative losses,

4.3 Theory

4.3.1 Determination of gauge thermal conductance Kgop
The K. term in the radial energy flux £ is calculated under conditions wherein £, =0 and

hence M, =0 (Eqs 3.2 and 3.5). For these conditions, where £, =E,__ + E, __ are the conductive
energy fluxes:
E ot ™ Koy Viaropie™ Einstar = Evper = Bigusr = Earags 4.1
Hence
K™ B~ Bogper =~ B = Evorsg) Vot 42

under conditions of zero mass flow rate, allow £, to be determined. On large diameter trees, the
Knmmyhmwhnwm

ﬂmm«hodshawhwmdfadumhh;x”mevdmofwhichhmyfwm
edcnhhno(&l‘.:

|. the gauge is mounted on the stem of the species and K determined under low evaparative
conditions (for which M- =0),

2. the gauge is mounted on an excised stem, of similar size to that used for calculation of M_. After 2
h, K gy 18 determined;
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3.lbeglugeismomwdonnwoodendowelmdofsimﬂnsizzlomnundfouhculculadmofM,..

An incorrect K value, K" say, may result in non-zero £ values. Theoretically, one may
correct for this. For if E..' is the measured (incorrect and non-zero) minimum sap flow, then:

BTN SONCTT ST S G AR 43

where

B =02l =B e~ Eroner ™ Brsrags ~ Kynge Vitermepity 44
Solving Eqs 4.3 and 4.4 simultancously results in:

K™ Kt + Bl 'V gt 45

where K > Ko WE S >0and Vo > 0. Equation 4.5 provides a method for calculating the

cmh:tK”vdmhwmsofﬂxbcamK”'de.‘demddnmmyw
values.

The other energy balance components may then be calculated as follows:
Bt ™ (K e’ K gge Y Ertial 4.6

Ew=sw—sw_£bnr-£w-£ﬁd

M, (gh")=3600 £ /(dT,, <)

432 Stem thermal conductivity Ky (W m™ K™')

The other parameter that is required for the calculation of M, is the stem thermal conductivity K,
(W m™ K™'). Suppose that an incorrect value for the stem thermal conductivity, designated X', is
used. If the correct thermal conductivity is known later, designated K, the stem energy balance
components may be corrected as follows:

Evpper * Etoner ™ K en Kson M Ergper’ + Elprnr’) 4.7

E.BE..-EW-EM—E“-EH
A numerical simulation of a temperature-controlled heat balance method showed that inserting
thermocouples into the stem 1o provide radial averaging of stem temperature resulted in a significant
reduction in error of the flow measurement, especially for species with scattered vascular bundles
(Ishida er al,, 1991).

4.3.3 Technique assumptions

The assumption of steady state may not apply at certain times of the day for experiments in the field or
in controlled environments. At times when the solar elevation is low, large radiant energy may be
incident on the stem of the plant. Under these conditions, steady state may not apply. Furthermore, in
controlled environments, particularly if artificial heating or cooling is used, steady state conditions may
not be applicable.
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The clegance of the stem flow energy balance technique, compared to other techniques, is that no
calibration appears necessary (Baker and van Bavel, 1987). Therefore the main assumptions of the
technique needs critical investigation. The primary assumptions of the technique may be summarized
as follows:

|. steady state must prevail. Thermal insulation of the sensors and the heater is therefore a necessary
requirement. In the case of some plants, for example maize, this insulation would substantially reduce
stem transpiration which would presumably occur under normal circumstances;

2. under conditions of zero mass flow rate, Eqs 3.2 and 3.5 are used 1o caleulate K and it is this
value that is assumed to apply under conditions of 2ero or non-zero mass flow rates;

3. alternatively, in the case of plants maintained under controlled environmental conditions, the plant
and its container could be weighed at two different times. The gauge conductance K is the value
obtained by equating SSS and lysimetric mass differences between the two times. It is assumed that the
soil evaporation is negligible.

The temporal variation in K. does not seem 1o have been investigated. Under field conditions,
for species with a trunk diameter greater than 100 mm, zero mass flow may never be achieved as even
the low evaporative demand flows may exceed 0.2 kg h™'. Under these conditions, it may not be
possible to accurately determine K Therefore, K___ would have to be determined using a wooden
dowel rod of similar diameter. It is unclear, inthiscae.wbetherl(" determined on a wooden dowel
rod as opposed to the actual stem influences the in sitw calculations.

4.3.4 Technique limitations

The technique is based upon the fact that, under steady state conditions, the energy flux terms £,
E ppert Elgwer @4 E o, all account for £, . Heat energy flux not part of E___, £, or E_,, will
automatically contribute to £ whether it is rightly sap energy flux or not. Since the heater surrounds
the plant stem and not just the sap stream of the stem, there may be other energy fluxes included in the
residual term £ (Eq. 3.1). These energy fluxes could possibly be undetected or could already be
included in the temperature differentials (Shackel er al., 1992) used to calculate £ E, ot E_ .,
The storage term E-isusnllyiwdfuumlludhﬂmmbmmheipoudfaw
daimeter stems such as those approaching 100 mm.

lnoﬁmmwmwmhhs"w%w”ﬁmmkmwu
Penman type evaporation calculations, knowledge of the leaf area index (LA4J) is required. Furthermore,
different plants with differing LA/ cannot easily be compared unless the individual LAJ values are
known. Even for the same rapidly growing plant, with a rapidly increasing LA/, flow rates are not
casily compared between time periods too far apart.

Another disadvantage of the stem heat energy balance technique must be due to the fact that a fairly
large increase in temperature occurs in the region of the heater. The effect of the increase is unknown.
Ideally, the temperature increase should be kept as low as possible. The manufacturers of Dynamax
gauges recommend that the increase should always be less than 8 °C. During the day, much of the heat
flux from the heater is removed by the sap flow. Under conditions of low evaporative demand, this is
not the case and the heat flux heats the epidermis to temperatures that may cause irreversible
physiological damage. One may partly avoid this problem by decreasing the power supplied to the
heater during times of low evaporative demand.
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Since dT., . appears in the denominator of Eq. 3.2 used to calculate M_, carc has 10 be taken
ensure that its value does not become too small for accurate measurement. Such small values would
muhinM_.apptuchinsinﬁnilyMcwldoecumdawﬂiﬁomo{highﬂwma.

Another disadvantage of the technique lies in the fact that different diameter plants may require
different diameter gauges. While the gauges can be constructed to stem diameter size (Ham and
Heilman, 1990), the various Dynamax (Houston, Texas) gauges currently commercially available may
be used on stems within a narrow diameter range: 9 10 13 mm; 12 to 16 mm; 15 t0 19 mm; 18 t0 23
mm; 24 to 32 mm; 32 1o 45 mm; 45 10 65 mm and 100 10 125 mm (Table 4.1). Some workers have
compared trunk and branch sap flow (Steinberg e al., 1989). The sensor model number and voltage
and power specifications are shown in Table 4.2.

4.1.5 Technique verification

4.3.6 An error analysis of the stem steady state heat energy balance technique

The sap flow using the SSS technique is calculated using measurements from a number of other
measurements cach of which may have an error component that influences the error in the calculated
sap flow. Mathematical combination of data is necessary in order that other quantities are calculated.
Measurements that are added, subtracted, multiplied or divided are simple examples that occur often.
As a more complex example, we consider the determination of the population standard deviation
o,(M,_). The statistical results for the scale factor case, the linear combination case, the general
product will be stated here but will not be proved.

4.3.6.1 Scale factor
The n measurements x,, x,...., X, yield n values of z:

I =AX, 2= Xy, 5, =AX,,
The mean of the = values, %, is given by ¥ = a ¥. The sample variance o7 () is:

o () =a’ g} (x).

4.3.6.2 Sum
Suppose that we have n measurements of x,, x,...., x,, and m measurements of y,, v,,..., y, of y. If the
Table 4.1 Dynagage sensor model number and physical specifications

Model Stem diameter (m) and Thermocouple| Gauge height
number area range (mm°) separation (mm)
Typical Minimum Maximum distance dz
Diameter Area |Diameter Area |Diameter Area {mm)

SGAlO-ws | 100 785 9.0 63.6 130 1327 40 70
SGAl3-ws | 130 1327 120 1131 160 2011 40 70
SGBl6-ws | 160 201.1 150 1767 190 2835 50 70
SGBI9-ws | 190 2835 180 2545 230 4155 5.0 130
SGB25-ws | 280 6158 240 4524 320 8042 70 110
SGB35-ws | 41.0 13203 320 8042 450 15904 10.0 255
SGBS0-ws | S0.0 19635 450 15904 650 33183 10.0 305
SGAI00-ws | 1100 95033 1000 78540 1250 122718 15.0 460
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Table 4.2 Dynagage sensor model number and voltage and power specifications

Model Heater voltage (V) Heater power (W) Heater resistance (2)
number

Typi- Mini-  Maxi- | Typi- Mini- Maxi- | Typi- Mini-  Maxi-
cal mum mum cal mum mum cal mum mum

SGA10-ws R 3 3 0.1 0.05 0.15 170 150 190
SGA13-ws “ 3 5 0.15 0.07 2 120 105 135
SGB16-ws 4.5 3 5 02 0.1 0.25 100 50 120
SGB19-ws 45 3 3 03 0.15 04 65 50 75
SGB25-ws * 3 5 04 025 0.5 43 38 47
SGB35-ws 6 Rl 7 09 04 12 40 35 45
SGB50-ws 6 K 7 14 06 2 25 21 29
SGAI00-ws | 8.5 6 10 B 2 5.5 18 16 20

twomwwumtmmiudependeut.lhcamdcfmui-x,oxwhhammvﬂwdeﬁudby

I=X+ V.
The sample variance o7, (z) is given by:
ol (2) = ol(x) + a2 ().

4.3.6.3 Linear combination

Suppose that x, y, ... are sets of data with x being a set of one observation, y another, etc,, each data set
having a corresponding mean ¥, ¥, etc., and sample variance g, (x), o, (¥), etc. Then, applying the
results of the scale factor and sum of functions, we have, if swax+PBy+ L F=aX+BF+ ...

Also, o2, () =c o2(x) + P L) + .o

4.3.6.4 General function

Suppose n measurements of x have been obtained, with the resulting mean being ¥ and the sample
vﬁmeoﬁ&).%lmldhuﬂmhuifhmmww
transformed from x to 2, say? If z = f(x), where x has a sample variance of o7 (x), then, to first order
approximation and assuming that the function and its derivatives are well-behaved:

= f%).

If all terms involving higher than second order terms are neglected o2(2) = [/ (9))* o7(x).
4.3.6.5 General product
Suppose thatz =a 2" ...

Then o7 (2) = (&/2x) 02(x) + (B2/BP C20) + v
where the terms in brackets () are, respectively, evaluated at the mean of X, ¥.,......
4.3.6.6 Error in Msp
The expression:
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My = [Veoter” Rucater Ko A BT, = AT e~ K Vi T )
based on
Elp < £h.r - £, = Ebvu- EW- Erdd

will be used to determine the sample variance o3(M,__). For simplicity, the storage term £, will be
ignored. For convenience, we have defined:

ATI "Tml - rbnwl)
and AT, -(Twl p -

As mentioned in the general product case, all terms are evaluated at their means. Since M, is the
product of the term enclosed in square brackets ] and (dT, )", we use the General Product rule to
obuinlhenmplevar'umec:()l.’):

= [Paser” Rinater K en en AT -OTyV 2K o Vi P 0T, <))
(AT ) O [V ied’ BrvaterK e Arpem AT ATV K Vi
Invoking the General Function rule, we have:
G (M s B 7 O V4 e i |
Using the Lincar Combination rule, we have:
O (Vs Riaaer K om Ao (AT{=ATy) 5K Vit
= 0% (Vhraser Ricaser) + 02 K g Ao (AT -ATV/ 1% (K s Visermepnid-
Using the General Product and General Function rules, we have:
T Viuater Rueasr
=Vt Rreater 4 i coiel Riaaserd e necsert Vit Rhcer Ta R
T2 (K e A e (AT -AT3) 5] =
AL L IAT, - AT /) oXK,,.)
« K [((AT-AT)/d2) 0X(A,,,) + Ko Ao 02 (AT, — ATy)/ ),
T K g Vinermop = Kauge O (Vihermapid *+ Visermapie O (K g
and o? [(AT,-AT,)/dz] = [0F (AT,) + 02 (ATy)Vd + o (ds) (AT + AT3)/ds".
Consolidating all the expressions, we have:
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Ta M) = [P e RicaserK e sion AT, ATV K Vi i P ONAT, V(AT

(T €)™ (1Y R OV et + (Ve Rhater) To R}
+ A (AT AT /2] 0 (K ) + K (AT -AT /) 0 (4,00
4 K Al + [0 (AT)) + 0} (AT + 02 (k) (AT} + AT/

+ Kge T Visermepite) * Visrmapite Ta K puuge) oo
4.4 Materials and methods

4.4.1 Field measurements

The location for this research was at the University of Natal, Pictermaritzburg. A £ grandis tree, about
18 months of age, was transplanted directly into a 167 litre drum with minimal disturbance to soil
adjacent to the roots. As much of the field soil (a sandy loam) as possible was placed in the drum.

The tree was then immediately placed in a confined environment for a period of cight weeks
following which it was placed in the open environment. Measurements on the tree were first obtained
some ten weeks after transplanting. The tree was watered daily with fertilizer applied every five weeks.

The tree was placed directly on the lysimeter and half-hourly (manual) measurements were obtained
during daylight hours. For a four day period, manual lysimeter measurements were also obtained at
20h00 and at midnight.

A Kubota Ltd.! (Japan) KA-10 battery operated scale with a range mass of 0 to 300 kg and a
sensitivity of 0.05 kg was used for the purpose of comparing lysimeter and gauge sap flow rates. For
the sensors used for the current research (model number SGB25-ws), the diameter may be within the
range 24 mm to 32 mm with the typical stem diameter being 28 mm. The sensor was applied to the
base of the stem. The procedures for gauge application are:

preparation involves removing rough areas (including bark material) using very fine abrasion. The
stem is then coated with electrical insulating compound (Dow Coming number 4). This improves
contact between stem and sensor. Contact is critical for correct operation of the technique;

following the application of the insulating compound, the stem is covered with cling wrap material.
The cling wrap material prevents the electrical components of the sensor from being smeared with the
compound. The cling wrap also prevents water from the stem from entering and corroding the sensor;

the sensor is applied to the stem under high evaporative demand conditions when stem diameter is
likely a minimum. The sensor and areas above and below the heater are thermally in- sulated 1o ensure
that steady state conditions are even more likely to apply. The plastic cover ensures that no water can
enter the sensing region. Reflective material is used as the final cover.

If the gauge were applied higher up the stem, then no account of stem transpiration, if any, can be
made. The sensor consists of a heater embedded in a thin sheet of cork, with a pair of

I The mention of commercial products does not imply endorsement or otherwise by the authors or
their sponsors
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copper-constantan thermocouples placed above and below the heater. In order 1o determine the radial
beat flux density, thermocouples are used to measure the temperature difference between inner and
outer layers of the cork substrate mounted to surround the stem. In one experiment, in order to compare
sap flow measurements on the same tree but using different sensors, a SGB25-ws gauge was connected
10 the base of the tree stem with another SGB25-ws sensor connected to the same stem but some 80
mm from the top of the sensor below. Both sensors were powered from the same battery.
Measurements in the field were also obtained using a wooden dowel rod for which it was not possible
for M, to be anything other than 0 g h".

The Dynagage (Houston, Texas, USA) sensors were connected to a 21X datalogger (Campbell
Scientific, Logan, Utah, USA) containing the program used to determine Mquwell as other energy
balance components. The data recorded by the datalogger was transferred directly to a portable
computer using an optically isolated serial interface (Campbell Scientific SC32A). The TERM
program allowed one to view the input and output storage locations on a real time basis. The input
storage data was generated every |5 seconds whilst the output storage data usually consisting of the
30-minute averages, was generated every half hour. This conveniently allowed for real-time checking
of the gauge data with the lysimetric data. The datalogger was also used to determine the half-hourly
standard deviation of the following 15-s measurements: V. Vi Vi Ve, oy, and dT,__, the
first four terms expressed in mV and the last in °C. An extended precision datalogger instruction was
used for all standard deviation measurements to allow for a voltage resolution of 0.33 puV on the 21X
datalogger. The 21X datalogger currently only allows at most two gauges to be connected at a time
(Steinberg ef al., 1990). Compared to the 21X, the CR7X datalogger has better thermal stability, better
accuracy, more internal memory (optional) and allows a maximum of 24 gauges to be connected
simultancously (assuming that all of the voltage card slots are occupied; roughly three gauges per

voltage card is possible).

The connection of sensors to the datalogger is dependent on cable length. For short sensor
connecting cables there is little voltage decrease, due to the length of connecting cables, between the
power supply and heater. In this case, the battery voltage need only be measured once for a group of
sensors using a single-ended or a differential voltage measurement. For cable lengths exceeding 6 m,
wires from the power supply to the heater are separated from those wires used by the datalogger to
monitor the voltage supplied to the heater. Since the impedance of the datalogger is practically infinite,
there can be no electrical current carried in the connecting wires from the heater to datalogger and
therefore no voltage drop in these wires.

The voltage supplied by the battery to the heater was connected to electronic circuitry to allow for
manually adjustable voltages. Once the voltage adjustment had been made, the circuitry ensured that
the voltage was extremely stable. Initially the electronic circuitry consisted of a three terminal
LM317T transistor (designed for a 12 to 13 V direct current input and a 1.2 V to 12 V output) together
with resistors to allow for manual switching from 5 to 11 V was employed.It was necessary to attach a
heat sink to the LM317T transistor, A voltage divider circuit was used to ensure that the voltage V,___
sensed by the datalogger was never greater than 5 V. Subsequent to this initial work, the datalogger
program we used automatically controls the switching using a digital control output port of the
datalogger and a Darlington pair to decrease the current drain on the logger from 800 mA to 300 mA. A
LZ12HE relay coil was then wired to the heat sunk LM3 17T transistonised voltage regulator with the gauge
heater powered from this output. Weather data from an automated weather station within 200 m of the site
included solar irradiance, air temperature, relative humidity, and windspeed. All weather data were logged
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using a Campbell Scientific CR10 or CRI0X datalogger powered from a battery charged by a solar
pancl.

4.4.2 Power supply and datalogger considerations

The connection of sensors to the datalogger is dependent on cable length. For short sensor connecting
cables there is little voltage decrease, due to the length of connecting cables, between the power supply
and heater. In this case, the battery voltage need only be measured once for a group of sensors using a
single-ended or a differential voltage measurement. For cable lengths exceeding 6 m, wires from the
power supply 1o the heater are separated from those wires used by the datalogger to monitor the voltage
supplied 1o the heater. Since the impedance of the datalogger is practically infinite, there can be no
clectrical current carried in the connecting wires from the heater to datalogger and therefore no voltage
drop in these wires.

The Campbell range of datalogger have the necessary accuracy and programming capabilites for the
real-time calculation of sap flow. While these dataloggers may be somewhat more expensive than the
other types of dataloggers, there are certainly & good deal more powerful and they are sufficiently
accurate. The CR10 datalogger and a multiplexer can also be used for sap flow measurements. The
21X datalogger currently only allows at most two gauges to be connected at a time so usually a
multiplexer is used in addition. Compared to the 21X, the CR7X datalogger has better thermal stability,
better accuracy (allowing use with thermocouple psychrometers but not so with the 21X), more internal
memory (optional) and allows a maximum of 24 gauges to be connected simultancously (assuming that
all of the voltage card slots are occupied; roughly three gauges per voltage card is possible). The CR7X
has two types of voltage cards. The 723 voltage card is the less expensive card but does not allow for
the measurement of the internal reference temperature of the datalogger. Only the 723-T card allows
this option. When using stem flow gauges, absolute temperature measurements are not required for the
calculation of any of the sub-component energy flux terms. Hence, the 723-T card is not necessary for
such measurements unless one also requires the simultancous measurement of air or stem temperature.
Generally, it is assumed that the datalogger used is the CR7X with a 723-T card and a 723 card
(allowing for the simultancous use with 5 gauges), unless otherwise specified,

4.4.3 Stain techniques applied to Eucalyptus stems

A double stain technique similar to that described by Newbanks, Bosch and Zimmermann (1983) and
Sauter (1984) was used 10 examine transverse sections of Eucalyptus stems. Typically after staining,
cellulose and cytoplasm are identified by a blue/green colour, lignin by a red colour, suberin by a
red/orange colour, cutin by a green colour, and tannins by a red/brown colour,

Tissue was fixed in an FAA (10 ml 37 % formaldehyde, 50 ml 96 % ethanol, 5 ml acetic acid, 35 ml
distilled water) solution for 48 h. Tissue was then dehydrated by passing it sequentially through a
graded series of mixtures of water:ethanol: tertiary-butanol. The sample was then left at 40 °C ina 1:1
tertiary butanol:liquid paraffin solution for 24 hours, liquid paraffin for 12 hours, liquid parrafin with a
few wax pellets for 12 hours and finally a solution of liquid parrafin with more wax pellets added for a
further 24 hours. A specimin tube was half filled with melted paraffin wax and left until the top
solidified. The material in solution was then poured on top of the wax and placed in an embedding
oven at 60 °C while the material slowly sank into the wax and the solvent was driven off. Following
this, the wax impregnated sample was poured with the molten wax into a mould and orientated with a
hot needle. The mould was then lowered into a dish of ice-cold water to cool and set.

Chapter 4 Use of a stem steady state heat balance technique for the in site measurement
of rationin Ewc.lyhﬁm grandis: theory and errors




An investigation of the stem steady state heat energy 95
balance technique in determining water use by trees

The blocks were trimmed to a suitable thickness and orientation. Thin sections of the sample were
cut using a microtome. Subsequently these were mounted on glass microscope slides which had been
coated with a chrome-glatin-alum adhesive. A drop of 3 % FAA was placed on each slide. These were
dried at 40 °C.

The sections were dewaxed in two three minute rinses of xylene, washed twice in a 1]
xylene/alcohol mixture for 10 minutes, washed in a 95 % alcohol solution for 5§ minutes and then a 70
% alcohol solution for S minutes. The samples were placed in a safranin stain for 2 to 24 hours, washed
in clean water and then placed in 0.5 % picric acid solution in 95 % alcohol, for dehydration and colour
differentiation. Subsequently they were soaked in 95 % alcohol for up 10 two minutes and then in
absolute alcohol for up to ten minutes. Following this a fast green/clove oil counter stain was applied
for 30 seconds. The sample was washed three times in xylene for a few seconds each. Sections were
then mounted in Canada balsam.

4.5 Results from the staining techniques

Initially 100 mm Eucalyptus stems were cut and placed standing in a dye solution for 5 min.
Subsequently they were re-cut. The absorbed dye resulted in some clear patterns. The stem is clearly
diffusely prorous, An even distribution of vessels in arcas shaped into concentric rings in the readily
conducting sapwood is easily distinguishable (Plate 4.1).

Subsequently tissue was sampled from a young sapling tree with 4 40 nun diameter stem. The
vascular anatomy in transverse section of this stem is shown in (Plate 4.2). The medullary rays, which
traverse the xylem radially and pass through the vascular cambium and spread out into the phloem
layer beyond, function to transport water radially through the stem. These present channels for water
and heat transport from the outside to the inside of the stem.

The thick walled fibrous cells which are most evident in the phloem pose a particular restriction to
heat flow. However the existance of the dilated phloem rays would act as a sink and relatively large
channel for heat to the axilliary rays for subseqent transfer to convection in the vessels which
intersperse the xylem.

If not actively tumed over, the water in these expanded phloem rays could be involved in heat
storage. In comparison to the xylem the phloem appears to be quite spongy. While it is considered to be
a small water store on the whole plant scale, it is known to be one of the most available and actively
tumed over sources of stored water during periods of supply deficits from roots. This explains
considerable shrinkage and the angular stem which develop in eucalypts under drought conditions.
Interestingly the angular shape assumed by the droughted stems follow a similar pattern to the core.

Should the heat not be conducted efficiently from the stem surface to the convective influence of
the vessels, one would expect the tissue external to the vascular cambium to heat up relative to the
xylem. However the vasculature does appear 1o lend itself 1o an even distribution of heat from the
outside to the inside of the stem and subsequent convection, with the exception of the phloem bark
continuum. While motivation for the placement of thermocouples on the stem surface may be tenuous,
keeping in mind the thick nature of the fibres which predominate in the phloem, the presence of
numerous axilliary rays offers suitable rationale to facilitate this,

Should an invasive approach to thermocouple placement be deemed necessary to accurately monitor
convected sap temperature changes, holes would be required for their location under the phloem to be
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Plate 4.1 The dve solution was absorbed resulting in a diffuse pattern of blue spots. These show
concentnic rngs of uneven absorption and exiubit regions of more readily conductive sapwood. he

stem 18 clearly diffusely porous

n contact with the xylem vessels where most ol the convection occurs. Considenng the closeness ol

the vessel distribution this could compromise the flow measurement due to vessel damage. This would

owever be nfluenced by the size of the ;"-“"1‘ used 1o relation 10 the stem under consideratyor

4.6 Ficld use of the 25 mm~ and 100 mm gauges’

4.6.]1 Introduction

Uur aim was (a) o compare ass flux measured using using SSS techniques and those e aporation
casurements obtamned using lysimetnc techniques, (b) 1o obtain in sity measurements of the diurnal

stem flow rate and the trunspiration mte: (¢) determmne the emmor of éach component of the SSS
WCeRngue as w ell as the verall emror in the sap fiux (d) determine if half-hourly M measurements
§

are accurale estimates of tree transpiation and (¢) investigate the time response of the sap flow

measurements by abruptly shading portions of the canopy

Based on the paper by Savage, Graham and Lightbody ( 1994)

Emphasis i this chapter i1s on the 25 mm gauges
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Plate 4.2 Secondary xylem is amranged radially showing an annual growth ring. Intemally to the
secondary xylem is a small core of thin walled pith cells

4.6.2 Results and discussion

4.6.2.1 Weather conditions

Comparisons between stem steady state heat emergy balance (SSS) M, and lysimeter M,
measurements were performed for a five day period with hot and relatively cloudless days (Fig. 4.1)
On all of the days, windy conditions caused fluctuations in the manual lysimeter measurements to
exceed 100 g for M = exceeding 400 g h''. On Day 313, rain occurred at 20h00 and the experiment

was terminated the next afternoon

4.6.2.2 A comparison of Miap for two gauges on the same stem

The two SSS sensors were placed 30 mm apart. It was not possible to position the sensors closer
together so that the heat from the heater of the bottom sensor did not affect the measured energy
balance components of the upper sensor. For both sensors we used K e = 1365 WmV " and e
0.54 Wm™ K. The comparnison between the two sensors as well as the solar iradiance is shown (Fig.
4.2). Even for the 30-min data, there is very good agreement between the two sensors. A pleasing
aspect is the fact that the night-time M,_ values for both sensors are practically 0 g b, an indication
that the correct X was used

The regression for the bottom M, value against the top sensor is also shown (Fig. 4.3). Much of
the scatter in these data is due to a phase shift in M A of the one sensor compared to the other, probably
due to radiative exposure differences. This phase shift can be seen by close examination of the data for
the aftemoon of Day 321 (Fig. 4.2). In spite of this problem, the correspondence 1s good. Both seasors
had sumilar diumal vanations in the standard deviations of the voltage terms (Figs 4.4 and 4.5)
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Fig. 4.1 The diumal variation in a number of the measured weather parameters for the duration of the
experiment. Each day indication corresponds to a local time of midnight. Plotted on the lefi-hand y-axis is
the average wind speed at a height of 10 m above ground. The variation in 7, (°C) is plotted on the same
system of axes. Plotted on the right-hand y-axis is the solar irradiance (W m™) and rainfall (in pm).
Rainfall only occurred on Days 313 and 314, 1991. Each point represents the average 30 min value
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immediately, or at least within the same half-hour. The diumnal course M, values during the day-time
is anti-symmetrical with the increases corresponding to sunrise rapid whereas the decreases
corresponding to sunset are less rapid. This may be due to the resistance to water loss in storage tissue
being lower than that at night.

4.6.2.3 Comparisons between lysimeter flow rates My, and gauge flow rates Myqp

Comparisons between stem steady state heat energy balance (SSS) M., and lysimeter M,
measurements were performed for a five day period with hot and relatively cloudless days. On all of
the days, windy conditions caused fluctuations in the manual lysimeter measurements 1o exceed 100 g
for M,,, exceeding 400 g h™'. The flow rates M, and M, independently determined, compare
favourably for the half-hourly time intervals (Fig. 43). The good comparisons between the lysimeter
30 min valves and the M, values is also reflected in the good comparisons between the time
integrated values (Table 4.3). Also shown in Table 4.3 are the integrated M valves (kg) fora K
value of 0.8 W mV"' and 1.565 W K™'. The mean and standard deviation for K so computed was
used in the error analysis performed on the M, calculations (based on other measurements, Section
4624)

The thermal conductance (K ) for a particular SSS gauge installation must be pre-determined.
Most workers have used the pre-dawn M_, value of roughly 0 g h' to determine X___. The
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Fig. 4.4 Diumal variation in the mean (lefi-hand y-axis) and standard deviation (right-hand y-axis) of
Vwm wyer 20d VW for 1991 Day of year 312 10 314. During day-time, the mean voltages

resulted in E and £, being small compared to residual term £_ (used 1o calculate
_p“/("'ﬁ:_)(mgqunmu)

mumumMM,vcEJ(dT._ ¢p) =0 must imply that £__ = 0. However, the sap flow energy
flux £, may never equal zero as one might expect, because flow during the night may in fact not
cease; that is, M= 0. Howevet,mhlvenotiwdlvuilﬁonhK”dwingdnaigmwithslow
convergence 1o a minimum value as the minimum flow conditions are approached. We averaged the
X values under the night-time minimum flow conditions for a number of consecutive nights. For

Supe
the remainder of the study, we used K = 1.565 W mV"".

The dT,,_ values (left-hand y-axis of Fig. 4.5) are usually a minimum around the solar noon times
corresponding to maximum flow rates, increasing towards a maximum at sunset with a gradual
decrease to a secondary minimum at midnight. Large increases in 47, occur at sunrise, This increase
could be due to the transpiration of overmight-heated sap or it could be due to the sudden increase in
heat energy external to the gauge from the increased solar irradiance. The day-time minimum of J7,
was between about 0.8 and 1.5 °C (Fig. 4.5) indicating that the preset V,____value of around 4.5 V was
just sufficient to produce sufficient heating of the sap that could be detected by the thermocouples (Fig,
3.1). During the night-time, d7,__ increased to around 7 °C and less. It should be remembered that the
temperature increase o7, is dynamic, occurring whenever measurements are performed. Certainly
then there must be a compromise between the level of heating applied during night-time hours of
relatively low E_ conditions and the magnitude of 47, during day-time hours. We believe that our
data shows an adequate compromise (Fig. 4.6). ThevdueofVm we chose had the added advantage

Chapter 4 Use of a stem steady state heat energy balance technique for the in sifu measurement
of transpirationin Eucalyptus grandis: theory and errors




An investigation of the stem steady state heat energy
balance technique in determining water use by trees

8q

A

~J
1

A

A -
PP AN

A

w
N T

Voltage components (V) or dT,, .. (°C)
&
r 4.

0-

AL

4 10 X SD(Vpeater)
5 SD(dTypem)

Day 312 to 314, 1991
—= Vheater
= dTgtem N

ur-m.-um -
12 16 20 24 4 8 12162024 4 8 12

Local time
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in magnimdc during day-time hours. It is a denominator term (Eq. 3.2) and therefore critical in

determining M,
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Table 4.3 Integrated lysimeter transpiration totals and gauge totals for various parameters (day-time

bwuon!y).mumnndstmd:ddwiuiouofx

was calculated from midnight to 04h00

| Dayof | Lysimeter Gaugetotal(kg) Gauge total (kg) MmKW(W Snmhrd
(kg) Kotem = 034) 1565 Kysem = 0.34) =034 (Kstem = 0.38)
309 320 3.90 3.80 1,690 0.0607
310 6.59 488 5.03 1.582 0.1384
311 827 9.73 9.33 1.809 0.4463
312 | 826 7.49 7.69 1.826 0.0806 -
313 | 243 2.63 252 2.583 01760 |
314 | 6.82 5.93 1.673 00499 |
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Fig. 4.6 The diumal variation in d7,,, (°C), left hand y-axis and Ko, (W mV™") for & thermal
conductivity K, of 0.42 and 0.54 Wm™ K

that it could be measured directly by the data logger without voltage division using a potential divider
circuit.

4.6.2.4 Calculation of the standard deviation of Mygp for each half-hourly period

The theory associated with the calculation the standard deviation of the component energy balance
terms has been presented (Section 4.3.6). The relevant equation (Eq. 4.8) may be used to calculate the
standard deviation of the sap flow rate (g h™'). The standard deviation (right-hand y-axis) and means
(left-hand y-axis) of all the voltage measurements are shown (Figs 4.4 and 4.5). The standard deviation
of all the voltage terms increases dramatically around sunrise and around sunset but more so at sunrise,
The largest standard deviation occurs in the 4T, term.

4.6.2.4.1 Error analysis

The mean and standard deviations for the constants utilized in the calculation of the sap flow rate using
the stem steady state heat energy balance technique are illustrated in Table 4.4. A standard deviation in
the thermocouple gap distance was obtained by measuring the thermocouple gap distance for at least
three gauges. Most of the terms were insignificant when calculating the standard deviation of M,
Hence Eq. 4.8 could be reduced to a much simpler equation without loss in accuracy:

or (M) =1(02 (dT,,,.) + o} (T, Vel + (0 (AT, + AT, VddY/(dT, ¢ ). 49

The specific heat capacity of the sap ¢_ is assumed to be constant with no variance. The smaller the
stem temperature differential 47, , the larger the variance in the sap flux. Conversely, the larger the
uwcrmmumemmhmpemmdiﬁumﬂwm#wmwly.mm
respective variances, the larger the variance in the sap flux. Lastly, the smaller the thermocouple gap
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Table 4.4 The means and standard deviations (SD) of the constants required for the calculation of the
standard deviation of the sap flux (Eq. 4.8). The covariances (CV) of all the so-called constants are also

presented as a percentage

$ Parameter [ dx Kistem KM Astem Riwater
() Wm'KY)  (Wmvh) (@) @ |
Mean 0.007 034 1676 0.000674 001 |
l SD \ 0.00035 0.04 0.1 0.00005 0.02
100 x CV (%) 5 118 597 74 0.005

distance, the larger the variance in sap flux, while the larger the variance in the thermocouple gap, the
larger the variance in sap flux.

The sap flux was measured and compared with the standard deviation of the sap flux calculated
using Eq. 4.8, for Day 321, 1991 (Fig. 4.7). During the day when the sap flow rate reached about 120
/15 min, the standard deviation of M__ was about 7 g/I5 min. The standard deviation can be
expressed more perceptively as a percentage eror (Fig. 4.8). The percentage error in the sap flux was
also calculated using Eq. 4.9 from sunrise to sunset for Day 321, 1991, by dividing the standard
deviation of the sap flux by the actual sap flux and then multiplying by 100 (Fig. 4.8).

The percentage error of the sap flux exceeded 100 % at sunrise, which coincides with the sunup
event. However, the sap flux during this time period may be interpolated. During the day the
percentage error decreased to about 8 % and then increased in the evening when sap flow was low (Fig.
4.8).

The percentage error of the thermocouple gap distance dx was also calculated as this was the only

120;"‘" uﬂ’ = = sn(u")

4
1004

5 min)
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M,,, and SD(I(.») (g/1
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Eq. 4.8, for Day 321, 1991
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constant that had a significant effect on the variance in M It was calculated for a 0 10 10 %
standard deviation of dx. The respective standard deviations of the sap flux were then calculated at
midday, Day 321, 1991, when the sap flow rate was 76.7 @/15 min. A comparison of the percentage
mhu_'lndmep«mmagcmhdxmilmm(mtnkismmnlIO%imcin
the standard deviation of the thermocouple gap can result in an increase of over 100 % in the
percentage crror of the sap flux (about 3.6 % to 7.2 %).

Therefore, if the thermocouple gap distance can be measured accurately, then the standard deviation
of the sap flux will decrease significantly. The thermocouple gap constants for the SGB25-ws and
SGA100-ws gauges are 7 mm and |5 mm respectively. If the standard deviations of both gauges can be
measured 1o be the same, then the percentage error in dx will be larger in the SGB25-ws compared to
the SGA100-ws gauge because of the smaller thermocouple gap distance. Therefore, in terms of the
standard deviation of the thermocouple gap constant, the smaller (SGB25-ws) 25-mm diameter gauge
will measure sap flux less accurately relative to the larger (SGA 100-ws) 100-mm diameter gauge.

With no error in the thermocouple gap distance dr, the percentage error is 3.5 % due to the stem
temperature differential o7, 03 (d7},,) and &, (d7,_) (Eq. 4.9). The stem temperature differential
will only increase the standard deviation of the sap flow during the day when it decreases to a very low
value due to it being in the denominator (Eq. 4.9). This confirms that the stem temperature differential
must be kept above about 0.75 °C during the day, which in tum implies that the power supplied to the
heater must be quite high during the day, but within the specified limits of the specific gauge (Table
4.1). The variances of the upper and lower thermocouple temperatures a7, . and d7,,__ respectively

are once again low at night and high during the day, Similarly for their respective temperatures,
Chapter 4 Use of a stem steady state heat balance technique for the in sity measurement
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Fig. 4.9 Effect of increasing the standard deviation of the thermocouple gap between 0 and 10 % on the
percentage error of the sap flux. The sap flux was constant at 76,7 g/15 min which is the midday value
for Day 321, 1991. A typical percentage error in dx, used in the experiment, was S % which implies a
standard deviation of 0.35 mm for dx =7 mm

4.6.2.5 Gauge conductance and stem thermal conductivity aspects

The value of the stem thermal conductivity K, directly affects the gauge conductance K Thus, a
diffemlcomb&uhnofx._udx—qmmuhhthemuw. For this reason, we set the stem
thermal conductivity K, to 0.54 W m’ K" and calculated the K, value accordingly. We resolved
this problem as follows: we kept constant the stem thermal conductivity X and using Eqs 3.1 and
3.5 changed K _ to roughly half the value determined from examination of the minimum night-time
flow, viz. K (actual ) = 1.565 Wmv'. We also used a K double that of K (actua). Too
higha K =2 K. (actua) value resulted in significant negative M, values during the night-time
(Fig. 4.10, curve with lowest values and negative during the night-time). Conversely too low a
K"-%K"(Mvﬂumuhsipiﬁmmuwwhm(akﬂndﬁomﬁq.}m
during the night-time. During the day-time however, the most crucial time in terms of the use of the
bdmique.ﬂaecﬁeclofinuesinglnwhhinthﬂ %K.-'(xnd)lozxn(amnl)nmhnd
only a slight affect on the calculated M.

mmdmmwymx”mx_ummramzsmmmm.
The sep flow rase M,,, was recalcaleted for K g, = 0.8 W mV" for two K, values (040 W m™ K
and 0.54 W m™ K™). The effect of this change during the day-time and night-time hours is
insignificant; the overriding influence of using the incorrect X___= 0.8 W mV™' is to cause positive
M_’ﬂowmuwhenﬂnuhvnhmmhmwbeOngﬁ.tll). Steinberg et al. (1989)
showed, using a sensitivity analysis, that a 4 10 9 % error in M would result if K were in error by
10 to 20 %. However, their calculations assumed that there was no error in X, the thermal
conductivity of the stem.
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Fig. 4.10 The diurnal variation in M, (g h™') for three K gy (abbreviated K in the figure) values.
Also shown are the lysimeter mass flow rates

It was apparent that the 30-min gauge flow rates compare quite well with the 30-min lysimeter
values. Based on other work in the literature, this was not expected as most workers have used an
integrated time scale of four to 24 h.

4.6.2.6 Energy balance components

The diurnal variation in £, (W), M, (g h") and the lysimeter flow rate M, (g h™") are shown for
Days 310 to 312 assuming a stem thermal conductivity (K, ) of 0.54 W m™ K" and a SSS gauge
conductance (K_) of 1.565 W mV"' which is equivalent to 0.0626 W K™' (Fig. 4.12). The thermal
conductivity of the stem, X___, must be known prior to measurement. Most workers have assumed a
fixed value of 0.54 W m” K" for herbaceous species, independent of stem water content of
umpanm:e.Alwd:m'nFigJ.lZmd\cMuvalmfo:Duy}wloJllumfumaﬁonoﬁhue
conclusions. The data for Day 311 are shown (Fig. 4.13).

The term E__ is the dominant term (Fig. 4.12) of the SSS energy balance terms (but obviously
excluding £, ). Occasionally, we noted negative £, values (Fig. 4.13). Since E___ + £, was
practicallyO;h".mismeuulmbqacmdlyaoeededﬁwmm&.“mhplied
that instead of the heat from the heater being conducted radially outward through the cork insulation
surrounding the heater, heat must have been conducted inwards from the outside where the radiative
load is high. We therefore assumed that the steady condition was not being met because of a lack of
insulation surrounding the heater. Equation 3.1 cannot apply as there is an unspecified residual term,
We therefore decided to further insulate the gauge with 50 mm thick waterproof insulation (Fig. 4.13).

The implication then is that the act of further insulating the sensor surrounding the stem ensured
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Fig. 4.11 The diumal variation in M, (g h™") for various combination of K, and K___values. Also
shown are the lysimeter mass flow rates

that £ . was practically 0 W or at least > 0 W. An examination of the value of £, ., after 12h00,
Day 311 (Fig. 4.13) showed that E,__, was usually positive except for:

(a) times associated with sunrise (Fig. 4.14);
(b) times associated with irnigation (Fig. 4.12, Day 312, local time about 12h00).

Also of interest in Fig. 4.14 is the number of times £__ exceeded £, prior to the addition of the
insulation on Day 311 at 12h15 (Fig. 4.13) and the relatively few times £, > E____ after insulating. In
fact, as was the case for the positive £, values, E_ > E,_ __ for times associated with sunrise or
when there was an irrigation.

4.6.2.7 The effect of heater voltage on sap flow measurements

The experiment described in Section 4.6.2.3 was repeated in 1992. For 1992 the sap flux measured
using the two techniques followed a slightly similar pattern (Fig. 4.15). However, there were two
problems associated with the sap flow rate measured using the SSS technique for 1992

Firstly, soon after sunup, the sap flow rate suddenly increased for a very short period and then
decreased 1o reasonable proportions, referred to as a sunup event. The reasoning for this is a subject of
much concern. The sap that had been heated overnight, suddenly moved past the upper thermocouples,
while the heated sap adjacent to the thermocouples below the heater, was suddenly replaced with cool,
fresh sap from below. This caused a sudden peak in d7,__ (Fig. 4.16) until all the heated sap had been
convected past the upper thermocouples, and then it decreased rapidly.

Chapter 4 Use of a stem steady state heat balance technique for the in situ measurement
of tran tionin Eucalyptus grandis: theorv and errors




An investigation of the stem steady state heat energy 108
balance technique in determining water use by trees

Added 5 kg water
0.5 k _' | | i
04 A | 400-:
£ 03 + E300g
. o
3‘0.2 yl 200 5
<5)
0.1 | 2
' : 10053
0.0 J \N e
0.1 Yoo —— \p —— ulyl
24 12 24 12 24 12 24

Local time

Fig. 4,12 The diurnal variation in Esgp (W), left hand y-axis and the mass flow rates (g h™' ), right hand
y-axis as measured using a lysimeter My, and Mg measured using a SSS 25 mm gauge (SGB25-ws)
for Days 310 10 312, 1991. On Day 312 (the third of the three daily time courses), high wind speeds
resulted in varisble lysimeter flow rates My These Mg are associated with a gauge conductance of
1.565 W mV"! (equivalent to 0.0622 W K™') and a stem thermal conductivity Kyem of 0.54 W m™' K™

Secondly, the sap flux during the day for 1992 was overestimated using the SSS technique. This
overestimation occurred as a result of the temperature differential d7,_ approaching too close to zero
during the daylight hours (Fig. 4.16), because the voitage being supplied to the heater was too low. The
power supplied to the heater was too low during a period of high evaporative demand, and
consequently the heat energy flux being supplied by the heater was 100 low (Table 4.5). Since dT,__ is
a term in the denominator in the equation used to calculate M_ (Eq. 3.2), if it reaches too small a
valu,dm‘l-willlmdminﬁnity.llhmﬁdhlmmhuthis.mulhighﬂowrnmmbe
used to establish a maximum sap flux.

To eliminate these two problems, it is imperative that the voltage supply to the heater be decreased
or disconnected at night if X___ determinations are not required, and that the heater power output be
increased within the limits of the gauge during the day. Unfortunately, the power was not reduced
during the subsequent experiments.

On Day 312, 1991, at midday the sap flux suddenly increased causing a peak (Fig. 4.12). This
would have been due to the heater voltage being too low during a period of high flow, resulting in the
stem temperature differential being too small. At the same time however, the tree was irrigated.

When M-lnduumcompnmdfm 1992 (Fig 4.15), it can be scen that the sap flux is
overestimated when using the SSS technique relative to 1991 (Fig. 4.12).
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Fig. 4.13 The diurnal variation in the component encrgy fluxes as well as the mass flow rate measured
using the gauge and the lysimeter for Day 311, The effect of extra insulation applied to the sensor is
shown

The stem differentials o7, were averaged for the three days for 1991 and 1992 and then compared
(Fig. 4.16). At 09h30, 47, for 1992 decreased much lower than that in 1991. It remained lower until
13h30 and then decreased again from 14h00 until 15h30 (Fig. 4.16). These times correspond with the
overestimation of M, measured for 1992 using the 5SS method (Fig. 4.15).

If the voltage supplied to the heaters are averaged for the three days and compared for the two
experiments, it can be seen that in 1992 the voltage was decreased by about 0.2 V (Table 4.6). This had
a detrimental 10 % decrease in £,___ | and consequently a significant decrease in d7, during hours of
high evaporative demand (Table 4.6). As discussed earlier, when a7, approaches zero during periods
of high evaporative demand, M_ approaches infinity. Extreme care needs to be exercised in ensuring
that, under conditions of high evaporative demand, the 7, value is greater than 0.75 °C. If this is not
the case, the M value will be an overestimate of the true value. Under these conditions, the voltage
applied to the heater should be increased but not beyond 5.0 V for the SGB2S-ws gauge and not
beyond 10.0 V for the SGA 100-ws gauge for no damage 1o the heater 1o occur.

4.6.2.8 Comparison with Class-A pan evaporation with sap flow measurements

A comparison between gauge measured sap flow and potential evaporation was made to ensure that the
gauge was not measuring values greater than potential. A sample of 62 leaves were taken from a
branch that had been removed to allow space for a gauge to be attached. Sap flow was measured on this
tree. The length and breadth of cach leaf was measured, as well as the corresponding leaf area
measurements using a L1 3000 leaf area meter. The product of the length and breadth of the 62 leaves
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Fig. 4.14 The diurnal variation in energy balance components (W), left hand y-axis and the mass flow
rates (g h™"), right hand y-axis as measured using a lysimeter M, and M, measured using a SSS 25
mm gauge (SGB25-ws) for Days 309 to 314, 1991. On Day 312 (the third of the three daily time
courses), high wind speeds resulted in variable lysimeter flow rates M, These M__ are associated
with a gauge conductance of 1.565 W mV"' (equivalent to 00626 W K'') and a stem thermal
conductivity K, of 0.54 Wm™' K"!

was calculated as 0.1866 mz, while the area of the leaves was measured as 0.1379 m® using the leaf
area meter.

A comparison of the area as measured by the leaf area meter (independent axis) against the product
of the length and breadth (dependent axis) for the 62 leaves, resulted in a very strong correlation (data
not shown). The regression, with a forced zero intercept, resulted in an r~value of 0.998. A slope of
1.36 was calculated by dividing the product of length and breadth by the measured leaf area. The total
leaf arca of the tree was then calculated as 1.5719 m? by dividing the product of the length and breadth
of all the leaves (1042 leaves) on the tree (2.1378 m?) by the slope constant of 1.36.

The soil surface area of the drum was measured 10 be 0.4608 m*. The total leaf area was then
divided by the soil surface area to calculate a leaf area index (LAI) of 3.4135. The latent heat energy
flux density of the sap (W m™) was calculated at half-hourly intervals for Days 310 to 312, 1991, using
the measured sap flux and the leaf area index. The total latent heat encrgy density for Day 311, 1991
was calculated by summing the individual latent heat flux density values (Day 310) to midnight (Day
311) and multiplying the result by the increment of time (30 min = 1800 s). Hence the total latent heat
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Fig. 4.15 Comparison of sap flow rates (/30 min) in a 26-month old Eucalyptus tree using the
SSSHEB and lysimetric techniques for Days 122 to 124, 1992. The average heater voltage was 425 V

energy density for Day 311, 1991, was calculated to be 14.66 MJ m™. The Class A-pan evaporation
was measured as 1 1.4 mm for Day 311, 1991, Therefore the total latent energy density for the Class
A-pan for the day was calculated as 27,70 MJ m™ by multiplying the evaporation by the specific latent
heat of vaporization Lv and the density of the sap (1000 kg m™). As was to be expected, since the Class
A-pan represents potential evaporation, the totsl gauge latent encrgy density (14.66 MJ m™) was
calculated to be less than the Class A-pan latent energy density (27.70 MJ m™) for Day 311, 1991, The
ratio of plant latent heat density to class-A pan latent heat density was 0.53. The main disadvantage of
the procedures described here is that the tree leaf arca index is required. However, it is possible to
make similar calculation from tree population density (- see Chapter 5 (Eq. 5.1) for more details of this
application). It would be expected that the ratio we have calculated is temporarily and spatially
dependent and influenced by tree stress and condition.

4.6.2.9 Tree response by shading a branch using sap flow measurements

Plants must contend with fluctuations in solar irradiance caused by partly cloudy skies and shading
from adjacent plants and buildings. To accurately measure water use in landscapes, using the stem
steady state heat energy balance technique, the gauges must quickly respond to large changes in
transpiration produced by a dynamic environment. Hinckley (1971) reported that sap flow can lag
behind transpiration by as much as 15 to 45 min in Douglas-fir. If it can be assumed that there is only a
brief lag at high flow rates for small E. grandis trees, then by shading a portion of the tree, the response
of the tree to a change in leaf arca can be calculated. When the shading occurs, it will take the SSS
gauge a short period to respond 10 the decrease in transpiration depending on the response of the tree to
a change in the leaf area. The same should apply when the shading is removed.

When determining the response of a tree to changes in solar irradiance due to shading, it is
important to take into consideration which side of the tree is to be shaded. Steinberg er al. (1990a)
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Fig 4.16 Comparison of the stem temperature differentials ('C) measured using the SSS technique for
1991 (average heater voltage = 4.46 V) and 1992 (average heater voltage = 4.25 V), Each point is an
average for the three days for the respective years shown in Fig. 4.15

Table 4.5 The voltage supplied 10 the SSS heaters, the heat energy flux and d7,__ are cach an average
of three data points for each half hour (Days 310 to 312 for 1991, and Days 122 to 124 for 1992)
between 09h30 and 13h30

Local time | April 92 | Nov 91 |
| Vieaer (V)  Eneater (W)  dTsum (°C) | Vieater (V)  Eneater (W)  dTsiem (°C)
930 | 4248 0.450 0414 4449 0.495 1337
1000 4246 0.450 1337 4.450 0.495 1.197
1030 4243 0.449 0.782 4449 0.495 1.123
1100 4243 0.449 0.908 4447 0.494 1.140
‘ 1130 4241 0.449 0.945 4447 0.494 1.145
L1200 4239 0.448 0.755 4.446 0.4954 1.205
L1230 4232 0.447 0.726 4442 0.493 1.179
| 1300 4228 0.446 0.761 4439 0.492 1.130
1330 4230 0.446 0.988 4438 0.492 1.082
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found that sap flux in the southern branches of a pecan tree was 41 % higher than in the northemn
branches of the same diameter, caused by the difference in exposure to radiation. Examples of different
water use rates between irradiated and shaded branches within a tree canopy have been documented
elsewhere. Daum (1967) cited a case where sap flow direction was reversed in a shaded branch, o
supply the irradiated crown. Furthermore, the cumulative sap flow pattemn in the trunk resembled that
in a sunlit branch (Steinberg er al., 1990a). These findings demonstrate that the xylem flux rate in the
main trunk is driven primarily by the steepest potential gradient between soil and leaf.

A SGB25-ws gauge was attached 1o the stem of the same £ grandis tree using procedures described
in Section 4.4. However, sap flux mecasurements were obtained every two minutes for a sunny
cloudless day. At 1040 on Day 345, 1991, a large white polythenc bag enclosed two branches
(approximately 10 % of the tree) on the south side of the tree so that it was air-tight. At 11h29 the bag
was removed so that the entire tree was exposed. The shaded branches were 600 mm above the upper
thermocouple of the gauge.

When the polythene bag was placed over the two branches at 10h40, the sap flux immediately
decreased from 675 g/15 min to 545 g/15 min (Fig. 4.17). The tree continued transpiring but at a
decreasing rate until 10hS54. The shading was removed at 1 1h30 and the tree, as measured by the gauge,
required two minutes before it responded by showing an increase in the measured sap flow rate (Fig.
4.20). The suprising aspect of this experiment is the speed at which the sap flow decreased after
shading given that the shaded branches were above the upper thermocouple of the gauge!

At high flow rates of say 675 g/15 min, the SGB25-ws gauge therefore measured a very quick
response of the tree to a change in the incident solar irradiance. Due 10 the sudden response of the
measured sap flux to the shading, one may conclude that tree capacitance does not affect M,
especially at high flow rates.

When a portion of the tree was shaded from the incident solar irradiance, there was an immediate
decrease in sap flow rate implying a rapid response to physiological events. When the shading was
removed, the sap flow almost immediately increased. In conclusion therefore, tree water capacitance
douamaﬁ‘oadnmmofu.ubid:nowma.

4.6.2.10 Artificial verification of stem gauges

Experimentation with an artificial system to test the functionality and precision of Dynamax-SGB19
(diameter of 19 mm) gauges on Eucalyptus stems was conducted (acknowledgments 10 Professor
Norman Pammenter, University of Natal, Durban). A system was used where water was supplied under
pressure (0 to 250 kPa) to an excised stem segment with a Dynamax-SGB19 gauge fitted. The flow
rate was monitored gravimetrically using a precision mass balance. After excision, the stem sections
were coated with silicon grease and wrapped in plastic film sheeting to prevent water loss while in
transit to the laboratory. The stem ends were recut and joined to water filled transparent plastic tubing,
submerged in water. Pressure was applied to the column of water feeding the one end of the excised
stem using both a natural water pressure head and a gas controlled pressure chamber. The system used
was limited to use on stems with diameters less than 25 mm.

Gauge component voltages were monitored using a Campbell Scientific 21X datalogger, and sap
flow rates determined subsequently. Gravimetric sap flow rate did not compare well with that
measured by the SSS technique. This was attributed to the use of an incorrect value for K, the
constant used in determining the techniques radial heat flux component, £, and the influence of
Cha 4 Use of a stem steady state heat balance technique for the in situ measurement
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Fig. 4.17 The effect of shading a portion of the tree immediately decreases the sap flux indicating rapid
response to physiological events and little effect of tree stem conductance on sap flow measurements.
About 10 % of the total tree leaf area (two branches) was shaded (that is, totally enclosed) with plastic
for 50 min. The area shaded was about 0.6 m above the upper thermocouple of the stem flow gauge. The
tree was shaded and then unshaded 50 minutes later (Day 345, 1991)

interfering naturally occurring temperature gradients in the system. It was concluded that K most
likely changes with power (J s™') supplied to the gauge heater. From this cursory investigation, it was
evident that: (i) experimentation to determine the influence of naturally occurring temperature
gradients upon sap flow rate detection, and (ii) the determination of possible relationships between
mmwlym&emmmxwfuwofdiwﬁzcmdMgMLm
necessary before full verification of the SSS technique was possible using this methodology.

4.6.2.11 Effect of heater voltage Vieaer on gauge conductance Kgauge using SGB-100ws gauges

To investigate the influence of different measured voltages across the gauge heater on K, two
excised sections (110 mm diameter) of a £ grandis tree stem were each fitted with a Dynamax
SGB-100ws gauge, and K determined, using a Campbell Scientific CR7X data logger, while the
voltage across the heater was stepped cvery three hours (Table 4.6). Four of the switched mode power
supply units were wired in parallel to effect the switching. These were powered by a constant power
supply regulator operating from mains power. The gauges were wrapped in an extra layer
(approximately 30 mm thick) of foam insulation. The excised stem sections with the gauges installed
were sealed in plastic to prevent water loss from the stems, Data was collected at intervals of 10

minutes over a period of three days for three different voltage setting regimes (Table 4.6).
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Table 4.6 Voltage applied across gauge heater over different time intervals, using the switched mode
power supply

Local Dto3 Jwb 6109 9012 12wl15 15wi8 1812l 2lw24
time

Regime 1| 6.5 10.0 6.0 935 55 85 758 75
Regime2| 4.5 9.0 4.0 8.0 35 7.0 6.0 6.0
| Regime3| 9.0 9.0 8.0 8.0 7.0 7.0 6.0 6.0

At a voltage step time interval of 3 hours (regime | and regime 2 in Table 4.7), K tended to
increase lincarly with voltage supplied across the gauge heater (Fig. 4.18). However it is evident from
the data that the time to achieve steady state thermal equilibrium ic. gauge transient response time,
upon changing the heater voltage is longer than 3 hours. It is also apparent that this time changes with
change in voltage upon switching. By extending the voltage step time interval 1o 6 hours and reducing
the magnitude of the voltage change between steps (regime 3 in Table 4.6), steady state thermal
equilibrium was achieved and a linear relationship between gauge heater voltage and K identified.
Using the linear model: ¥'=m X + ¢, a slope (m) of 0.00132 was obtained for the relationship between
the independent variable, applied heater voltage (mV), and the dependent variable, K (W mV™"), for
both of the gauges tested. The constant (¢) differed however for each of the gauges, ranging from -1.9 10
-1.75 (Fig. 4.18).

From these results one can conclude that for the large Dynamax SGB-100ws sap flow gauges, a
reduction in the power supplied to the gauge heater may require up to six hours before steady state
thermal equilibrium is achieved, the duration of this period being influenced by the magnitude of the
voltage change. Further, different magnitudes in power supplied to the gauge require the use of
different K values for the determination of £_,, By applying the linear model presented above,
mmmwm.mhmm.mmmmdx"mwmmw.
Changes in battery voltage are a frequent occurrence as batteries become progressively discharged.
Also, there could be changes in gauge heater resistance due to the application of voltage to the heater
or due to changes in the environmental temperature.

4.6.3 The influence and measurement of naturally occurring vertical temperature gradients on
stem steady state heat energy balance flow rates

The stem heat energy balance technique (Fig. 3.1) relies upon applying continuous heat energy, under
steady state conditions, to a section of the stem of a plant over a vertical distance. The technique does
not involve the implanting of sensors into the stem but rather has sensors in contact with the stem. A
heater completely surrounding the stem, is used as the source of continuous heat energy. In order to
attain the steady state condition, it is usually necessary to insulate a portion of the stem and the sensors
from external heating or cooling, usually solar irradiance and wind effects, as well as removing the
possibility of water entering the stem with possible corrosion of the sensors. The heat energy flux (J 5™
= W) supplied by the heater (£, ) must be accounted for according to the conservation of energy.
We assume that the components of heat energy flux are as follows: heat energy flux may be conducted
MWM(EJWVMyWWMM(EwLMVM
downward through the stem (£, ), and may be convected with the vertical ascent of sap flow (£,)
(Fig. 3.1) and that no other energy terms are involved. Hence
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Fig. 4.18 Relationship between gauge conductance as a function of voltage applied to heater for two
stem gauges

Epvser = Eraiad + Egpey + Ejuer H g

If each of these terms, except £__, can be calculated, one has a method for calculating E o insitu.

The energy flux transported by sap flow (W) is assumed 1o be given by:

Eo=M_dl  c,
where M is the mass flux of sap (kg "), dT,,.. 15 the measured stem lemperature difference
{obtained by measuring the temperature difference between two vertical point pairs above and below
the heater, Fig. 3.1) and ¢, is the specific heat capacity of water (J kg K™'). The temperature increase
dr_ of the stem 15 calculated by avermaging the tempemature differences it ™ T e 1 A0d
T2~ Ty g denoted 7, ~ Ty and 7,0~ Ty (Fig. 3.1):
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AT e = (T = Ty) + (T - TRV 2.

Suppose that & is the distance between the top thermocouple of the upper pair and the top
thermocouple of the lower pair shown (Fig. 3.1). The theoretical development of the stem steady state
heat energy balance technique requires the determination of stem temperature gradients created by the
application of heat to the stem by a heater that completely surrounds the stem. For the calculation of
the energy flux terms conducted above and below the heater (£ and E,___ shown in Fig. 3.1), the
stem temperature gradient is:

(T o/ do) + (dT, /de) = (T ~T V) = (T y~Tp)/ de]
If the gauge heater alone creates vertical temperature gradients in the stem, we have:
dl = (Ta=Tp) + (T, - Tp)2

where 7, 7., 7, and T, are the temperatures, measured in the absence of a naturally occurring
temperature gradient, at the upper positions u1 and 42, and at the lower positions /1 and 2 respectively.

If there is a naturally occurring vertical temperature gradient y (°C m™') (that is, this gradient would
occur even if there were no heat supplied from the heater), then the measured stem temperature
differential 7, ~ 7, and T, - T, have the temperature difference yh included in their measurement.
Since yh is not due to the application of heat from the heater, it needs to be subtracted from the
Ta-Tpand T, - T, measurements. Hence, the actual &7, term is given by:

AT e =T~ Tn =t B) + (T, = Ty -y /2

The naturally occurring vertical temperature gradient ¥ (°C m™') would not affect the determination
Of £ er * Eipuer (Fig. 3.1) since they cancel:

T, /d2) + @T,, /de) = (T, T, ~y hy/ds) - (T y-Tp, - v h)/d)
= (T ~Tyy)/de) - (T~ Tp)/de).
What are the options for reducing the error?

(a) One could decrease the vertical distance & There may be other problems with this option as if
the distance 4 is decreased, the temperature differences would be smaller and more difficult to measure
with accuracy.

(b) One could attempt to reduce the magnitude of y using extra insulation. Usually extra insulation
is required anyway. For larger gauges (greater than 30 mm in diameter), even more insulation would be
required. However in view of the discussion on £, ., via K (Section 4.6.2.6 and Fig. 4.13), the
amount of insulation used should always be standardized.

(c) One could increase the power 10 the heater 10 increase the temperature differences (T, - 7))
and (7, - T;) in comparison to the temperature ¥ /. Switching off the heater at night and at times
when the flow rate is low therefore becomes even more important. However, we showed (Section
4.6.2.11) that about 4 h is required for steady state condition be achieved.

(d) One could make sure that the gauge is always about 0.5 m above ground. Presumably the
naturally occurring temperature gradient would be greater close to ground than that at 0.5 m above
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ground where the flow of air around the stem would dissipate naturally occurring temperature
gradients.

(e) In view of these problems, it is essential that there is good contact between the sensing
thermocouples and the stem of the tree.

(f) One could measure ¥ A in the absence of heat supplied 1o the heater and attempt to correct the
heated gauge temperature differentials according to:

AT oo = Ty = To) + (T, = Ty) = 2vh}2

Switching on and off the power would have to be performed on different days if only one
gauge is available. Alternatively, an unheated gauge could be attached to the stem and below
that of a heated gauge. It is more important that, at the least, the naturally occurring
temperature gradient be measured in the early hours of the morning (sunrise to say 11h00)
as it is during this period when these gradients are likely to be significant compared 10 the
measured stem temperature gradient 47, for a heated gauge.

(g) The use of gauges in artificial environments where a large vertical gradient in the absence of
heat from the heater can be created should be avoided.

4.6.3.1 Analysis for natwrally occurring vertical temperature gradient y

The analysis here assumes that there is a diurnally varying naturally occurring temperature gradient y &
measured within the gauge with no power connected to the heater. Fitting a cubic relationship to the
data of Shackel er al. (1992, Fig. 5 top), yields the relationship:

y h=[(SAST - 15.222y7.333)

in the absence of any heat supplied by the heater. Since Shackel ¢7 al. (1992) used a 50 mm diameter
gauge with a top and bottom thermocouple distance of 160 mm compared to 60 mm for the 25 mm
gauge, their stem gradients are multiplied by 60/160 = 0.375 and this result added to the measured
dr,, values to yield:

dT,, . =[(Ty=Tp) +(T,, = T)) - 2y h}/2 where:
¥ h = (60/160)-((SAST- 15.222)/7.333]
where SASTis the South African Standard Time and
[(SAST-15.222/7.333)

is the 47, temperature gradient measured by Shackel er al. (1992) for a 50 mm diameter gauge with
a 160-mm thermocouple distance between upper and lower thermocouples.

Between the times 23h00 and 08h00, we assumed that the naturally occurring stem temperature
gradient was 0.40 °C for a 50 mm gauge. Converting this value to that for a 25 mm gauge, we used a
stem temperature gradient of 0.15 °C for the 50 mm gauge between 23h00 and 08h00.

The calculated M, values were corrected for the naturally occurring stem temperature gradients, as
a function of time of day, for £ grandis measurements, The data shown include a column for the
environmental v /& values of Shackel er al. (1992), the environmental y & values corrected for the 25
mm gauge (used for the £ grandis measurements). These data are depicted in Figs 4.19 to 423. The
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Fig. 4.19 The corrected M, as a function of the uncorrected (measured) M., values for E. grandis
using a 25 mm gauge. The solid line is the 1:] line
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Fig. 420 The error in the measured M, values, IOOx(.ll_’m—M.' )/ A
relative to the corrected values, as a function of time of day for 5 to 10 November 1991
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Fig. 4.21 Diumal variation in measured and corrected M.’ values (lefi-hand y-axis), Cormrected values
were calculated by measuring naturally occurring stem temperature differences A7, in an unheated
gauge and then offsetting these values from the measured vertical temperatures o7, with power

supplied to the heater. The diumnal variation in the measured and corrected M, values is for 6 to 8
November 1991

errors shown in Fig. 4.25 show large negative errors in M, (corresponding to an overestimation in
M, by the gauge) before 11h30 when the sap flow is increasing with the errors then becoming
increasingly positive. The error values should be regarded with caution as stem temperature gradients
in the gauge were taken from Shackel ef al. (1992) and are not those measured for E. grandis. At night,
the large errors are often of no consequence since M_ is small (Fig. 4.23). If the data were integrated
foucompleudly.meovuutimnﬁmbuqbefaenmnwmldnacmelwiththcmdmimmon
after noon.

It appears then that the errors can be corrected and are certainly much smaller than anticipated by
Shackel ¢r @l. for the gauges we used (25 mm diameter). The errors are largest under conditions of high
flow rates in the carly moming to before noon hours. It remains to be seen (Section 4.6.3.2) what the
v & temperature difference value, the actual temperature difference in the stem in the absence of
heating, are for our measurements using £ grandis.

4632 Measwed naturally occurring temperature gradients wsing Dynamax-SGBI00 (100 mm
diameter) and SGB25 (25 mm) gauges

Two Dynamax-SGB100 gauges were attached to the same tree (stem diameter of 100 mm) in order to
compare the rate of sap flow measured by gauges placed at different heights in the tree. The
experiment was conducted at Bloemendal near Pictermaritzburg. One gauge (Gauge #2) was installed
approximately | m above ground level and the other (Gauge #1) at a height of approximately 4 m
above ground level. Both gauges were wrapped in an extra layer (approximately 30 mm) of insulating
material. Gauge component voltages were monitored every 10 minutes, for five days using a Campbell
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Fig. 422 The diumally varying vertical stem temperature differential A7, for an unheated stem
25-mm gauge. Vertical temperature differentials occur due to natural conduction of heat from soil to
plant stem. A negative temperature differential is due to a relatively warmer region at the lower
thermocouple compared to the upper region. The AT, value offsets 7, in calculating M, (Eq.
4.17). The curves represent the average diumal curves for a period of a week for three gauges

Scientific CR7X datalogger. The gauge conductance K was modified according to the power
supplied to the gauge’s heater. Sap flow rates detected by each gauge compared poorly. The upper
gauge consistently overestimated sap flow rate relative to the lower one during the day. Speculatively,
this could be attributed to a difference in d7, between the gauges or differences in the naturally
occurring temperature gradients between the two positions.

To investigate the influence of naturally occurring stem temperature gradients, an extra gauge (Gauge #
3) was placed below the lower gauge (gauge #2). The heaters to gauges #1 and #3 were switched off. The
data indicates that naturally occurring stem temperature gradients potentially influence d7_ more in
positions higher up the stem during the day than lower down, and vice versa during the night. Typically,
day-time temperature gradients were in an up tree direction, from the soil 1o the tree canopy, and from the
nside to the outside of the gauge. Night-time gradients were in the opposite directions.

Typical data for stem and root naturally occurring gradients are presented (Figs 4.24 and 4.25). Of
note is the larger naturally occurring gradients for stems (Fig. 4.24) than for roots (Fig. 4.25) although
in the case shown, the 100 mm diameter gauges were used on the stems and the 25 mm diameter
gauges were used on the roots in this experiment conducted in Pietermaritzburg. It is clear then that
dr,,. measurements need 1o be corrected. It may be possible to apply these corrections without the
need for a second (unheated) gauge on the same stem.

Naturally occurring stem temperature gradients are likely to result in a day-time overestimation and
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Fig. 4.23 Diurnal variation in measured and corrected M, values (left-hand y-axis) for 25-mm gauges.
Corrected values were calculated by measuring naturally occurring stem temperature differences AT
in an unheated gauge and then offsetting these values from the measured vertical temperatures
dr . with power supplied to the heater. Also shown (right-hand y-axis is the diurnal variation in the
error in M,_,

a night-time underestimation of sap flow rate by the SSS technique, due 10 an underestimation of d7,__
during the day and an overestimation of d7,__ at night. Naturally occurring stem temperature gradients
measured by gauges #1 and #3 followed a diurnal pattern. The difference (%) between d7, (gsuge
#2) before and after compensation for temperature gradients measured by gauges #1 and #3 peaked at
30 % during the day and night respectively. The potential therefore exists 10 extend the gauge design to
measure naturally occurring temperature gradients for adjustment of d7, .

SAST Shackel's Shackel's Measured  Corrected  Old Megp Moep Error |
in  yh(for S0 vh ) dTstem value corrected (%)
decimal mm cormrected (AT stem ~ 1 ) foryh
hours diameter for 25 mm
_gauges) gouges)
Day 310: 6 November 1991
0.0 0.40 0.15 322 3.07 104 109 47
| 05 0.40 0.15 324 3.09 10.8 113 46
L0 0.40 0.15 3.15 3.00 9.1 9.6 43
t 1.5 0.40 0.15 298 2.83 6.3 6.6 5.0
| 20 0.40 0.15 2.70 2.55 06 06 5.6
2.5 0.40 0.15 237 222 ) 83 6.3
I 3.0 0.40 0.15 2.12 197 -12.5 -134 7.1
| 35 0.40 0.15 1.91 1.76 -15.8 -17.1 78
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Fig. 4.24 The diumnal variation in 47, for an unheated gauge and a heated gauge (100 mm diamcter)
applied to the stem of three £ grandis trees in September in Pictermaritzburg.. Also shown (right-hand
y-axis) s the solar irradiance. The curves represent the average diurmal curves for a period of a week
for three gauges

" SAST | Shackel's Shackel's Measured Corrected  OldMigp Mg Error
in vy h (for 50 yh dTssem AT stem value corrected (%)
decimal mm corrected (dTstem ~ Y B) fory h
hours | diameter for 25 mm
__Rauges)  gauges)
40 0.40 0.15 1.78 1.63 171 186 84
4.5 0.40 0.15 1.66 1.51 203 224 9.0
5.0 0.40 0.15 1.55 1.40 218 24,1 9.7
5.5 0.40 0.15 1.43 1.28 175 -196 10.5
6.0 0.40 0.15 1.41 126 59 66 10.7
6.5 0.40 0.15 181 1.66 85 9.3 83
70 0.40 0.15 2712 257 19.7 208 55
75 0.40 0.15 5.10 495 36.8 380 29
80 -0.96 036 6.08 6.44 79.1 74.7 59
85 0.77 029 1.15 1.44 4192 3350 22510
9.0 0.6 023 1.16 139 374.7 3127 198
9.5 -0.48 0.18 1.13 131 3827 3304 158
10.0 0.36 0.14 1.00 1.13 455.0 4006  -136
105 027 .10 0.95 1.0 4898 4429  -106
11.0 -0.19 -0.07 1.02 1.09 458.0 4219 7.0
| 115 0.13 005 1.04 1.08 4539 4333 47
| 120 -0.08 0.03 1.19 122 386.1 376.1 27
| 125 -0.05 0.02 1.00 1.02 4584 4498 -19
13.0 0,03 -0.01 1.04 1.0 4682 4636 -1.0
13.5 0.01 0,00 1.16 1.17 4294 4217 04
| 140 | -0.00 -0.00 1.24 1.24 400.7 400.1 -0.1
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Fig. 4.25 The diurnal variation in d7,__ for an unheated gauge and a heated gauge (25 mm diameter)
applied to roots of three E. grandis trees in September in Pictermaritzburg. Also shown (right-hand
y-axis) is the solar irradiance. The curves represent the average diurnal curves for a period of a week
for three gauges

SAST | Shackel's Shackel's Measured  Corrected  Old Mg Miqp Eror |
in y h (for 50 vh AT sem dT stem value corrected %) |
decimal mm corrected (dTstem ~ Y k) foryh
hours | diameter for 25 mm
) gauges) .
14.5 -0.00 -0.00 1.34 1.34 3705 3704 0.0
15.0 -0.00 -0.00 1.19 1.19 4247 4247 0.0
155 0.00 0.00 1.28 1.28 3847 3848 0.0
16.0 0.00 0.00 1.73 1.73 2623 2624 0.0
16.5 0.01 0.00 1.64 1.63 2777 2780 0.1
17.0 0.01 0.01 196 1.95 2088 2094 03
17.5 0.03 0.01 228 227 153.1 1539 0.5
180 0.05 0.02 3.1 3.09 823 828 0.7
18.5 0.09 003 3.75 372 463 46.8 09 ‘
19.0 0.14 0.05 390 384 299 303 13
19.5 0.20 0.07 389 381 219 23 19
200 0.28 0.10 389 3.78 17.9 184 2.7
20.5 0.37 0.14 391 .77 16.0 16.6 36
21.0 0.49 0.18 393 3.75 14.1 14.8 47
21.5 0.63 024 38 3.57 109 11.6 6.2
220 0.79 030 365 335 84 92 8.1
22.5 098 0.37 14 3.04 58 6.5 10.8
230 1.19 0.45 3. 2.66 25 29 144
235 1.44 0.54 2.80 2.26 1.1 -1.3 193
Day 311: 7 November 1991
00 | 040 0.15 2.63 2.48 -1.8 -19 5.7
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| SAST | Shackel's Shackel's Measured Corrected — Old My M Error
| in y A (for 50 vh dT stem AT stem value corrected (%)
- decimal mm corrected (AT ssem =1 1) fory h
hours | diameter for2Smm
gauges) gauges)
0.5 0.40 0.15 2.89 2.74 12 1.3 5.2
1.0 0.40 0.15 290 2.75 -0.5 -0.5 5.2
1.5 0.40 0.15 2.74 2.59 -29 -3.1 55 |
20 0.40 0.15 2.71 256 -30 -3.1 5.5
25 0.40 0.15 2.89 2.74 04 05 52
30 0.40 0.15 3.73 3.58 102 10.7 40
15 0.40 0.15 497 4382 21.6 22 3.0
40 0.40 0.15 5.71 5.56 266 273 26
45 0.40 0.15 592 . 295 302 2.5
50 0.40 0.15 5.62 $47 283 290 2.7
5.5 0.40 0.15 6.00 585 353 362 2.5
6.0 0.40 0.15 638 623 554 56.7 24
6.5 040 0.15 4.16 401 116.1 1205 36
7.0 040 0.15 1.18 1.03 438.1 5017 12.7
75 0.40 0.15 1.26 111 409.1 4646 119
80 -0.96 036 128 1.63 4072 3179 -28.1
85 -0.77 -0.29 1.40 1.69 366.6 3039 -20.6
90 -0.61 023 1.40 1.63 3462 2976 -16.4
95 -0.48 0.18 127 144 3939 3453 -14.1
100 .36 0,14 1.34 147 3753 3408 -10.1
10.5 0.27 0.10 |44 1.54 3523 3295 -6.9
11.0 0.19 -0.07 1.48 1.55 3409 325.1 48
115 0.13 -0.05 1.30 135 31698 3564 -3.8
12.0 -0.08 -0.03 121 1.24 3740 3644 -2.6
12.5 -0.05 -0.02 097 0.99 4414 4328 -2.0
13.0 0.03 -0.01 0.82 083 506.5 500.1 -13
13.5 -0.01 -0.00 0.86 0.86 489.7 4870 -0.6
140 -0.00 -0.00 091 091 466.3 4654 0.2
145 -0.00 -0.00 1.05 1.05 411.0 410.8 -0.0
150 -0.00 -0.00 1.04 1.04 415.1 415.1 -0.0
15.5 0.00 0.00 107 1.07 401.1 401.1 0.0
16.0 0.00 0.00 126 126 1506 350.7 00
16.5 0.01 0.00 135 135 325.1 3255 0.1
17.0 0.01 0.01 144 143 3029 3040 04
17.5 0.03 0.01 167 1.66 2509 2526 0.7
18.0 0.05 0.02 2.56 2.54 148.1 1493 08
185 0.09 0.03 149 3145 86.1 869 1.0
190 0.14 0.05 423 418 502 508 12
19.5 0.20 0.07 4.30 472 38.) 387 1.6
200 0.28 0.10 497 487 298 304 2.1
20.5 037 0.14 5.06 492 248 255 28
210 0.49 0.18 5.00 482 215 223 3.7
215 0.63 024 487 464 18.1 19.0 48
20 0.79 0.30 486 457 16.8 179 6.1
225 098 037 497 4.60 17.4 18.8 74
23.0 1.19 0.45 481 436 15.7 173 03
235 1.44 0.54 4.64 410 14.4 16.2 1.6
Day 312: 8§ November 1991
0.0 0.40 0.15 462 447 15.0 15.5 32
0.5 0.40 0.15 4.16 401 1.7 12.1 36
1.0 0.40 0.15 366 3.51 9.4 98 4.1
Chapter 4 Use of a stem steady state heat balance technique for the in situ measurement

of rationin Eucalyptus grandis: theory and errors



An investigation of the stem steady state heat energy 126
balance technique in determining water use by trees

SAST | Shackel's  Shackel's Measured Corrected Old Mg Miap Error
in y h (for 50 vh AT stem AT ssem value corrected (%)
| decimal mm corrected (dTssem — 1 h) for y h
hours | diameter for 25 mm
': s.-__xesl J!.P)
.5 | 3.52 337 9.0 94 43
20 | 0.40 0 IS 3.50 335 89 93 43
2.5 0.40 0.15 355 340 98 10.2 42
30 0.40 0.15 3.67 3.52 13 1.8 4.
35 0.40 0.15 379 164 12.5 13.0 40 |
L 40 0.40 0.15 188 in 133 138 39
| 43 0.40 0.15 4.01 3186 145 15.1 3.7
5.0 0.40 0.15 4.15 4.00 156 162 36
55 0.40 0.15 452 437 185 19.1 33
6.0 0.40 0.15 6.04 5.89 29.7 304 25
200 0.28 0.10 404 3194 176 18.1 26
20.5 037 0.14 407 393 162 16.8 34
21.0 049 0.18 410 392 154 16.1 45
21.5 0.63 0.24 415 392 15.0 15.9 5.7
220 0.79 0.30 424 394 152 164 7.0
22.5 098 037 436 399 16.1 17.6 84
230 1.19 0.45 442 397 163 18.1 10.1
235 | 144 0.54 438 184 16.0 182 123
Day 314: 11 November 1991
0.0 0.40 0.15 1.74 1.59 1.1 12 86
0.5 0.40 0.15 1.99 1.84 81 LR 7.5
1.0 040 0.15 227 2.12 120 128 6.6
1.5 040 0.15 244 229 13.7 14.6 6.1
20 040 0.15 226 2.11 113 12.1 6.6
25 0.40 0.15 2.12 197 98 10.6 7.1
30 0.40 0.15 2.01 1.86 2 88 7.5
35 0.40 0.15 2.02 1.87 84 9.0 74
4.0 0.40 0.15 194 1.79 72 7.8 7.7
4.5 0.40 0.15 1.83 1.68 55 6.0 82
50 0.40 0.15 231 2.16 121 13.0 6.5
] 0.40 0.15 39 3.76 25.1 26.1 is
6.0 0.40 0.15 649 634 545 55.8 23
6.5 0.40 0.15 432 417 1093 1132 35
70 040 0.15 161 1.46 270.6 298.5 93
75 0.40 0.15 0.87 0.72 452.1 546.6 173
8.0 -0.96 -0.36 0.99 1.35 3877 284.7 -36.2
85 -0.77 -0.29 0.97 1.26 398.0 306.5 -299
9.0 -0.61 023 0.96 1.19 399.7 ins -238
9.5 -0 48 -0.18 0.95 112 4019 3383 -18.8
10.0 <036 0.14 1.02 1.16 3196 335.1 -133
10.5 027 -0.10 1.07 1.17 3659 3345 94
1.0 -0.19 -0.07 133 1.41 3048 2893 -54
11.5 -0.13 -0.05 098 1.02 4028 3835 -50
120 -0.08 -0.03 1.09 1.12 356.6 3464 -29
12.5 -0.05 -0.02 1.06 1.08 3656 359.1 -1.8
13.0 -0.03 -0.01 0.87 0.88 4273 4223 -12
13.5 -0.01 -0.00 0.95 095 3924 3904 -0.5
14.0 -0.00 -0.00 1.55 1.56 225.8 2255 0.1
| 14.5 -0.00 -0.00 3.03 3.04 108.4 108.4 -0.0
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4.6.3.3 Conclusions

Naturally occurring vertical temperature gradients in the stem of Eucalyptus grandis may affect the
measurement accuracy of the calculated sap flux (M) values, Corrections may be performed based
on actual stem temperature gradients in the absence of heat applied to the heater. It is advisable to
measure these stem gradients, in the absence of any heating, for 2 range of environmental conditions, It
would appear that the error is much larger for the larger diameter gauges (diameters greater than 35
mm) but this has yet 1o be fully determined. A method could be developed to switch of the heater
power on various days, measure the stem temperature gradients, and correct the measured gradients for
mooedayswbenlbeww«tomemwum.mminM-ngempdw(mndhg
10 an overestimation in M, by the gauge) before 11h30 when the sap flow is increasing with the errors
then becoming increasingly positive after this time. At night, the large emors are often of no
canseqmsinceu_’hmnll.lftbedmwueimegmedfoumplenday.dnovuenimioniu
M, before noon would not cancel with the underestimation after noon.

It appears then that the errors can be corrected and are certainly much smaller than anticipated by
Shackel er al, (1992) for the gauges we used (25 mm diameter). The errors are largest under conditions
of high flow rates in the early moming to before noon hours.

4.6.4 Storage correction

We have assumed that the energy balance of the gauge is defined by Eq. 3.1. This analysis usually
excludes a storage term in the energy balance. As is the case for the Bowen ratio technique (Savage et
al., 1998), the storage flux may be calculated from £,___ =V p ¢, AT/Ar where V is the stem volume
scynmt.pisthedmityofﬁwm::,ismcmwiﬁchmaqnckymdAT/Atisﬂnmeof
temperature change in the stem (between two measurement time intervals). The calculation is simple to
perform given that the absolute temperature at one point of the stem is measured. The results of these
calculation, as compared with the correction for naturally occurring stem temperature gradients are
shown (Fig. 426, bottom set of curves). Fortuitously, for the times shown, the storage and naturally
occurring temperature gradients oppose cach other (top set of curves) with the measurement error in
M., being about 15 % during peak flow times, The measured, adjusted and natural stem temperature
differences are shown (Fig. 4.27, middle set of curves) with the lower set of curves showing the energy
WMMcmmlmm5~Wthwmwm£”

4.6.5 Technique verification and application

4.6.5.1 Review of literature on cut-stem technique

Descriptions of water movement through plants at the soil-plant-atmosphere continuum (SPAC) level,
often make use of Ohm's law analogue equations even though the limitations of this approach have
been demonstrated by Richter (1973) and Jarvis (1975). The problems associated with their use have
been traced primarily to non-steady state flow resulting from dynamic water exchange (capacitance)
and variable flow resistances developed in different parts of the plant.

To combat these difficulties, present research has redefined the SPAC system. Rather, the plant
water flow system constitutes a summation of flows and resistances through small segments
incorporating the plant’s hydraulic architecture. This provides a significant theoretical improvement in
that resistance at different points in the system can be dealt with individually: where g is the flux
through the entire plant ‘¥, is component water potential and R the component resistance.
Opemﬂomlly.mmdA?mdqwi&hMNMpmhumcwlmﬁu.
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Fig. 4.26 Top: Sap flux adjusted for storage and naturally occurring temperature gradients;

middle: measured, adjusted and natural stem temperature differences;

bottom: energy balance component curves, including the £, value corrected for storage and the
storage term Em
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Fig. 4.27 Graph depicting the data from the cut stem technique experiment used to verify the SSHB
technique on a relatively large stem. Cumulative sap flow data from the application of a Dynamax
SGB100 gauge (18.7, K, =0.1Wm" KL K =16 WmV'; ¥, =8 V)toa Eucalyptus tree
stem (diameter 98.8 mm) are compared to water lost by transpiration measured using a weighing
lysimeter. (i) = solar irradiance (kJ m'), (ii) = temperature (°C). (iii) = relative humidity (%), (iv) =
windspeed (m s”). (v) = E,_ (W). (vi) = E_ (W). (vii) = dT,,_ (°C). (viii) = sap flow (kg 15min"').
(ix) = Cumulative sap flow measured by Dynamax SGB100 gauge (kg). (x) = Cumulative transpiration
measured by weighing lysimeter (kg)
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While good progress has been made in analysing leaf-air resistance in many trees, study of other
smncesofﬂwmimmhashued.Ammwmk’_mkwhwefollommm
methodologies. One method has been under laboratory conditions 1o measure flux and ‘¥ gradients
through excised tissue or small plants. A second approach has been to measure in sitw in various ways
and transpiration as an estimate of sap flow (¢). Finally a number of workers have used tree excision at
ground level to measure flow resistance by difference.

The use of tree cutting techniques for the examination of plant water relations has been described
for a number of trees including Scots Pine (Pinus sylvestris L) by Rutter (1966) and Roberts (1976;
1977), apple trees (Pyrus malus) by Landsberg, Blanchard and Warrit (1976), Norway Spruce (Picea
abies L. Karst.) by Roberts (1978), Lodgepole Pine (Pimus contorta Dougl ex. Loud.) by Running
(1980), a mallee cucalypt (Eucalyptus behriana F. Muell.) by Myers, Kiippers and Neales (1987), and
Mexican Patula Pine (Pimus patula) by Dye, Christie, Olbricht, Ferreira and Tallon (1990). Cutting a
stem under water truncates the catenary system of hydraulic resistances and capacitances that makes up
the normal path of water flow from soil to atmosphere in an intact tree. Cutting the stem under water
therefore abruptly connects a source of water (‘¥ = 0) with that of the stem and its attached leaf canopy.

Running (1980) found that excision of Pimuy contorta at mid-day always resulted in rapid recovery
of leaf water potential when water was supplied to the cut stem, suggesting a high soil-root resistance,
Transpiration was unaffected if leaf water potential before cutting was not limiting leaf conductance.
He noted that trees under stress at the beginning of the excision procedure resulted in atificially high
water uptake rates after cutting particularly where the trees exhibited significant stem storage.

Similarly, Myers er al. (1987) noted that upon cutting under water at mid-day, uptake by the cut
stem over the following hour was approximately six times the estimated transpiration rate from the E,
behriana canopy. This was attributed 1o an increase in stemwood water content. Unlike that of any of
the other authors cited above, the canopy bulk water potentials were initially between 4.4 and -3 .4
MPa. Accompanying the period of rapid water uptake was a 2.3 MPa increase in ¥. The dried
stemwood mass in their experiment was 35.84 kg and its density was 980 kg m™, The capacitance of
the stemwood was 0.007 g’ MPa™'. An increase in by 2.3 MPa corresponded to an increase in water
volume by 452 ml (0.1 mm of evapotranspiration '¥). This is 71 % of the total observed uptake of 636
ml. Only 103 ml of the water lost over this period was attributable to transpiration (16 % ).

Other examples include water storage in the stem sapwood of Pseudostuga menziesii (Waring and
Running; 1978) which may be withdrawn and replenished at the rate of of 1.7 mm day™ from a total of
27 mm. Likewise over 2 weeks the water content change in Pinus sylvestris was equivalent to S mm of
water (Waring, Whitchead and Jarvis; 1979). Contrary to these observations, Landsberg ef al. (1976)
and Roberts (1976; 1977; 1978) observed that the alleviation of low ‘¥ by stem-cutting resulted in a
rapid decrease in leaf conductance associated to rapid and prolonged stomatal closure.

It is reasonable to conclude therefore that comparing sap flow using heat tracer techniques and that
using graviemtric water displacement using the cut stem technine would differ from a concomitant
measurement of transpiration. A large change in scale of the sap flow magnitude could also be
anticipated after cutting the stem.

Chapter 4 Use of a stem steady state heat balance technique for the in sifu measurement
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4.6.5.2 Methods and materials

To investigate the validity of Eq. 3.1, the influence of different measured voltages across the gauge
lwamknwmdetamined.Twouchedsxﬁom(llOmmdi.nﬁa)ﬁomaEucdypﬂu
grandis tree stem were each fitted with a Dynamax SGB-100 gauge (18 £ beater), Measurements were
recorded using a Campbell Scientific CR7X data logger. The heater voltage was stepped every three
hours (Table 4.6). Data was collected at intervals of 10 minutes over a period of three days for three
different voltage setting regimes (Table 4.6). Four switch mode power supply units were wired in
parallel to control switching. These were powered by a low impedance constant power supply
regulator. The gauges were wrapped in an extra layer (ca. 30 mm thick) of foam insulation. The
excised stem sections with the gauges installed were sealed in plastic to prevent water loss.

The site chosen to apply the SSS technique to Eucalyptus grandis trees with stem diameters ca 110
mm is located at Amangwe Zululand (Kwa-Mbonambi, coastal Kwa-Zulu Natal).The map reference is:
SOUTH AFRICA 1:50 000 sheet 2832CA KWA-MBONAMBI, Lat. 28° 30"~ 28° 45°; Long. 32° 00'-
32715, altitude 60 m. This area is characterised by a flat to undulating aspect and sandy eutrophic soil
(Clovelly form, Setlagole family, on the S.A. binomial soil classification system). Geological surveys
in the arca have indicated that while spatially very variable, the sands extend to a depth of 50 m above
an aquifer consisting of sandstone conglomerate. Perched water tables caused by compacted siltstone
and mudstone layers are frequently present as shallow as 6 m in depth. The soils at the time of site
selection exhibited cracks, were very dry and near depletion of stored water. At the time, E. grandis
trees growing there were 15 10 20 m high in their second rotation. Stumps from the first rotation had
been chipped and disk-ploughed back into the soil. Many trees exhibited crown thinning, slowed
growth rates and trunks with an angular form, often associated with stem shrinkage due to water
depletion. Some trees show symptoms of stress related fungal infection, similar to tree decline
scenarios reported from Australia (Heatwole and Lowman, 1986).

Concern had been expressed that while well suited to rapid Eucalyptus biomass production in the
short term, this area may prove to be marginal for sustained production in the long term at the present
concentration and activity, in the absence of water supplementation. The mean annual precipitation is
approximately 1100 mm (51 year average) and the climate falls into the humid moist region as
classified by Schulze (1958). From August to December potential evaporation is greater than rainfall.
The potential for transpiration is likely to follow a similar pattern. It is significant to note however that
healthy mature Eucalyptus trees tend to be more serodynamically resistant and present a greater
surface area for evaporation than the apparatus used to measure potential evaporation at most weather
stations. The potential for these trees, after a certain stage of growth, to transpire more water than that
supplied by rainfall alone, and their subsequent dependence on soil stored water in the long term, is
evident.

In June 1992 a Dynamax SGB100 gauge was attached to each of a number of E. grandis trees (28
months from establishment) growing in the ICFR fertiliser experiment number CS51 (spacing was 3 m
between rows and 2 m within rows) to test the range efficiency of a Dynamax SGB100 SSS gauge
using the cut stem technique. Sap flow was monitored for a period of & few days. Following this
sample trees were connected to surrounding trees using three pulleys connected to the stem base 0.5 m
above ground level. Another three pulleys were connected &8 m above ground-level. The sampled trees
were sequentially cut at mid-night using a chain-saw, and suspended in a drum of water situated on a
portable lysimeter. Following this the trees were re-cut under water using a wood plancing blade as a
chisel.
ey e e e
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This initial experiment was repeated on 7 November 1992 on trees situated at the ICFR's
Bloemendal research station (Crammond, Natal). An automatic weather station was erected 10 m from
the Bloemendal research site during the cut-stem verification of the SSS technique on 110 mm
Eucalyptus stems. This included a 207 air temperature and relative humidity sensor (Phys-Chem
Scientific corporation, New York, New York, USA), a LI200S silicon pyranometer (Li-Cor, Lincoln,
Nebraska, USA), a TES25 tipping bucket raingauge (Texas Electronics, Dallas, Texas, USA) and an
ECO model WS/D86 wind speed and direcion sensor (ECO Pretoria, RSA) for the measurement of air
temperature and relative bumidity, solar irradiance, rainfall, wind speed and wind direction,
respectively.

In March 1993 the ICFR fertiliser experiment number C51 site was revisited. Two Dynamax
SGB100 gauges were fitted to E. grandis trees growing in & control plot which had received no
fertiliser, and two were fitted to trees growing in an experimental plot which received a split fertiliser
aspplication (half at planting and half three months later). The fertiliser comprised of N (LAN (28) @
500 kg ha'), P (SUPERPHOSPHATE (10,5) @ 760 kg ha™"), K (K,SO, @ 100 kg ha') and fritted
trace elements (FRIT @ 120 kg ha™'). The aim was to determine whether there was any response to
fertilisation in depletion of the stored water reserve, and how this compared to potential evaporation for
the region. On the day of amiving at the site the drought conditions were interrupted when the site
received 90 mm of rainfall. Some rain had also been received a week earlier. Prior to this it had
experienced an unusually long four month dry period.

4.6.5.3 Results

In the initial investigation of the validity of Eq. 3.1 by studying the influence of different measured
wlmmhwmmxnmhmwmxnwcmwm
proportion 1o heater voltage. The time to equilibrium increased with the step magnitude in heater
voltage 1 as much as four hours. Within this time period the slope of the relationship between heater
voltage and K___ apparent also changed with the magnitude in the voltage step. The time constant
after stepping down the voltage was greater than for stepping it up. One of a number of possible
regressions is presented in Fig. 4.17. When the heater voltage was stepped up K apparent increased
rapidly then drified down towards an asymptote approximated by the regression line. Similarly when
the voltage was stepped down the opposite occurred.

This data does not take stored heat into consideration, since the thermocouple arrangement used
with commercial SSS technique gauges (Dynamax) designed by Steinberg, van Bavel and McFarland
(1989) precludes this. When £, and E_, (assuming unitary K ie, E =V, _ ) were
plotted and regressed against heater voltage (Fig. 3.8), £ and E__, increased with heater voltage.
These were minuscule however compared to the change in £, implying that in order to include the
residual difference between £, and (E_ + E_ ) i.e, the numerator of Eq. 3.1, into the energy
balace, X would necessarily have to change in a similar manner to £,___ in order to validate those
equations.

These observations are attributed to the omission of the heat storage term of Eq. 3.1 in the assumed
thermal energy balance, the numerator component of Eq. 3.2.

This indicates that the stem section necessarily heated up and cooled down depending upon whether
heat was added or removed from storage respectively. If heat storage or the rate of stem section heating
or cooling is not proportional to changes in VMZ-LM Vthwagivmbuktilpm.u
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might be the case under dynamic ambient environmental and sap flux conditions, it would be
appropriate to measure £, Alternatively, if £ were 1o be constant one could account for the
residual by adjusting £, by some factor.

The observed change in K apparent with added heat implics that this factor served the dual
function of modulating both £ ., and £ together 50 as 10 set sap flow to zero in the excised
segment. This is not unreasonable since £, did not change appreciably with an increase in £,
(B < 15% of E ). Clewrly if E,,. were included in Eq. 3.1, K would have
approximated K and would not have changed with the change in £___

ayares

Dynamax SGB100 measured sap flow (Eq. 3.1) showed reasonable agreement with water uptake
measured gravimetrically using a lysimeter. Only if the value for K was reduced from 5.5
K et o) © 1.6 was it possible to calibrate for day-time sap flow (Fig. 4.27). Night-time sap flow
in this circumstance measured gravimetrically was 60 g 30 min'. This has little value to non-cut stem
applications but does show that by calibrating day-time sap flow, nighttime sap flow was not zero yet
very closely approximated that measured by the scale.

Considering the premise for applying K ., i.e, where nocturnal sap flow is assumed to be
zero, it was deemed necessary o examine E . and possible interferences to o7, . Using
xmaxnw and without correcting for a bias in 47, the Dynamax SGBI00 gauge
under-estimated measured sap flow by 25.20 % (Fig. 4.28).

Naturally occurring o7, gradients (heater switched off) were measured at two locations, one
higher up the stem than the other. The gauge at the higher position recorded a greater 47, value than
the other. When these naturally occurring gradients were subtructed from 7, measured when the
heater was switched on, Dynamax measured sap flow closely approximated that measured
gravimetrically by the lysimeter (Fig. 4.28). The naturally occurring o7, gradient at the upper
(further downstream) position had an earlier and greater influence on the mid-day sap flow calculation
than the gradient measured further down the stem, but of shorter duration. The area under these two
curves did not differ markedly, however. When the upper and lower naturally occurring dT,
gradients were applied 10 account for a bias in dT,__, cumulative day-time sap flow only deviated by
+2.8 % from that measured gravimetrically (5.0 kg).

The naturally occurring 47, gradients were in an upstream direction i.c., down the stem, between
midnight and the onset of sap flow. Subsequently they followed an inverse pattern to sap flow, with
full reversal in direction at mid-day. This may be explained by a convective cooling influence of sap
flow on the stem temperature downstream compared to that upstream of the heater,

Sap flow was not adjusted for a bias in d7,__ in applying the technique to fitted SGB100 gauges on
the two E. grandis trees growing in a control plot which had received no fertilizer and those which had
received the split fertilizer application. In a similar manner 1o the June 1992 visitation (data not
presented), sap convected heat flux distinctly exceeded the heater energy flux during the first half of
the moming from 06h00 to 10b00 (Fig. 4.29). During this period £__ and £__, approached zero and
became negative. This was not attributed to insufficient input heat since d7,, was not sufficiently
small to invalidate the data between those times, but rather to heat coming out of storage as the system
cooled down,

This can suitably be explained as follows. With the onset of sap flux, cold sap displaced sap that

Chapter 4  Use of a stem steady state heat en balance technique for the in sifu measurement
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Fig. 4.28 Graph illustrating the correction of sap flow by v, the natural d7___ gradient. Sap flow was
underestimated by 2520 % without being corrected. Two gradients were measured. One higher uper up
the stem than the other. The further up the tree the gauge was positioned the greater the influence of the
natural d7,, measured on the mid-day sap flow calculation, In comparison, the gradient measured at a
position futher down the tree resulted in a later and smaller calculated peak sap flow. The area under
these two curves did not differ markedly, however. Cumulative adjusted sap flow was not very different
from transpiration measured gravimetrically. (i) Unadjusted data. (ii) Data adjusted for upper natural
dT,, measurement. (iii) Data adjusted for upper natural 47, measurement. (iv) Lysimeter
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Fig. 4.29 Graph showing the partitioning of the input heat flux E___ (A) on £, (B), E_ (C), E_
(E) and the change in stem temperature either side of the heater associated with the displacement by sap
convection, dT,__ (D), during the application of a Dynamax SGB100 SSHB gauge (dz = 15 mm, 18 ;
K = 6.5) on a 100 mm Eucalyptus stem. Data (i) and (ii) are for the unfertilised trees, while
(ili)m(w)mfmfuﬁﬁudmlathischmmthﬂvislpaiod(b«wwmw 10h00)
where sap convected heat flux distinctly exceeded the heater energy flux. During this period £ - and
E . ®pproached zero and became negative. This is not attributed to insufficient input heat, since d7,__
was not sufficiently small to invalidate the data over this period. This can be attributed to heat coming
out of storage as the system cooled down. With the onset of sap flux cold sap replaced sap warmed
overnight. Heat from the warmed insulation material and outer regions of the stem flowed to the cooler
displacing sap, resulting in a reversal of the modal direction of conducted heat through the stem and
thermopile. The net result would be an over-estimation of sap flux during this period. This effect was
strongest during cold winter momings
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had been warmed overnight. Perceivably, heat from the warmed insulation material and outer regions
of the stem then flowed to the cooler displacing sap. This would have resulted in a reversal of the
modal direction of conducted heat through the stem and thermopile, in tumn causing is an
over-estimation of sap flux. This effect was strongest during cold momings, particularly when bark had
been removed from the stem before fitment of the gauge. As a consequence the upper limit data filter
value of 0.8 for the £_/E_ _ ratio was not a suitable data rejection statistic, since extraneous heat
from storage introduced artifact into its calculation (Fig, 4.30),

The upper limit (80 % accuracy) sap flow rate (Fig. 4.30) was ca.3 kg 30 min”'. This is considerably
less than the peak flow rate of 15 kg h™' recorded in 80 mm diameter Pecan (Carya illinoensis) stems
by Steinberg, McFarland and Worthington (1990), where a heater power of 1.2 W had been applied.
There was a greater range in gauge performance in their application compared to Fig. 4.30 due to the
greater heater power used compared to Fig. 4.29A (2.7 to 3 W). By applying a voltage from 6V up to
10 V the Dynamax SGB100 heater (18 Q) supplies 2 to 5.5 W of power. Clearly there is considerable
scope 10 have increased the upper limit range of the gauge. However this would be done at he risk of
increasing the nigh-time sap flow. The heated sap could detrimentally effect cell function below the
heater. With the current application the peak temperature difference between incoming and outgoing
sap was as high as 12.5 °C. However, in this case there was continued night-time sap flow. This value
was observed to increase 1o as much as 30 °C when sap flow had ceased completely.

Sap flow through the unfertilised trees consistently exceeded that through the fertilised trees, The
comparison is not influenced by the manitude of £, since two heater settings were used for cach
treatment (Fig. 4.29). The value of d7, . did decreased however 10 below the 024 °C limit
recommended by van Bavel and van Bavel (1990). The sap flow upper limit was ca. 3.0 kg 30 min"' or
1.7gs” (Fig. 4.30). Where calculated sap flow exceeded the range limitation of the gauge, the upper
value of 1.7 g s was assumed. The sap flow results of the experiment are summarized in Table 4.7.

It is apparent that under the conducive conditions present at the time, the daily sap flow far
exceeded the mean daily A-pan reading for the month and the maximum mean daily rainfall for the
year. This indicates that if the sap flow levels measured over the six days were to be sustained for a
considerable length of time, the trees would inevitably be dependent on soil stored water at the current
espacement and in the absence of water to supplement the current rainfall pattern.

Imerestingly, it appears that the unfertilized trees tended to constantly transpire more water over the
test period that the fertilized trees. Unfortunately it was not possible to measure leaf area or extent of
rooting in the respective trees at the time, as this would have interfered with the pre-existing fertiliser
experiment. Subsequently in 1994 these trees were excavated after they had been felled. The fertilised
trees had a considerably more extensive fine root system than the unfertilised trees. However the
unfertilised trees had a more developed deep rooting system. In both cases the tap root was restricted to
a depth of 5 m by a clay layer.

One may speculatively explain the differences between the unfertilised and fertilised trees as
follows. At the onset of the dry period (November 1991 to March 1992) the fertilised trees utilised
available water more rapidly than unfertilised trees due to differences in growth response to nutrient
availability. Consequently they experienced drought related stresses earlier and more severly than
unfertilised trees with the progression of the dry period. The differences in recovery of the transpiration
level after the good rains may be associated to differences in the stress intensities experienced.
Alternatively, the fertilised trees could have been exhibiting a greater photosynthetic efficiency than
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Fig. 4.30 Graph showing the relationship between sap flow and d7,__ (A); and the diumnal courses of
E-/EM(B).slpﬂow(C)andmmuluweapﬂow(D)dumgdwlpplmnofaDymnm
SGB100 gauge ( dz = 15 mm, 18 ) on a 110 mm Eucalyptus stem. Peak flow rate is ca 4.5 kg 30 min™,

The suggested upper limit data filter value of 0.8 for the £_/E,__ ratio was not a suitable data
rejection statistic, since extrancous heat from storage introduced artifact into its calculation. Normally
maximum measurable sap flow rate is determined by instrument sensitivity, ignoring the estimated
limits imposed by thermal noise on the precision of a7, _. In practice d7,  might be measured within
ca 0.1 °C accuracy. The accuracy of the datalogger is within 1V, van Bavel and van Bavel (1990)
recommended a value of 024 °C as the minimum acceptable for 47, for valid data, within the
technique upper limit boundary. Focthcwdmmumspondedwanpﬂuxpakoflﬁmh'
However with deviation from the assumptions of the technique eg., non-representative sampling of sap
temperature at the stem’s surface, these criteria would necessarily need to be increased
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Table 4.7 Daily sap flow (7th 1o 12th March 1992) measured on four trees' growing at the ICFR’s
Amangwe field site number C51, KwaMbonambi, coastal northern Zululand.

Total daily sap flow (kg or litres) Total daily sap flow (mm)

Day Tree | Tree 2 Tree 3 Tree d Tree | Tree2  Treel Tree 4
66 16.89 17.98 12.10 11.54 11.26 11.99 302 7.69
67 32.16 24.30 8.95 1.75 21.44 16.20 597 5.17
68 35.14 2592 2426 16.62 2343 1728 16,17 11.08
69 3239 3047 21.52 1927 2159 2032 1435 12.85
70 29.23 22.45 21.51 18.68 1949 1497 1434 12.45
71 17.70 1097 12.15 10.92 11.80 7.31 8.10 7.28

Mean | 272§ 2.02 16.74 14.13 18.17 14.68 11.16 9.42

“Trees were approximately 15 m high and 110 mm in diameter. Trees were sampled in March 1993 at
the ICFR fertiliser experiment number C51. Trees | and 2 had been fertilised at pre-plant and three
months post-plant, while trees 3 and 4 were unfertilised control trees. The mean March daily A-pan
cvapotranspiration value for the region is 5.3 mm equivalent head. Total daily sap flow (kg) was
converted to mm equivalent head by divding by the area produced by half the row spacing and
converting to mm equivalent head by dividing by p, the density of water. (Where mid-day peak flow
rate exceeded the range limit of the gauges, data points were transformed to a half hour mean upper
level reading of 1.7 g s°"). It is apparent that, under the conducive conditions present at the time, the
sap flow per day far exceeded the mean daily A-pan reading for the month (March) and the maximum
mean daily rainfall for the year. This indicates that if the levels of sap flow measured over the six days
were to be sustained for a considerable length of time, the trees would inevitably be dependent on soil
stored water where, at the current espacement, water supplementation might be necessary to avoid
almost certain decline in productivity and a perceived increase in risk to fatality

the unfertilised trees. Convergence in the transpiration level between the fertilised and unfertilised trees
would then be expected twith decreasing available light or an increased necessity for temperature
control.

4.6.6 Stem thermal conductivity

4.6.6.1 Field determination of Kssem using a stem steady state method

We have shown that a K value of 1.565 W mV™' could be used for both gauges on the same stem,
the choice of the correct K value being that under night-time minimum flow conditions M, =0 g
b, Since K, hummmmmuwmmmm
Ewmmemmdmmdiﬁuumbemhnumdmhymdchwm
WmmﬁthMﬂK,.mhhmfuuphmmwadomlM?
For the same environmental conditions as the previous measurements, we placed a gauge around a
dowel rod of unknown thermal conductivity. In the datalogger program we used a value of K of
1.565WmV'and K, =054 Wm™ K. Aﬂulhedﬂaeolleamp«iodtbedumnpomdiuoa
Mﬁmwhkhdnnluofx could be altered from its original X,__ = 0.54 W m™' K*!
value to another and the effect of this change on the £_ observed (using Eqs 3.1 and 3.5). This process
wascominuedmtillheniaht-thues_'vuluewunwdduowmul).wﬁchhmuﬂbefon
system such as a dowel rod. The components of the energy balance are shown for a thermal
conductivity of 0.215 W m™ K for Day 311 to 314 arrived at using the iterative procedure described.
‘ItevulueofK.. KMmhmﬁmmmWhmm Ky =011
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Fig. 431 The diurnal variation (in hours after 16h30) in the component energy fluxes as well as the
mass flow rate measured using a 25-mm gauge attached to a dowel rod in the open environment (Day
312 to 314, 1991) containing no water. The influence of the carly moming temperature disequilibrium is
evident in the increased mass flux approaching 100 g h™! for a system containing no water at all. There is
no reason why similar temperature disequilibrium conditions should not occur on stems. Also shown is
the diumal varaiiation in d7, . At times associated with sunrise, there is a rapid increase in d7,
followed by a gradual decline during the rest of the day and night. This confirms the data depicted in
Fig. 4.24 for 100-mm stems except that in the case of the 100-mm stems, the d7__  values are much
larger (approaching 15 °C) and the decline in is much more rapid for stems

Wm' K K =054 W K K = 045 Wm™ K, and K, = 0.65 Wm™ K™ (Gray, 1972).
4.6.7 Laboratory determination of stem gauge conductance

4.6.7.1 Imtroduction

umu,mwmx_,(Wmv')onmmymuwb.lmewh
determined in the ficld by assuming that negligible sap flow occurs during the night and therefore that
lbeenetgyﬂnxtmupoﬂedhlheupmumE.(W)i:closemmThempcmdmdhwdy
determines the radial heat flux £, __, (W) which is then iteratively altered to force the sap flux, defined
umemidmlenetgymudividedbyc’df_(wbu'c’hdnspeciﬁchmmpnhynddfmiuhe
stem temperature difference), to zero. The disadvantage of this technique is that it assumes that the sap
flux is zero whether it is or not. We propose a method based on laboratory measurements. A priori
knowledge of stem thermal conductivity is required for the determination of gauge conductance. We
also discuss the use of the measurement of the thermal conductivity of plant stems.

Thermal conductivity probes have been used for laboratory measurements of soii thermal
conductivity. The thermal conductivity probe placed in porous media measures the thermal
conductivity of that media. In this study, we use these probes for the measurement of stem thermal
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conductivity K (W m™’ K''). The operation of the thermal conductivity probe involves heating it at a
constant rate and determining its temperature, using a thermocouple, at predetermined times. In a short
time period ¢, - 1, for which a temperature difference 7, - 7, results, (7, - 7)) = [§/(4 = K)] - In (¢,/¢,)
where § is the average power applied to the sensor per unit sensor length and X is the media thermal
conductivity (W m™ K™). Hence a plot of 7 - 7, w [§/(4 x)] - In (&/t,) (since In(1/1,) is the
independent variable) has a slope of 1/K. The power per unit length of probe is the average power
applied per unit length from just after the probe is heated until a few minutes later. Hence, X = [/slope.
The initial temperature increase due to the application of heating current should not be used as the
measured temperature is affected by the probe during this time and does not represent media thermal
conductivity. The y-intercept of relationship 75 - 7, ws [§/(4 =)] - In (1/t,) is zero. For if not, the
temperature of the porous media during measurement may have altered,

The stem thermal conductivity is an important parameter that affects the calculation of gauge
conductance K in stem gauge measurements, We wanted to directly determine the thermal
conductivity of E. grandis stems as well as that of a dowel rod which could then be used as a reference.
These measurements would then assist in the determination of stem gauge conductance, an important
factor in the measurement of stem flow rate. The stem thermal conductivity directly affects the gauge
conductance.

4.6.7.2 Materials and methods

Four dowel rods, supplied with the Dynamax (Houston, Texas, USA) SGB25-ws stem gauges were
initially used for the thermal conductivity determinations and subsequently also used for the
determination of stem gauge conductance. Each rod was drilled with a single hole to accept a probe
inserted axially in the rod. The sensors were connected to a Campbell Scientific (Logan Utah, USA)
CR7X datalogger. The rods and sensors were placed in an insulated box in an office. The datalogger
was programmed to power each sensor every four hours and, at the same time, measure the temperature

of each probe during heating, and the power supplied to the heater from 4 s afier the start of heating
until 201 s.

The probe (available from Decagon, Pullman, Washington, USA) is heated at a constant rate and
its' temperature determined, using a thermocouple placed inside the probe, at predetermined times on a
logarithmic scale. The heating is accomplished by applying a 5 V continuous analogue output voltage from
the datalogger to the heater wire placed inside the sensor. The power used was the average power from 4 to
211 s after the application of the heat. The initial temperature increase due to the application of the heating
current was not used since during the first 4 or so seconds, the measured temperature was affected by the
probe itself and for this period did not represent the thermal conductivity of the porous media. Hence, we
choset, = 45

The thermal conductivity of £ grandis stems were also measured. Following removal of stems
from the trees, the 300-mm long stems were covered with cling wrap to prevent water loss. After the
thermal conductivity measurements, the stems were weighed, oven-dried and reweighed for calculation
of stem water content.

Following the thermal conductivity measurements, three gauges were attached to three separate
dowel rods. The 25-mm diameter rods, with artached gauges, were placed in an insulated box. For
almost a week, a voltage of between 4.34 and 4.65 V was applied to three stem gauges and the normal
temperature differences and voltages associated with stem gauge measurements were monitored using
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a CR7X datalogger. For each 30-minute interval, energy fluxes associated with the radial, vertical and
heater terms were calculated. The £_ (or residual) values for the dowel rod were calculated for cach
30-min period as £, ~E_ . —E, ., where the radial flux was calculated as the product of the
thermopile voltage Vo, and the gauge conductance K._'. The E_'vnluswm converted into
upﬂuxMwbydividqu_bycpdTmwhcrec’istl\especiﬁcheuupccityofmndd’l“_ is
Mmmmdﬂmm.%m&mmmdbynqﬁg&eyupmxm
values from 1.00 to 2.50 W mV™", Since the sap flux A, for the dowel rod should ideally be zero, we
calculated the mean of all of the M- values for a six day period for the dowel rod as a function of
K e The actual gauge conductance corresponded to that for which M, =0 kgh'',
4.6.7.3 Results and discussion

4.6.7.3.1 Thermal conductivity measurements for dowel rod and stems
A typical plot of the temperature difference 7, ~ T, vs [§/4 x] - In (t,/1,) for a wooden dowel rod is
shown (Fig. 4.32). For this relationship, the slope was 9.8624 m K W' resulting in a dowel rod thermal
conductivity of 0.1014 W m™' K™\, The measurement of the thermal conductivity for four dowel rods
was performed during a four-day period. The data are shown in Table 4.8. There were significant
statistical differences in K __,  between rods (at the 95 % level of significance). For this reason, the
individual K, ., values were used in the subsequent measurements of stem gauge conductance
Koy
A typical plot of the temperature difference 7, -7, vs [§/4 x] - In (1,/1)) for the stem of a £
grandis tree is shown (Fig. 4.33). For this relationship, the slope was 24704 m K W' resulting in a

2.5- Slope = 1/K = 9.8624

0.04————
0.00 0.05

v v v

0.10 015 020 025 030
(a/4m) In (tp/t,) (W m™1)

Fig. 432 The data points and the corresponding regression line for the 7277 (K) ws
[G/4 %] - In (r2/61) (W m”") relationship for 8 wooden dowel rod
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Tublc-tsThmeuwedthcmuloondmuvnyvﬂuuformefowwoodendwelmdsxm(Wm

K'') obtained during a three-day period using four thermal conductivity probes. During this time period,
temperature varied between 27 and 32 °C

Day (1991) and Kdm-’lmd
time
! Sensor #1 Sensor #2 Sensor #3 Sensor #4
Day 348, 12h00 0.10107 0.09250 0.12286
16h00 0.10127 0.09273 0.12303 0.11765
20h00 0.10112 0.09278 0.12306 0.11752
Day 349, 00h00 0.10129 0.09271 0.12305 0.11776
04h00 0.10139 0.09281 0.12305 0.11777
08h00 0.10101 0.09262 0.12292 0.11749
12h00 0.10107 0.09267 0.12296 0.11758
16h00 0.10107 0.09267 0.12281 0.11787
20000 0.10117 0.09277 0.12309 0.11832
Day 350, 00h00 0.10129 0.09287
| 04h00 0.10131 0.09288 0.12326 0.11781
08h00 0.10124 0.09278 0.12323 0.11786
12h00 0.10119 0.09281 0.12313 0.11775
16h00 0.10120 0.09275 0.12304 0.11777
20h00 0.10141 0.09287 0.12338 0.11797
Day 351, 00h00 0.10123 0.09280 0.12317 0.11789
04h00 0.10127 0.09291 0.12304 0.11777
08h00 0.10107
Mean 0.10120 0.09276 0.12308 0.11779
SD 0.00011 0.00010 0.00014 0.00019
n 18 17 16 16
Overall mean 0.1081
SD 0.0122
n 67

stem thermal conductivity of 0.4048 W m™ K. The measurement of the conductivity for two stems
was performed during a two-day period. The data are shown in Table 4.9. There were significant
statistical differences in X between stems (at the 95 % level of significance). The average value
shown in Table 4.8 (viz. 0.3435 W m™ K'') was used as the stem thermal conductivity for £ grandis
for all subsequent stem gauge measurements.

4.6.7.3.2 Gauge conductance measurements

We wished to determine gauge conductance by applying gauges to wooden dowel rods. For these rods,
dwccnditiouthuu_'-onh"mclulybcnﬁsﬁddall&na. We had previously attempted
such measurements in the field environment but we were unable to maintain the necessary temperature
control, particularly after sunrise. We therefore resorted to determining the energy flux components on
a dowel rod, under isothermal laboratory conditions, for which the thermal conductivity was known.
Measurements of the various temperature differences and voltages were performed for a six-day
period. Typical data for Day 351 to 353 (1991) are shown (Fig. 4.34). As expected, the V..
Vwmd Viswee YOItages are all reasonably constant. Although the ¥, voltage appears variable, due
10 the scale used, there is less than a | % variation at all times. The d7,_ varied in sympathy with the
changes in V)
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Table 4.9 The measured thermal conductivity K._(\Vm" K'") values for two E grandis stems for a
two-day period. During this time period, temperature varied between 28 and 32 °C. The average stem
water content was 58.5 %

Day (1991) and time Ktem (Wm™ K) Kotew (Wm™" K™)
359, 08h00 0.2995 0.4048
359, 00h0O 02974 0.4046
359, 04h00 02939 0.4040
359, 08h00 0.2883 03957
359, 12h00 0.2850 03882 '
359, 16h00 02842 0.3895
359, 20000 02858 03977
360, 00h00 02856 0.4028
360, 04h00 02858 0.4043
360, 08h00 02815 0.3977
360, 12h00 02812 0.4013
360, 16h00 02815 0.4030
Averages 0.2875 0.3995
SD 0.005591 0.005945
Overall mean 0.34346
Overall SD 0.056293
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Fig. 4.34 The variation in the voltage components V., V. and ¥, and the temperature
dT .. with local time for stem gauge # | attached to a wooden dowel rod. Measurements were
performed in an office on Day 351 at 21h00 until Day 353 at 11h00 (1991)

methcdntncollecwd.kmmibkwmmefwdmefwK"ubinuily
varying between 1.0 and 2.5 W mV"'. This range was chosen to yield both negative and positive sap
fluxes. The relationship between calculated sap flux M and gauge conductance K was
demminedfotmhgmgc(mm).Famedmmgucmmediﬂuemxnvﬂmmh
in a zero sap flux. The computed gauge conductance was 1.32, 1.18 and 1.91 W mV™' for gauges #1, #3
Murespectivdy.mm&ddeviniminu..naﬁmﬂionofxnvﬁedmm}y(ﬁg.
4.35), approaching a minimum value around the correct K__ value. llwvtddlppcardmthc}{”
value can vary between gauges and would therefore need to be determined for each gauge.

4.6.7 4 Conclusions

Laboratory measurements of the thermal conductivity of 25-mm diameter E. grandis stems averaged
03435 W m™' K. This value is lower than the value of 0.54 W m™ K™ used by many workers for
herbaceous plants. Dowel rod thermal conductivity averaged 0.1081 W m™ K™ (with a standard
deviation of 0.0122 W m™" K'). Stem gauge conductance was determined by measuring the component
energy fluxes with gauges applied to dowel rods (with known thermal conductivity values). These data
allowed the sap flux to be calculated as a function of gauge conductance varying between 1.0 and 2.5
W mV"'. The gauge conductance corresponding to a zero sap flux was 1.32, 1.18and 1.91 W mV" for
gauges #1, #3 and #4 respectively. We conclude then that it is necessary to determine the gauge
conductance, in the manner described, for cach gauge used.
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Chapter 5

Sap flow and aerodynamic evaporation techniques
for the separation of total evaporation into
canopy transpiration and soil evaporation

5.1 Abstract

Efficient water management of a soil and plant system requires adequate knowledge of the separate
components of soil evaporation and canopy transpiration. Sap flow techniques, together with
knowledge of leaf area index or plant population density, allow for the measurement of canopy
transpiration rate, However, transpiration is one component of total evaporation. In a partially covered
row system, there is a need for the separate determination of canopy transpiration and soil water
evaporation. In this integrative study, sap flow was measured using 25-mm diameter stem gauges using
the stem steady state heat energy balance technique and total evaporation was measured using Bowen
ratio (BR) and eddy correlation (EC) techniques. Soil water evaporation was calculated by subtracting
canopy transpiration from total evaporation. For a period of five days, the total evaporation was 14.45
mm, the soil evaporation was 7.81 mm and the canopy transpiration 6.64 mm. Soil evaporation was
therefore 54.4 % of the total evaporation for the five days. The integrity of the data was checked by
comparing the calculated soil latent heat density as the difference between latent heat density (averaged
from BR and EC data) and the actual soil water evaporation obtained from 19 microlysimeters (sunrise
to sunset measurements). For one day, the spatial variation in the soil microlysimeter daily total
evaporation was between 0.77 10 1.75 mm. For this period, the soil evaporation calculated from the
difference between total evaporation (average of BR and EC evaporation) and stem gauge canopy
transpiration was 1.70 mm. The study further confirmed the use of the 25-mm diameter gauges for the
measurement of sap flow in plant stems. This is the first attempt at separating total evaporation into its
two components for the row system studied.

5.2 Introduction

In row crops, compared to fully closed canopies, soil water evaporation may be an important water loss
component that requires effective management if water use efficiency is to be improved. For such
systems, there is insufficient knowledge of the relative values of soil evaporation and canopy
transpiration. Usually, because of the measurement difficultics involved in partitioning the two
components, soil evaporation is usually considered negligible. The stem steady state technique allows
for the measurement of canopy transpiration directly with the Bowen ratio and eddy correlation
techniques (Savage ef of., 1997) used for measuring total evaporation. It is therefore possible, in theory,
to calculate soil evaporation from the difference between the total evaporation and measured canopy
transpiration. Very few workers have attempted to separately measure the soil evaporation and canopy
transpiration. The stem steady state technique therefore represents a powerful technique for
determining this separation. This measurement, integrated over a day, is compared with the daily total
sotl evaporation using soil microlysimeters.

It is common practice in South Africa, especially in the case of maize, to increase the row width
under water limiting conditions compared to the USA for example. Under conditions of increased row
mgwlmwwmmmuwmmmmm“m“m
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savings. It is therefore important to investigate the importance of soil water evaporation relative to total
evaporation. Methodology for the partitioning between soil water evaporation and canopy transpiration
is difficult but the techniques investigated in this report and in a previously published Water Research
Commission report allow for this to be done. The measurement of canopy latent heat (canopy
transpiration) is possible with the use of stem gauges and with the simultancous measurement of total
evaporation from Bowen ratio (BR) and eddy correlation (EC) measurements, the soil latent heat (soil
water evaporation) may be calculated by difference.

The aim of this work is o demonstrate the use of these measurement techniques for the calculation
of soil water evaporation. For one day only, the soil water evaporation so-calculated is compared with
soil microlysimetric evaporation measurements. This work illustrates the usefulness of the stem steady
state heat energy balance technique in conjunction with acrodynamic techniques that are described by
Savage er al. (1997). The link between the two research programs has therefore clearly been
established.

5.3 Materials and methods

5.3.1 Experimental site

The experiment was conducted in a 183 m by 274 m vineyard of six-year old Chardonnay plants on the
Delaney vineyards located at Lamesa, TX (33.50 N, 1020 W), The vineyard configuration was a
vertical bilateral cordon with the cordon wire at 1.0 m above the soil surface, and carch wires at 1.25
and 1.5 m above the soil surface at a north-south orientation. Average plant height during the
experiment was |.6 m, while average plant width was 0.4 m. Row and plant spacing were 3 m and 1.7
m respectively, and the soil between rows were bare. A cotton field bordered the north edge of the
Chardonnay block with the cotton at the scedling stage. Pasture was cast of the block, while bare soil
was south. A similar size vineyard of Cabernet Sauvignon plants was immediately adjacent 1o the west.
The bare interrow having been ploughed a few days before measurements were performed.

5.3.2 Energy balance measurements’

Bowen ratio (BR) and eddy correlation (EC) methods are used to measure one or more of the energy
balance components (Savage ef al., 1997). These and other measurements allow for the determination
of total evaporation. Today the BR method is regarded as a common method for the measurements of
total evaporation. Sensible heat flux density was determined using two eddy correlation systems and
four Bowen ratio systems. For each EC system, fluctuations in wind speed w' and air temperature 7'
were measured using a CA27 sonic anemometer and a 127 fine wire chromel-constantan thermocouple
(available from Campbell Scientific, Logan, Utah, USA). The 127 thermocouple supplied with the
eddy correlation equipment allows a temperature difference measurement but not an absolute
temperature measurement. Due to the fact that the respoase time of the reference junction could vary
between 5 and 20 minutes (Biltoft, 1991, personal communication), the reference junction of the 127
thermocouple inside the metal arm of the sonic anemometer was further insulated. Also, the vertical
metal arm of the sonic anemometer, housing the reference junction, was heavily insulated. The

| The BR and EC measurement procedures are described in the Water Research Commission report
by Savage er al. (1997)
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datalogger program enabled the determination of W77 in real-time. A 12-minute averaging period was
used for all final measurements. [nput measurements were performed every 0.1 s (corresponding to a
frequency of 10 Hz). We used an air density of 1.07 kg m™ and a specific heat capacity of 1056 J kg™
K™ for the calculation of F,, Both EC systems were nearly 75 m from the south edge of the vineyard
and 60 m from the cast edge. The predominant wind direction was from the south and the canopy rows
ran from 10° cast of south to 10° west of north. It was not possible to place the eddy correlation
systems any further south from the edge of the vineyard, The two EC systems were situated between
two Bowen ratio system pairs, about 30 m from cach pair. All EC measurements were obtained by
placement of the system | m directly above the canopy surface (measured with the fine-wire
thermocouple) with the thermocouple arm of the EC systems pointing in the southerly direction.

A number of REBS Q"6 net radiometers were used to measure net irradiance /_, (W m™). Two
Middleton soil heat flux plates were placed at a depth of 100 mm and the heat flux density component
stored above the plate calculated from soil's specific heat capacity and temporal change in soil
temperature with F, being defined as the sum of the former two flux densities. Soil temperature was
measured using two pairs of chromel-constantan thermocouples, one pair placed at different positions
but at a depth of 20 mm and the other pair at a depth of 80 mm. The one sensor was placed in the
interrow and the other in the row in order 1o obtain an average measurement.

Bowen ratio sensible heat flux density was measured using four independent systems designed by
Gay and Greenberg (1985) and used by Heilman er al. (1989) in their determination of Bowen ratio
fetch requirements. Each system consisted of two exchanging wet and dry bulb psychrometers, net
radiometers and three soil heat flux plates and soil temperature thermocouples. Measurements of
sensible heat were obtained for two 3-minute periods every 12 minutes. The remainder of the time was
required for exchanging the psychrometers and for sensor equilibration.

5.3.3 Determining canopy and soil latent heat flux densities

Canopy latent heat flux density (L, F) ) was obtained from heat balance, sap flow measurements
of transpiration (Sakuratani, 1981; Baker and Van Bavel, 1987). Lascano et al. (1992) found that heat
balance measurements of transpiration in grapevines was accurate to within 5 to 10 % of gravimetric
measurements of transpiration. Sap flow gauges (Model SGA 25, Dynamax, Inc., Houston, TX) were
attached to trunks of 10 plants located an average distance of 43 m south of the Bowen ratio systems.
Insulation was placed above and below the gauges to reduce effects of the environment on trunk heat
balance. Gauges were sampled ever 15 s using a model CR7X data logger (Campbell Scientific Inc.,
Logan, UT) and 12 min averages computed for data storage. Sap flow measurements were converted to
latent heat flux per unit land area by normalizing the measurements on a plant population basis. Mean
(L, F ) megy (W m™%) was calculated as

Ly F D camcpy = L E Moy, Pt/ 5.1

where L, is specific latent heat of vaporization (= 2.45 MJ kg™), M, , is sap flow (kg 5™) of plant /,

Pty (Plants m?) is the plant density and » is number of plants. Soil latent heat flux density
(L, (F),.q) Was calculated as

Ly(Fuu= by Fy= U FD) ey 52
wbetcL,Fliubewullnmlhalnuxdauityoflievhcyudumtndbyﬂneddycmhtionmd
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Bowen ratio methods. Ham er al. (1990) used the above procedure to partition L_F_ from a cotton
canopy at partial cover, and found that values of L_ (F))_, calculated with Eq. 5.2 were within 11 % of
microlysimeter measurements,

5.3.4 Daily soil water evaporation measurements

In row crops, soil water evaporation may be larger than in the case of a fully closed canopy. The
procedures for the measurement of soil water evaporation involved the placement of hollow cylindrical
aluminium tubes pushed in soil at sunrise. The cylinders were removed and their masses determined
and the tubes then returned to the same position from which they were removed. The cylinders were
then removed at sunset. The difference in mass between two times divided by the product of the
density of water and the area of the tube is the total soil water evaporation (in mm) for the given time
period. In inserting and removing the tubes from soil, it was important that the soil surface disturbance
was kept to a minimum. The surface of the tube was at the same level as the soil surface so as not to
alter the wind regime above the soil surface.

Aluminium cylinders with a diameter of 73 mm and a height of 125 mm, sharpened at the one end
were used. A small amount of teflon spray was used to ease the insertion of the microlysimeters in the
soil. Care was required to ensure minimal alteration to the soil surface. Another aluminium
microlysimeter placed on top of the microlysimeter in the soil was used to carefully push the
microlysimeter into the soil so that the surface of the first microlysimeter was flush with the soil
surface. Once the microlysimeter had been inserted into the soil, it was then carefully removed using a
pair of pliers. On occasion a pancake knife was pushed down the outside of the microlysimeter. A force
on either side of vertical was used to break away the soil at the base of the microlysimeter. Once the
microlysimeter was removed from soil, the bottom end of the microlysimeter was covered with two
layers of aluminium foil. The microlysimeter was numbered at the top and then placed in a sealed
plastic bag. The assembly was then retumed to the hole in soil. Excess plastic from the bag was folded
to ensure that no plastic protruded above the soil surface. At sunrise, the microlysimeters were
removed from soil, the bags sealed and then transported to the balance. Prior to mass determination, the
bags were removed but the aluminium foil kept in place. After mass determination for all
microlysimeters, the microlysimeters were sealed in their bags, and then returned to soil. As before, the
plastic was folded to ensure no plastic protruded above the soil surface, At sunset, the microlysimeters
were removed from the soil and weighed. The difference in mass (in grams) between sunrise and
sunset divided by 4.1853 (for the microlysimeters we used) was the total soil water evaporation in mm
for the day.

For the Lamesa vineyard row width of about 3 m, six microlysimeters at roughly equal distances
were placed across the row for three rows. The evaporation measurements were averaged for all
cighteen microlysimeters.

5.4 Results and discussion

5.4.1 Stem gauge measurements

The variation in canopy lstent heat flux density L, (F ) ... in a vineyard was observed by comparing
the measured values from six different vines (Fig. S.1). Relative to the calculated mean canopy latent
heat flux density, the standard deviation in the measurements from the six vines was high in the early
;ﬂgtﬂbgihhtehﬁu'yﬁgvmbdneﬁymh!mymm&ubuﬂnwofmiw
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Fig. 5.1 The diumal \aﬂauon in the mean (+) and standard deviation (x) of the canopy latent heat flux

density Ly (Fu)canagy (W m’ ) from six gauges for Day 159 (1992). Also shown (right-hand y-axis) is
the variation in the standard deviation to mean ratio (expressed as a percentage)

heated sap moving past the thermocouples but it may have also been due to the non-steady state
condition that may occur at sunrise, Also of particular note is the decrease in the standard deviation to
mean canopy latent heat flux density with time after sunrise although this may be partly attributed to
the increase in the mean value soon after sunrise. It would appear then that measurements from a single
vine are insufficient to describe canopy latent heat flux density.

The hypothesis that a single X___ value can be used for a number of different gauges placed in a
vineyard containing similar vines was tested. The diurnal variation in K for a couple of days for six
gauges is shown. While some of the gauges had the same value K____ for extended periods, others had
very different values (Fig. 5.2). It could be that the contact between stem and gauge was not the same
for all gauges. The evidence presented therefore indicates that it is necessary to obtain K values for
Mmy.wmwmkmammmmexnvmm&fmdummwmg
E":Oduringdnmlymminghoun.

Crucial to the calculation of M, (gs™)is the 4T, value. This term appears in the denominator of

the M, equmonmdnudmefonunperuwethuiuvnluebemmuwdmruhmwukedecm
nboutnmmgmdeuudnglhcpowmpplwdbthcbum.mdmmlvmmdr“b
shown for Days 153 and 154 (Fig. 5.3). In this experiment, the power to the heater was not switched
off at night. This omission resulted in quite large d7,__ values (exceeding 5 °C during the night).
During the day however, on occasion, there was insufficient power supplied to the heater (particularly
on Day 154). On this day, for some of the gauges, the d7,___ value approached 0 which resulted in
mmblecanopyhmthalﬂmdemityL(FMvﬂm The stem gauge data for Days 154 and
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Fig. 5.2 The diurnal variation in the gauge conductance Kgguge (W mV™") for six stem gauges for Days
153 and 154, 1992
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Fig. 5.3 The diumal variation in the stem temperature differential d7em (K) for six stem gauges for
Days 152 and 153, 1992
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155 were excluded due to problems with the power supply. The main limitation of the technique is that
under conditions of high canopy transpiration, the values of d7,_ decreased too close to zero, causing
unreliable M, measurements, uniess power 1o the heater is increased. However, there is a limit to the
amount of power that may be supplied to the heater without sensor damage. The K and 7,
measurements were useful in identifying reliable data.

5.4.2 Canopy and soil latent fluxes

For two typical days (152 and 159), the diurnal vanation in the net irradiance, the canopy latent heat
flux density L (F) ... is shown (Figs 5S4 and 55 respectively). The variation in the total
evaporation L_F_ from the vineyard, calculated as the average of eddy correlation and Bowen ratio
latent heat amounts, is shown. Of interest is the relatively close correspondence between the canopy
latent heat flux density L (F, ) camapy Values and the total evaporation flux density L, F_ measured using
the Bowen ratio and eddy correlation techniques before 10h00 and after 18h00 CST. On both days
however, the L F_ values were greater than the L (F)) ... canopy measurements in the carly
morming times. In the late aftemoon, the reverse was true: canopy L, (F)) . values were greater
than the total evaporation values L_F_. Also shown in Fig. 5.4 and 5.5 is the diumal variation in net
irradiance and soil heat flux density. The data for Days 152 and 156 to 159 were integrated from about
CST 06h00 to 18h00 (Table 5.1). The canopy latent heat, averaged from the six stem gauges, varied
from about 2.2 (on Day 152) to 3.7 MJ m™ (on Day 157), equivalent to a variation of 0.9 to 1.5 mm
respectively. The soil latent heat density, calculated as the difference between the total latent heat
density (the average of the BR and EC latent heat densities) and the canopy latent heat density
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Fig. 5.4 The diumal variation in the average energy flux density terms (all in W m™): the canopy latent

heat flux density Ly (Fu)eanapy from six stem gauges, the diumnal variation in the total latent heat flux

density Ly F (the average of the four Bowen ratio and two eddy correlation measurements) and the net
irradiance (right-hand y-axis) for Day 152, 1992
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Fig. 5.5 The diurnal variation in the average energy flux density terms (all in W m™): the canopy latent
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density Ly F\ (the average of the four Bowen ratio and two eddy correlation measurements) and the net
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measured using the six stem gauges, varied between about 3.16 10 4.49 M m™ (equivalent to a variation
of 1.29 to 1.84 mm or 1.29 to 1.84 / m™). For Days 152 and 156 10 159, the partitioning of the net
radiant density (measured using net radiometers placed above the canopy) was distributed almost
equally to canopy latent, soil heat, soil heat and sensible heat densities (apart from Day 158 when soil
heat was considerably lower due 1o a lower net radiant density).

The integrity of the measurements was checked by calculating the difference between net radiant
density and the sum of canopy latent heat density, soil latent heat density, soil heat density and sensible
heat density. The calculated error was always positive and averaged about 9 % for all days.
Considering the errors that are introduced through each component, these errors are not large.
However, the fact that the errors are always positive (although only slightly so on Day 157) may imply
that there is a bias in the data, ecither introduced through the theoretical assumptions imposed or a
consistent measurement underestimation.

The integrity of the data was further checked by comparing the calculated soil latent heat density, as
the difference between latent heat density (averaged from BR and EC data) and the actual soil water
evaporation obtained from the sunrise 10 sunset mass differences from the 19 microlysimeters for Day
157 (Table 5.2). The spatial variation in the soil microlysimeter evaporation was between 1.885 to
4.283 MJ m” (equivalent to a variation of between 0.77 to 1.75 mm). There is therefore quite good
correspondence in soil evaporation calculated using the two different measurement methods.
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Table 5.1 Total energy balance compoanents for Days 152, 156 to 159, 1992" The last column of the table
indicates the sensor used for the particular measurement in that row

Energy term/error Day of year (1992) Instrument/comment
152 156 157 158 159

Canopy latent heat 2223 3567 3682 3212 3582 Average of six stem gauge
density (MJ m™) measurements
R —
'Soil latent heat density  3.566 3729 4,160 3.164 4492 Difference between BR and
\(MIm?) EL,F,, - EC latent heat

(F) |- At measurementaverages and
P " canopy latent heat measured

ing six

Soil heat density (MJ 3051 4506 4977 1742 3.149 Soil heat flux plates
m'z) LF A1
Senu’blc heat density 3156 2903 4,18 3547 2486 Average of BR and EC

(MJ m™) H{(F(EQ sensible heat

+ Fy(BR)/2) M

Above canopy net 13322 15436 17.119 12493 16.642 Net radiometer placed sbove
radiant density (MJ m’ % the canopy

Zl A

Enor(MJ m™*) +1225 +0.731 +0.114 +0828 +2932 Row 5-sum(rows | t0 4)
Error relative to net 92 7 +0T7 466 +23.1

radiant density (%)

Total evaporation (mm) 237 298 320 260 330 FromBRand EC

(L, F/p,L)N measurement averages
Canopy transpiration 0.91 146 150 131 146 From the average of six stem
(mm) gauge measurements

I, (Fv)caq/p- L)

Soil evaporation (mm) 146 152 170 129 1.834 Total evaporation - canopy

e
Soil evaporation/total 62 51 53 S0 56  Canopy transpiration
evaporation x 100 percentage of total

= 100 - value shown

'"The measurements from six stem gauges were used to determine the daily total canopy evaporation
(MJ m™ and in mm). Daily total evaporation was calculated from the average of the BR and EC measurements
(MJ m™? and in mm) and the soil evaporation (MJ m™ and in mm) as a difference between the total and canopy
daily totals. The difference between net irradiance above the canopy and the sum of the latent heat, sensible
heat and soil heat measurements was calculated for each day as an indication of the overall error in the
measurements. Note that | mm is equivalent to 1 /m™

For the five day period, the total evaporation was 14.45 mm, the soil evaporation was 7.8]1 mm and
the canopy transpiration 6.64 mm. Soil evaporation was therefore 54.4 % of the total evaporation for the
period
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Table 5.2 A comparison between soil microlysimetric measurements of soil water evaporation (sunrise
10 sunset) agsinst that computed from the difference (for 06h30 w0 18h00 CST) between total
evaporation (calculated as the average of BR and EC latent heat measurements) and canopy latent heat
measurements obtained using six stem gauges for Day 157, 1992

Soil microlysimeter evaporation (7 = 19) in mm 126 £ 049
Soil water evaporation = total evaporation - canopy evaponim (mm) 1.70
Soil microlysimeter evaporation (n = 19) in MJ m” 3084+ 1199
Soil water evaporation 4.16
= total evaporation - canopy evaporation (MJ m™?) _

5.5 Conclusions

The partitioning of soil water evaporation and canopy transpiration was possible using stem steady
state heat energy balance and serodynamic (such as Bowen ratio and/or eddy correlation) techniques.
On virtually all of the days, soil water cvaporation exceeded canopy transpiration. On average, for the
five experimental days, soil water evaporation was 54 % of the total evaporation. Under water limiting
conditions of a wider row spacing, the soil interrow needs to be managed so that, for example,
advective influences resulting in hot air from the soil advected across a transpiring canopy, do not
diminish the savings. The management of the soil may therefore be as important as managing the crop
under water limiting conditions.

serodynamic evaporation tech for the
SIS npmofm?;p‘o:thn into transpiration Mnﬂ-hc:a:or:du
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Chapter 6

In situ measurement of sap flow in lateral roots and stems of
Eucalyptus grandis, under conditions of marginality,
using a steady state heat balance technique

6.1 Abstract

The steady state heat energy balance technique on stems is a non-destructive technique that allows in
situ measurement of sap flow rate in herbaceous or woody plants. The technique relies on the
continuous application of constant heat energy by a gauge surrounding a portion of a plant limb. We
evaluated the use of the technique for measurement of lateral root and stem sap flow rates in
Eucalyptus grandis. Gauges were attached to three £ grandis stems, approximately 100 mm in
diameter, and 1o a lateral root of each tree, approximately 28 mm in diameter. The roots exhibited a
similar sap flow pattern to the stems, but with reduced magnitude during the day. Following the diurnal
comparison, the lateral roots on one tree was severed, while the tap root of another was also severed.
Following severing, the lateral and tap root flow rates increased to meet continued stem sap flow.

6.2 Introduction

Measurement of sap flow rate in stems of herbaceous plants and woody trees is of great interest to
rescarchers working in plant-water relations, micrometeorology, and plant physiology. The recently
developed stem steady state heat energy balance method (SSS) for measuring sap flow rate in the stems
of plants (Sakuratani, 1981, 1984; Baker and Van Bavel, 1987) provides a useful 100l for monitoring
sap flow rate of individual plants.

Water extraction from water tables and different soil profiles by trees in the genus Eucalyprus, is
one of particular interest. In certain locations, some species of Eucalyprus are known to have deep
roots (Carbon ef al., 1982) that can exploit ground water reserves (Greenwood ef al,, 1985), Excalyptus
trees extract water from deep depths, creating soil large soil water deficits (Dye and Olbricht, 1993),
compared to a water deficit of less than 150 mm under annual pasture, under similar conditions
(Sharma, 1984). By contrast, Baldwin and Stewart (1987) found root densities of irrigated E. grandis
W. Hill ex Maiden, to be particularly high in the top 300 mm of a soil profile, declining sharply with
depth. They also found that in most cases, the highest density of roots occurred immediately below the
surface, unless a lack of water or other factors restricted root development in this zone.

Water transport studies have shown that resistance to flow through the root, the root-soil interface
or the soil can significantly affect the flux of water through the soil-plant-atmosphere continuum
(Tinklin and Weatherley, 1966; Meyer and Ritchie, 1980; Herkelrath er al., 1977; Zur et al., 1982).
Running (1980) estimated that soil and root resistance accounted for 52 to 74 % of the total resistance
1o flow through Pinus contorta (Dougl.). Roberts (1977) reported that when 16 m tall Pimar sylvestris
(L.) were severed from their roots and placed in water, transpiration rates were almost as twice as high
as in a rooted control. If the ability to absorb water is a critical limit to water movement through the
plant, then it would follow that a plant which has produced a large root system would be able to
maintain higher leaf water potentials than the same plant could if it had a smailer root system. The
underlying assumption that root resistance to water inflow is always great enough to limit water
movement had not been adequately tested, particularly in woody species under ficld conditions,
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Recent development of nonintrusive stem gauges, using the SSS technique, allows direct
measurement of water flow rate in stems or branches (Savage ef al., 1993a). However, we are unaware
of the use of this technique for the measurement of sap flow in roots. Our aim was to evaluate the
technique in terms of its capability of providing information on lateral root and stem water flow rates.
We used root severing to stop soil water utilization from different depths, as may be represented by soil
water depletion in different rooting zones.

To date, published results have been limited to plants with diameters from 8 to 79 mm. Steinberg e/
al. (1989) concluded that there was no contemporary evidence that pointed to a range limit of the
technique. We also present data testing the functionality of the SSS techniques SGB100-WS gauge
(110 mm diameter) on large £ grandis seedling trees (height 10 to 15 m, diameter 1000 to 1100 mm).

6.3 Materials and methods

6.3.1 Bloemendal Site

The experiment was conducted between September and November 1992, at the Bloemendal
Experimental Station of the Institute of Commercial Forestry Research (University of Natal), situated
15 km north of Pietermaritzburg (latitude 29°37°S, longitude 30°19'E) at an altitude of 850 m. The site
consists of a North-facing slope with gradients of between 179 and 22° (20 1o 40 %). The site is
regarded as marginal for all commercial forestry crops except wattle (Adcacia mearnsii) due 1o the steep
slopes, shallow soils and high air temperatures. The mean annual air temperature for this area is 17.3
°C and the mean annual rainfall is 905 mm (Boden, 1991). The soil was of a Glenrosa form (Macvicar
et al., 1977) (with a shallow orthic layer of about 150 mm) which had been terraced. The trees were 1.5
m apart with a row spacing of 4 m, resulting in a population density of 1667 trees ha™'.

6.3.2 Materials for the Bloemendaal experiments

Gauges (Steinberg ef al., 1990) installed on the stems and on the roots were the commercially available
models SGB100-ws and SGB25-ws (Dynamax Inc., Houston, Texas, USA). The mention of trade
names or proprietary products does not imply endorsement or otherwise by the authors or their
sponsors. An automatic weather station, 10 m from the experiment, included a 207 air temperature and
relative humidity sensor (Phys-Chem Scientific Corporation, New York, New York, USA), a LI1200S
silicon pyranometer (Li-Cor, Lincoln, Nebraska, USA), a TES2S tipping bucket raingauge (Texas
Electronics, Dallas, TX, USA) and a ECO model WS/D86 wind speed and direction sensor (ECO,
Pretoria, RSA) for the measurement of air temperature and relative humidity, solar irradiance, rainfall,

Three dataloggers for the gauges (models 21X and CR7X from Campbell Scientific, Logan, Utah,
USA) were used. Voltages were logged every 15 s and averaged or totaled every |5 minutes, Two 12V
batteries with a capacity of 125 A h were used in parallel 10 power gauges and dataloggers. The
batteries were recharged every 2 or 3 days. A voltage of about 8 V was used to power the heater of the
large (model SGB100-ws) 100-mm diameter gauges. For measurement of this voltage, potential
dividers halved the voltage to 4 V since the datalogger had a voltage measurement limit of about 5.5 V.
The appropriate multiplier was used in the datalogger program to record heater voltage required for the
calculation of heater power. A voitage of about 4.5 V was applied to the smaller (SGB25-ws) 25-mm
diameter gauges.
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6.3.3 Methods for the Bloemendal experiments

Data from the automatic weather station, including wind speed (m s'') at a height of 2 m, the daily
average wind speed (km/day), the daily maximum and minimum air temperatures (°C) and daily solar
radiant density (MJ m™) were used to calculate potential evaporation in mm/day (Monteith and
Unsworth, 1990). A reflection coefficient of 19 % was assumed for the Eucalyprus canopy (Monteith
and Unsworth, 1990).

A stem thermal conductivity (K__) value of either 0.54 or 0.42 W m™' K™ has been assumed for
most herbaceous or woody plants respectively (Ham and Heilman, 1990; Steinberg er al, 1990).
Savage ef al. (1993b) obtained an average of measured stem thermal conductivity values for £ grandis
of 0.34 W m” K. This value was used for our study. The lateral roots, despite being smaller and
physiologically different, were also assumed to have a thermal conductivity of 0.34 W m™ K. Gauge
conductance (K ) of the small (model SGB25-ws) 25-mm diameter gauges was assumed to be
1.676 W mV"' (Lightbody, 1993; Savage et al., 1993b). However, the gauge conductance of the larger
(model SGB100-ws) 100-mm diameter gauges was determined using apparent values measured at
midnight for each day when sap flow rate was assumed to be zero. This latter procedure is similar to
that of Steinberg ef al. (1990).

The details of the experiment are summarized (Table 6.1)

6.3.4 Bloemendal experiment A: Stem flow rate measurement.

Branches were carefully removed with a sharp knife from the gauge attachment area (a region from the
soil surface to 0.85 m above the soil surface), and the bark sandpapered until smooth using fine (600
grit) emery paper. Dow Coming silicone grease was then applied to the stem and covered with
commercially available clingwrap (thin plastic). One SGB100-ws gauge was then attached 1o each of
three tree stems at a height of 0.15 m. Extra insulation was applied to the gauges in an attempt to
maintain a steady state condition. Reflective aluminium foil was then wrapped around the extra
insulation. White plastic was wrapped around the upper part of each gauge, and scaled against the tree,
in order to keep the heater gauge and thermocouples dry from any rain or dew.

6.3.5 Bloemendal experiment B: Root flow rate measurement.

A SGB25-ws gauge was attached to a single lateral root of each of two of the three trees fitted with
stem gauges. The top 300 mm of soil at the base of the trees was removed and a procedure, similar to
that for the stems but excluding the use of aluminium foil, was used to attach gauges to roots. The
excavated soil was then replaced around the lateral roots and attached gauges so that the sensors were
entirely below the soil surface. Lateral roots were mostly found in the top 300 mm of the soil profile,
despite the low soil water content. Shale restricted lateral root development. The gauges on the lateral
roots were placed 900 mm from the stem along the root of tree I, and 300 mm from the stem along the
root of tree [1, where the root diameters were within the 24 to 32 mm diameter range of a SGB25-ws
gauge.

6.3.6 Bloemendal experiment B1: Stem and lateral root flow rate measurements just prior to and
after tap root severing.

Following the comparison of the diumal sap flow rates between the stems and roots of trees | and 11,
the SGB25-ws gauge was left on the lateral root of tree | and sap flow measurements continued, In
order 10 sever the tap root, soil was removed from the base of the tree again so as 10 expose the tap
root. Without disturbance of the lateral roots, the tap root was severed below the lateral roots at 12h30
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Table 6.1 Summary of the procedures and variables involved in Chapter 6

A (stems) l :

Measurement of the sap Mow rates through the ‘anﬂhm&wm&mgﬁusmm

stems of trees | and 2 | lateral root for trees | and 2
‘Diameter of stem (tree 1) = 0.0985 m Diameter of lateral root (tree 1) =0,0287 m
'Diameter of stem (tree 2) = 0.1015 m Diameter of lateral root (tree 2) = 00271 m
Ko =034 Wm" K™ K =034Wm' K"’
tx (SGA100-ws) determined using K puipe (SGB25-ws) determined from Chapter 2 (i.e.
pm-dl\mmﬂbod(le it varies daily) 1.656 WmV™")
Gauge placement: 150 mm above soil surface  |Gauge placement: 900 mm along lateral root of tree
for both trees 1 300 mm along lateral root of tree 2
| Bl (tree 1) B2 (tree 2)
Excised the tap root on  |Excised the lateral roots
tree | on tree 2

Continued stem flow rate |Continued stem flow rate
measurements on tree | |measurements on tree 2
as for experiment A as for experiment A
Continued lateral root
flow rate measurements
on tree | as for

& experiment B

on day of year 292, All of the lateral roots for this tree were within 300 mm below the soil surface. A

metal plate was used to completely separate the severed root parts. The SGB100-ws gauge was also left
on the stem and sap flow measurement continued.

6.3.7 Bloemendal experiment B2: Stem flow rate measurements just prior to and after lateral
root severing.

The soil at the base of tree 11 was also removed. Instead of severing the tap root as was the case for tree
I (Experiment B1), all lateral roots were severed st 12h30 on Day 292 leaving only the tap root
undisturbed. The SGB100-ws gauge was left on the stem while the SGB25-ws gauge was removed
from the lateral root prior to severing.

6.4 Results of the Bloemendal experiments

Day of year 292 was typical of the days on which measurements were obtained. Data obtained for this
day will be discussed in detail. The maximum air temperature was 25.2 °C (Fig. 6.1) and it was sunny
for most of the day. The wind speed increased carly in the moming, peaked in the aftemoon, and was
very calm after 21h00. The rainfall for the nine months preceding our experiments was well below the
long-term average (Table 6.2). The total rainfall of 483 mm was the lowest recorded rainfall since
1952,

The various component energy fluxes are defined in Fig. 2.1. The heater flux £, the vertically
conducted energy flux £+ E, _ . the radial heat energy flux £, and the sap flux £__, measured
for the lateral root and stem of tree | are illustrated for day of year 292 (Figs 6.2 and 6.3, Experiments
A and B respectively). The power supplied to the gauge heater attached to the root was constant at 0.47
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Fig. 6.1 Weather data for Day 292, 1992: airtunpammTw("C)mdwmdspeedU(ms ) on the
left-hand y-axis and solar radiant flux density Rfd (kW m”™ ) and water vapour pressure WVP (kPa) on
the right-hand y-axis

Table 6.2 Five years of monthly and total rainfall illustrating how dry the year of experimentation
(1992) was

Year Rainfall in mm

Jan Feb Mar Apt May Jun Jul Aug Sep Oct Nov Dec Total
1987 144 156 216 10 45 14 115 412 6 97 118 1449
1988 79 147 212 26 61 64 24 16 22 7 100 182 990
1989 93 221 43 38 19 1 36 0 26 7 323 37 957
1990 130 129 214 64 20 6 0 100 29 123 80 153 1048
1991 257 191 108 19 46 7 6 3 60 170 123 67 1057
1992 116 88 48 31 0 0 1 Rl 27 40 68 55 483

W (Fig. 6.3). The radial energy flux component E_ , remained relatively constant during the day, and
then increased in the evening when more heat energy was being conducted radially. The energy flux
conducted vertically, E___ + E, _, followed a similar pattern to the radial heat flux £_ . Most of
the heat apportioned to sap flux £ during the day, was repartitioned to radial heat flux £ and
vmkﬂlymwﬂuxf”+£~_pnw

Since the root temperature differential d7, , (Fig. 6.2) is in the denominator for the calculation of
the sap mass flow rate M, (kg h™), if it approaches zero then M, (Fig. 6.2) will approach infinity
(Savage ef al,, 1993a). Root temperature differential d7,_, for tree | was less than 7 °C (Fig. 6.4);
excessive 7, , values may harm the tree physiologically. Stem temperature differential 47, (Fig.
6.3), reached about 18 °C at sunrise. Of note is that 47, _, did not decrease much below | °C during the
daylight hours implying that the M_ would not be overestimated. Our lower limit of the temperature
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Fig. 6.2 Variation in the component energy fluxes (W) on the left-hand y-axis and the temperature
differential, d7sem (°C) 0n the right-hand y-axis for a 100-mm gauge attached to the stem of tree | for
day of year 292, 1992 (Experiment A)
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Fig. 6.3 Variation in the component energy fluxes (W) on the left-hand y-axis and the temperature
differential, dT,0c¢ (°C) on the right-hand y-axis for a 25-mm gauge attached to a lateral root of tree |
for Day 292, 1992 (Experiment B), Sunrise was at 05h49 and sunset was at 18h40

Chapter 6  /n situ measurement of sap flow in lateral roots and stems of £ grandis, under cond-
itions of marginality, using » steady state heat balance technique



An investigation of the stem steady state heat energy 161
balance technique in determining water use by trees

differential d7,__ for the stems only decreased to about 3 “C, whereas our unpublished data indicates
that it may decrease to about 0.75 °C without M, being overestimated. These minimum &7, and
dr,. values (1 and 3 °C respectively) indicate that the power supplied to the gauge heater was
adequate. If we had applied less power to the gauges, so as to increase the times between battery
replacement, lower a7 values could have occurred with corresponding erroncously large sap flow
rates measured.

The E.’ component was high during the day and low at night for roots and stems as would be
expected since it is the dominant term during conditions of high sap flux (Fig. 6.2, Experiment A and
Fig. 6.3, Experiment B). Compared to the component energy fluxes for the root (Fig. 6.4), the steady
state condition for the stem measurements was not always attained (Fig. 6.2, Experiment A) since for
stems E__ actually exceeded the heat flux E,__ for the first part of the moming. Concurrently, the
radial (£,,,) and vertical (E___ + E,__) heat fluxes for stems were negative. The sudden increase in
heater power shown in Fig. 6.3 is due to a battery replacement at 13h00,

The mass sap flux measurements in the stems (Experiment A) and roots (Experiment B) of trees |
and 11 are illustrated in Figs 6.4 and 6.5 respectively. The mass sap flux in the lateral root of the two
trees (Experiment B) showed a very similar diurnal trend. The only major difference was in the amount
of water transpired. The mass sap flux in the stems of the two trees also showed a similar diurnal trend
with the main difference being that the flux through stem | (Fig. 6.4) was larger in magnitude. The low
measured flow rates should be seen in the context of the lower than usual rainfall (Table 6.2).

Daily integrations of the mass sap fluxes for the stems (Experiment A) and lateral roots
(Experiment B) for trees | and 11 were carried out for a five day period (day of year 289 o 293) (Fig.
6.6). The daily potential evaporation (mm/day) and total daily solar radiant density (MJ m™) are also
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Fig. 6.4 Diurnal sap flow rates Mgy (2/15 min), between a lateral root (25-mm gauge) and the stem
(100-mm gauge) of tree | for Day 292, 1992 (Experiment A and B). Also shown is the solar irradiance
Rfd (kW m™, right-hand y-axis)
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Fig. 6.5 Diummal sap flow rates Mg (2/15 min), for a lateral root (25-mm gauge) and the stem
(100-mm gauge) of tree II for Day 292, 1992 (Experiment A and B). Also shown is the diurnal solar
irradiance Rfd (kW m™, right-hand y-axis)
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Fig. 6.6 Total cumulative water (litres, left-hand y-axis; mm, right-hand y-axis) through the stems
(100-mm gauges) and lateral roots (25-mm gauges) of trees | and 11 for Day 289 to 293, 1992. During
this time period no root severing occurred. The daily potential evaporation PE (mm/day) and total
daily solar density (MJ m'z) are shown above the histogram clements
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presented (Fig. 6.6) to give perspective to magnitudes of the daily quantities of sap flowing through the
stems and lateral roots.

For the lateral root and stem (Fig. 6.7 and 6.8), while the wp root was being severed from tree |
(Experiment B1), the sap flow rate rapidly increased for a short period due to the severing. Similarly,
when the lateral roots were severed from tree II (Experiment B2), the sap flow rate in the stem also
increased markedly for a short period (Fig. 6.9).

6.5 Discussion

6.5.1 The Bloemendal experiments

In the case of stems and roots, during the daytime hours, it may be possible to ignore the vertically
conducted heat £+ £, but not the radial heat flux £__, (Figs 6.2 and 6.3).

The peak stem flow rate of tree | (Experiment A) reached 220 g/15 min while the peak stem flow
rate of tree 11 was 86 g/15 min (Figs 6.4 and 6.5, respectively). Similarly for the lateral roots, the flow
rate (Experiment B) in tree | was much larger than the root flow rate in tree 1l (Figs 6.4 and 6.5
respectively). It should be noted that tree | and [1 appeared to have similar leaf areas. Immediately after
the stem mass sap flux for tree | (Fig. 6.4) had peaked at about 13h00, it declined sharply. This is not
illustrated as well for the measurements on the stem of tree I (Fig. 6.4) since the power supplied to the
heater was increased at the time of the expected sharp decline. The peaks of the mass sap fluxes for the
stems of trees | and [T both lagged the peaks of the mass sap fluxes for their respective lateral roots.

The daily sap flow amount for tree | is much greater than that for tree [I (Fig. 6.6). On Days 289 and
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Fig. 6.7 Diurnal sap flow rate Mg, of the lateral root (25-mm gauge) for tree | (/15 min) on the
left-hand y-axis and the lateral root temperature differential d7, 00 ("C) on the right-hand y-axis for
day of year 300 1o 304, 1992 (Experiment B1), The time of cutting the tap root was 12h30 on Day 302
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Fig. 6.8 Diurnal sap flow rate Mygp (/15 min) on the left-hand y-axis through the stem (100-mm
gauge) of tree 1, and the stem temperature differential d7em (°C) on the right-hand y-axis for day of
year 300 to 304, 1992 (Experiment B1). The tap root for tree | was cut at 12h30 on Day 302
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Fig. 6.9 Diurnal sap flow rate (g/15 min) on the lefi-hand y-axis through the stem (100-mm gauge) of
tree 11, and the stem temperature differential (°C) on the right-hand y-axis for day of year 300 to 308,
1992 (Experiment B2). The time of cutting the lateral roots was 12h30 on Day 302
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292 the magnitudes of the accumulated sap flow for the lateral root of tree [ is almost equal to that
through the stem of tree I1. The average daily accumulated sap flow for the stem of tree | is about 5.5
litres while that for the stem of tree 11 is about 3 litres. This demonstrates that two trees growing in
close proximity may vary in water use, Such differences, for trees of similar size and leaf area, would
not be expected, unless subjected to different levels of water availability.

The sap flow rate M__ through the stem of both trees is shown to alter suddenly at midnight on
certain days (Figs 6.8 and 6.9). This is as a result of changing the gauge conductance K___ at that
time. By contrast, at midnight on Day 302, the apparent gauge conductance increased. We adjusted
K e 10 equal the apparent gauge conductance causing M to decrease. On other days such as Day
301, M, did not change at midnight implying that the apparent X remained the same for the two
days. For comparison however, K___ was not altered in Fig. 6.7. This implies that there may still have
been nocturnal stem sap flow (Figs 6.8 and 6.9) and that altering X may have introduced artifact
into the nighttime data and to a lesser extent the daytime data. This aspect is currently under further
investigation.

Root severing experiments may yield valuable information on the response of trees to a reduced
availability of soil water. In a root severing experiment on Abies amabalis (Douglas,, Forbes) Teskey
ef al. (1985) found that in comparison to the responses of a coatrol tree, severed-root treatments
showed that removal of approximately 31 % of the xylem cross-sectional surfiace arca of the root
system had no apparent effect on xylem pressure potential or leaf’ conductance. Further, this severing
had no effect on stem sap velocity or water relations of the foliage. When a larger portion was severed
(56 %), xylem pressure potential was lower. After comparison of this response to that of a tree that had
been completely cut from its roots, it was evident that water was being supplied to the trees through the
remaining roots, Teskey ef al. (1985) suggested that the ability of the trees with partially severed root
systems to maintain Jeaf conductances and xylem pressure potentials comparable to that of a control
was related 10 an adequate inflow of water from roots and not solely from stem capacitance. They
noted that under the conditions of their experiment, stomata appeared to be the primary regulators of
water movement in the system.

In our Experiment B1, when the tap root was severed, the sap flow rate in the lateral root and stem
increased almost immediately (Figs 6.7 and 6.8 respectively). This is in accordance with the findings of
Marshall (1958) that when vessels of a living tree are cut, the rate of sap flow displays a large and
instantancous change in magnitude. The sap flow rate through the stem decreased (Fig. 6.8) for the
following two days while sap flow rate through the lateral root (Fig. 6.7) increased, In order to satisfy
the transpiration demand the uptake through fewer roots resulted in an increased flow rate per root.

The effect of severing the lateral roots on tree 11 (Experiment B2) reduced the sap flux through the
stem the next day. The following two days however showed a recovery in sap flux, though not 1o
pre-severing levels (Fig. 6.9).

Lateral root flow rate increased following tap root severing (Fig. 6.7), while clearly the tap root
flow rate must have increased following lateral root severing. We conclude that the lateral roots and tap
roots are just as important for water uptake and that if water is available, roots continue to satisfy the
transpiration if either lateral or tap roots are severed. We therefore hypothesize that £ grandls, under
soil water limiting conditions, may be equally dependent on deep soil water supplies via the tap roots
or on shallow soil water resources via the lateral roots depending on water availability to individual
roots

Chapter 6 Jn vitu measurement of sap flow in lateral roots and stems of £. grandis, under cond-
itions of marginality, using a steady state heat balance technique
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Working on E. marginata (Donn ex Smith) saplings, Stuart Crombie ef af. (1987) showed that
predawn leaf water potentials were unaffected by removal of up to 80 % of roots irrespective of
whether surface soils were dry or wet. Leaf shedding and efficient stomatal closure prevented severe
water stress developing in remaining leaves until nearly 90 % of the roots had been removed. The
effects of root pruning on midday water potentials were variable especially when soils were dry,
suggesting that not all trees had equal access to soil water, The effect a given level of root pruning
would have on a tree’s water relations would therefore depend on both the size of the root system and
the location of the remaining roots with respect to available water reserves.

Tree root systems may have been optimised for other site specific conditions, possibly nutrient
uptake or conditions of low soil water, The size of the root system may also reflect previous exposure
to drought. During periods of low soil water potentials, resistance to water flow through the soil and
the root-soil interface appears to increase (Tinker, 1976). Under conditions of fluctuating water supply,
a large root system may be a very important drought-avoidance adaptation (Teskey ef al., 1985). Briggs
and Wicbe (1982) found that removing 25 % of the roots of Helianthus annus (1..) caused a decrease in
transpiration. These results suggest that the roots and shoots of annual plants may be more closely
coupled than those of a perennial. It is still conceivable, however, that areas with sporadic rainfall and
soil profiles restricting root development, be considered as marginal sites according to the conditions
for marginality as described by Wessels (1984),

6.5.2 Potential evaporation for Zululand

As potential evaporation data for the KwaMbonambi district are not readily available, mean S-pan data
from two sites at Richards Bay were averaged and compared to mean monthly rainfall data, collected
over a period of approximately 60 years, averaged from three stations located in different parts of the
Kwa-Mbonambi district (Fig. 6.10). A-pan data is also presented in Fig. 6.10. This was determined by
multiplying the S-pan data by a set of date specific constants (Apan /Span ) that is applicable to South
African castern scaboard maritime regions (Bosman, 1987, 1988). Both evaporation at Richards Bay
and rainfall at KwaMbonambi increase steadily from July to December followed by a steady decline
until June (Fig. 6.10). KwaMbonambi rainfall data are average means from the three stations: 0305128
S, 0305306 A, and 0305308 W (over a period of 60 years). Richards Bay S-pan data are average means
from the two stations: 0305105 T and 0305137 T (recent). A-pan data were calculated by multiplying
the S-pan data by a set of date specific constants (Apan /Span ) that is applicable to South African
castern seaboard maritime regions. This set of monthly constants consists of the following: 1.24 (Jan),
1.26 (Feb); 1.28 (Mar); 1.29 (Apr) 132 (May); 1.34 (Jun); 1.40 (Jul), 1.41 (Aug). 1.37 (Sep); 1.33
(Oct); 1.28 (Nov) and 1.27 (Dec) (Bosman, 1987; 1988).

From August to December, evaporation is greater than rainfall. The significance of this is that the
potential for transpiration is likely to follow a similar pattern. It is significant to note that healthy
mature Eucalyptus trees tend to be more acrodynamically resistant and present a greater surface area
for evaporation than the apparatus used to measure evaporation in most weather stations. Under such
circumstances it is likely that, after a certain stage of growth, trees planted in this area possess the
potential to transpire more water than is supplied by rainfall alone (Fig. 6.10) and consequently will
depend on soil stored water for their sustained growth in the long term. There was some concern that
available stored groundwater in parts of a large area incorporating Kwa-Mbonambi may be near
depletion and that this may affect sustainable tree performance.

Ehpm6 Inslumnmldupﬁwhwmmmmoﬁ grandis, under cond-
itions of marginality, using a steady state heat balance technique
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6.6 Conclusions

Root severing experiments may yield valuable information on the response of trees to a reduced
availability of soil water. Trees growing in close proximity may vary in water use. Such differences,
for trees of similar size and leaf area, would not be expected, unless subjected to different levels of
water availability. When a tap root was severed, the sap flow rate in the lateral root and stem increased
almost immediately. The effect of severing the lateral roots of tree Il (Experiment B2) reduced the sap
flux through the stem the next day. The following two days however showed a recovery in sap flux,
though not to pre-severing levels. Lateral roots and tap roots are just as important for water uptake and
if water is available, roots continue to satisfy the transpiration if either lateral or tap roots are severed.
We therefore hypothesize that £ grandis, under soil water limiting conditions, may be equally
dependent on deep soil water supplies via the tap roots or on shallow soil water resources via the lateral
roots depending on water availability to individual roots,
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