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ABSTRACT

The particular need for reliable and accurate information on
thé water requirements of street trees in paved areas in Singapore
is discussed and the results of literature sgrvey for reported
results of investigations of thé.water requirements of street trees
is reported.

Theré is a paucity of such results, and methods for field
studies of the water consumption of street trees’are reviewed. The

methods examined include those based on meteorological data, on

measurements of soil water status and on measurements of water flux .

of trees.

It is concluded that‘measurements‘of soil water status would
be the most appropriate in providing data for use as a basis for
accurate design or criteria for réad drainégé works which aid the
irfigation of street‘tfeeé.

It is‘proposed that Volumetric lysimeters be used in areas
where space is not limiting to estimate the water requirements of
small to medium sized trees. The neutron scattering meter will be
used fo monitor soil water content depletion and tensiometers to
indiéate water potential gradients at a range of existing tree
plantings to provide information on the actual water requirements

of existing trees.



CHAPTER 1

INTRODUCTION

1.1 STREET TREES IN. SINGAPORE

The planting and care of street trees in Singapore is carried
out by numerous local authorities. The Parks and Recreation Department
has the major responéibility of planting in public areas.The’ﬁlantings
are carried out in many urban‘situatioﬁs, for example median strips,
.roadsides and.boulevards. The planting program is both extensive and
intensive and the nurture of the planted trees is requiring increased
beffort, more advanced knowledge and much expertise.

The planting program has the strong support of the Government
but on occasions concerns have been expressed for the health of the
trees and directions given to ensure that adequate watef‘is supplied
to enhance the trees and thus their'behefifs;.namely, improved
aesthéticé of paved areas in streets and boulevards. As a consequence
of these directions engineering works are under consideration to
channel surface runoff from the paved areas to the root zone of tﬁe
trees.

_Sucﬁ works may be expensive and well—bésed information‘on the
water requirement of thé trees is necessary to ensure effective and
efficient design. However, reliable and accurate iﬁformation Qith a
vscientific.or teéhnical base is lacking.

This study was initiated in response to this lack of information.
The approach- adopted was to sﬁudy,texté and the literature to prbvide
é scientific understanding of the water requirements of the trees and
‘to extract information which could form the basis ofvguidelines to

the water requirements of street trees in paved areas.in Singapore



and to formulate investigations and research programs to ensure that
reliable and accurate information is obtained.

Much work has been done'on the water requirements of plants
and the rélationship5<between plant growth and water. The literature
is' voluminous but most studies were made where there was a'primafy
concern of crop yield in relation to water supply. Agricultural and
horticultural plants have received particular attention but also
forest trees. |

The literature on the water requirements of urban trees in
paved areas was found to be’scantiindeed; This was surprising for
town landscape designers and muﬁicipal arborists have showﬁ»much
concernvabout'the water requirements of urban trees and scenes of
déad.or'dying trees in‘planting sites with sealed pavements right
up'to the tree bases have long worried administrators and the tree
1over$. For example, fhe‘editorial in Australian Parks (Anon, 1968)
called for more information and discussion on the éffect of sealing
around the Base of trees .on water avéilability and there is some
diversity-in the practice of providing‘openingsvih sealed pavemeﬁts
adjacent tortrees.

In many cities it is common practice to plant street trees in
- a green vefge‘or'if the tree has to be planted in a paVed area an
unsealed.opening is provided around fhe base of the tree. A literature
search has not found a definitive study of the‘need for these
openings nor the performance of the openings. Brarmann (1966) cited
variopérsiies of opening, 1m x 2m; 1.5m x 1.5m; and 1lm x 2.5m, in
cities in the United States of America. He suggested that 1.2m x 1.2m
wés desirable but for practical reasons accepted a dimension of

Im x 1.2m for New York City. Bernatzky (1978) recommended that at



least 20m2 be left open around the tree trunk to meet the water
requirement df the tree.

In Singapore, the uﬁsealed area around a tree has been
progressively enlarged from 4m2 to 16m2. However because the
unsealed area seems so small compared to the entire root zone of
a tree it is doubted whether the incoming precipitation (throughfall
and stemflow) is sufficient to support»thektreet and engineering
measures are taken to bring in more water to the root zone‘of the
treez. | | |

Under present engineering practices underground pipeslare‘
installed for irrigationr( and aeration ), roads are cambefed SO
‘that more surface water is collected foridrainage to the trees and
sumps are constructed adjacent to trees. The justification for these
measures.is the belief that it ié better fo do something fo save a
tree than to let it die by doing nothing. |

Lack of water may not_ofvcourse be the only factor contributing
to the death of treesriﬁ paved areas. Pollution, lack of aefation,‘
restriction to root growth by compacted soil and change in the soil
level during construction could be more detrimental than lack of
water (Tattar, 1978; Bernatzky, 1978;1Ying1iﬁg et al.,1979).

Thus, like many other problems, not enough is known abdut-the-"
water requireménts of urban trees in Singaporeﬁand to answer the
questions that are raised by the need for design criteria and for
better uﬁderstanding and management of the trees it is neceséary td

study their water requirements.



1.2 OBJECTIVES OF THE STUDY

In the daily maintenance of urban trees watering is a routine
task in the dry season of many.cities, particularly for young trees.

Watering can bebdone by an automatic sprinkler system or with
a water tanker. For efficiency it is necessary to know for example
héw much irrigation water should be applied. While reliance may be
placed on the visual ihspectionlof trees or soilbbasea on working‘
experience, more reliable and scientific methods are desirable.

The water applied,to‘a tree planted in;the ground is_taken up
by the tree, held’in the soil or lést to the root zone by redistri-
bution. The amount of_water applied therefore ddes not equal the
amount required by the tree for survival and gfowth. It is desiréblg
to know éccurately the amount of water a tree needs to maintain its
growth processes. This knowledge would be particularly useful for
planning purposes when irrigation of the planting site may be by
means of engineering works.

The questions when and how much irrigation water should be -

~applied to existing trees; how much water various spécies of trees

ngedﬁ_and the change in fhese requirements are of paramount impor-
tanice in relation to the water requirements of urban trees in paved
areas..Thesé questions'were the basis of the formulation of the'
objéctives of this study.

This study had the follbwing objectives:

EY) To review the methods and instruments that are commonly
used for estimating or éVaIuating,water losses from a plant
community or single trees. |
(2)  To understand the principles and theories on which these

methds are based.



(3) To examine the application of these methods and instruments
in regard to their limitations and the most appropriate conditions.
(4) To sélectvmethods and instruments suitable for use for
determining the water requirements of single trees planted in

paved-up areas in an urban city.

1.3 TERMINOLOGY

1.3.1 Street trees and urban trees.

Many terms have béen used in the literatUre to refei to frees
planted in the urban setting. Shade_tfee (Taftaf, 1978), ornamental
~ tree (Creech, 1976), street tree (Sekiguchi et al.,1973), urbaﬁ tree
tHimelick, 1976), metropolitan tree (Smithkand Dochinder,1976),
municipal tree'(Collins,1976)‘and amenity tree (Dudley,1976) have
all been used. |

Not all trees in urban areas are plantea‘in a restricted. growing
aréa. Trees are alsb planted in schoollfields, playgrounds, parks, open
spaces, ovals and green belts in the city where there isradequate
growing space and the surrounding ground surfacevis not_sealed; They
are nof the subject of this stﬁdy. |

Trees planted next to streets, highways, pedestrian wélkways;
or in the plaza, shopping malls, car parks, boulevard and the central
divider of carriageways, have one thing in common; their root syétems
are ofteﬁ under layers of pavement made of impervious or semi-impervious
“materials like tarmac, brick, tile and concrete. These trees can be said
£o be stfeet orientated and in this stUdy, trees that afe planted in‘
. paved-up areas aré termed street trees. It is the water requirement of

these street trees that is examined in this study.



When-a general reference is to be made about trees planted in

the urban setting, the term urban trees will be used.

1.3.2 Evapotranspiration and transpiration.

Evaporation is the transfer of water from the liquid to the
vapour state (Linsley and Franzini,1964) and it cén take place from
~a free-water surface, from a plant Qandpy and from the Soil.
Evaporation of water intercepted by the plaﬁt canopy will have some
‘relevance to this study and will be termed interception loss (White,
1979) . |

. The process by which plants remove water from the soil and
release it fo the étmosphere as vapour 1is caliéd transpiration. Fof
a fﬁlly yegetated soii surface, transpiration is thought to be the
' prin;ipal mechanism responsible for the depletion of soil water
(Hi11e1,1972). HoWever, when the soil surface is partially bare ‘and
pértially covered by planf canopy, it is difficult to separate the
soil water depletion into evaporation from the soil and transpiration
from the vegetation. The term evapotranspiration is used to denote
the-process by which soil water is depleted as a résult of either
.jointly or separately evaporation from the soil and transpiration‘by
paftial_plant_canopy cover (Hanks,and Ashcroft, 1980).

-Both the terms evépotranspiration and transpirétion will be

used in this study.

1.4 SCOPE OF STUDY

A study of the water requirements of plants involves the soil,
~the plant and the atmosphere which are linked closely in a dynamic

system called the 'soil-plant-atmosphere continuum (SPAC)' (van



Haveren and Brown,1972).To a very large extent the atmosphere controls
the ratebof evapotranspiration but the free appears to occupy a
central position as it acts as a channel through which water is
transmitted from the soil to the atmosphere. However, the water is
held in the soil.

The rate and ease at which this soil water is made available to
the plants wiil influence an irrigation program and in Chapter 2
fundamental aspects of soil water are examined. These aspects include
the definition and calculation of the soil water potential and soil
water contént which quantify respectiﬁely the energy holdihg the
water in the soil and the amount of water,held in the soil. The age-
old concept éf field capacity and permanent wilting percehtége are
Briefly discussed as they define the amount of soil watef'whichAis
available fof plant use.

The methods and instruments for measuring soil water, both its
content and its potential, are discussed in Chapter 3 but only those
that are used in field measurements are mentioned. The merits and |
limitations of each of the methods are also examined.

Chapter 4 reviews the methods commonly used in determining
water,loss by trees. As stated earlier, water use by trees depends'
-on intefacting factors among the soil, plant and the atmospheie. The -
chaptei'is therefore arranged to diséuss the methods according to soil
data, climatic data and the plant itself. Here égain emphasiS,is on .
field evaluation and laboratory technique is excluded. The principles
and the basic aSsumptidns on which these methods are based are

'examined critically to see if they are suitable for use in an urban

environment.



In Chapter 5, methods and instruments thought to be suitable for
estimating the water requirement of street trees are listed. The
criteria for choosing any of the methods are outlined. It should be
emphasized that the underlying consideration is to select methods

that could be used for carrying out field observation in Sinagpore.

Finally, Chapter 6 summarizes the main points discussed and
the recommendations made on the selection of methods and instruments

for fulfilment of the objectives of this study.



CHAPTER 2

SOIL WATER

2.1 INTRODUCTION

Soil is the medium ih Which plants grow and oBtain water and
nutrienf. It is a very complex matrix, comprising a skeleton of solid
particles fhat vary from organic peat to gravel whichienclosesrvoids

~which may‘be_filled with gas and liquid. All three components caﬁ
affect plant growth. The physical properties of the soil;vnamély,

. the soil texture, soil structure and soil porosity influence root
growth which will in turn affect plaht growth ‘and development. They
aré’however ﬁot thé subject of this study. This chapter'discu$seé

_ the soil water, in parficular the terms and coﬁcepts used to describe

the amount of water and the energy with which it is held in the soil.

2.2 SOIL WATER POTENTIAL

The term water potentiél is used to défine and'quéntify the
“different kiﬁds of forces acting on the water in a soil-plant-
continuum. It has been expressed inVVafious units'which are listed
in Appendix 2.1. In this study, bars will be used as the unit Of,
measuremént; | |

 Water potential measufes the differences between the free
énergy of.wéter‘at a point in the system under study and that of
pure water at the same temperature (Slatyef,1960). The water

potential of pure free water is taken as zero bar.
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Total water potential ( wT ) of soil water can be seen as the
algebric sum of matric ( wh ), osmotic ( wn ), gravity ( wg ),

pressure ( wp ) and overburden ( wQ ) potentials.
¢T = ¢m + wﬂ + wg + wp + wﬂ Smmmmmmmmomeooo—oeeoo Eq.2-1

Matric potential ( wm ) is related to the adsorption forces of
the soil matrix. It is associated with both the attraction of soil
particles for water and the attraction of water moleculeé for each
.Other. It includes the unbalanced forces across air-water interfaces
which give rise to surface tension. In a saturated'soil, wm is taken
as zero where there is no air-water interface. As tﬁe soil dries, the
maprié'poténtial decreases. The matric poténtial for four soil watér

conditions is‘given'in‘Table 2.1,

Table 2.1  Values of matric potential at four soil conditions.
Soil condition . Matric pofential (Bars)
Saturation ‘ A 9.8 x 10 ¢
(Approximate) S =0

Field capacity o ~ -9.8 x 10 -2
(Approximate)

Wilting point ' ‘ . -15

(For many plants)

Air dry . o _ -216
~ (Relative humidity = 0.85)

Source : Hanks and Ashcroft, 1980. p.24.
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Osmotic potential ( ¢n ) is created across the semipermeable
memBrane of root cells by soluble salts in the soil water. While not
important in determining liquid water flow in the soil on a macro
scale, it does affect‘the uptake of water by roots. For example,
even in a very moisf soil ( b = —O.Sbar") salts in the soil water
can exert an osmotic potential which will cause tree roots to
expefience 1ow total water potentials. Osmotic potential is hence
important in heavily fertilized soils and in arid regions where
salt accumulates (Kramer,1969). Urban trees are seldom heavily
fertilized and Singapore is not in arid regions'aﬁd therefore for
the purpose of this study, this term could be neglected.

Gravity poteetial ('wg ) arises because ofbgravitional fofces
acting on objects on the earth's surface. The ¢§ of soil water at
any point is determiﬁed by the elevation of the point in'relatien to
some arbitrary fixed reference point. Depending on whether the |
feference.point is at or below the point of interest the wg is either
taken as zero.or poeitive; Hence, the qg is determined by the relative
elevatien and not by chemical or preesﬁre condifion of:soil water. For
the studylof plant-water relation, becauee the roet zone is not very
deep, the 1% cofrespends to only abogt C.lbar and can be neglected
(Baver et al.,1972).

| Pressure potential (1pp’) is due to the weight of water at a
point undef‘eensideratiOn in relation to a reference poiﬁtg Under
-field conditions it applies mestly to saturated soils kHanks and
Ashcroft,lQSO).'It is considered positive if the soil water is at a
hydrostatic pressure greater than atmosphere; conversely, it is
negative. That is, it is positive when water is under a free-water

“surface, negative when the water has risen in a capillary tube above
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the free water; and zero while the water is at the free water
surface. As this study deals with situations where irrigation is
required ahd therefore the soils are not saturated, this term can
also be neglected.

Overburden potential ( wQ ) exists when the wetted soil swells
and its weight becomes involved as a forcé'acting upon water at a
point in question. In most cases, it is included as aﬁ implicit part

of a pressure potential or matric potential (Baver et al.,1972) and

~its omission is not serious unless one is dealing with swelling

soils.

In the study of soil-water-plant relationships, matric. and

osmotic potentials have the greatest relevance in contributing to

the soil-water potential ( ws ) (Baver et al.,1972), and ws is taken

as the sum of the matric and osmotic potentials. That is,

The water potential of soil water in an unsaturated soil is

negative. Larger negative values of water potential indicate that

“the soil water is less available to the plant root, i.e., the roots

must spend more energy in overcoming the forces holding the water in

the soil to extract a given amount of soil water.

Differences in water potential between two points give rise :to
water flow within the soil. For example water will flow from a point
of'a_higher.water potential (say -S5bars) to another point at é lower
water potential (say -15bars). A most important.point in relation to
availability of soil water to trees is that it is thé energy grédient,
and not‘the physical proximity or the water content gradient, that |

determines the availability of water to the plant.
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2.3 SOIL WATER CONTENT

Soil can be considered as a large reservoir in which water is
stored for long periods of time and is available for plant use.

The amoant of soil water retained in the soil depends on the
physical properties of the soil. A lightly-textured coarse sandy
loam retains less water than a fine-textured siltyiglay loam.
However,‘it is the water potential that determines the availability
of soil water to tree roots. Therefore, as iliﬁstrated in Figure 2;1,‘
at a specific water potentiai ( wi ), although.a élayey soil may
‘cohtain more water ( 6C'> es ),vthe waterb( ec ) is_hé1d jusf as
tightly-as in the sand. At.thebsame water content ( ec ) the water

is held more tightiy in the clay than in the sand ( y; < ¥y ).

Soil water content ( 6 ) (% of total available)

os_ oc

sandy soil

(A)

(B) clayey soil

Soil water potential ( ¥ ) in log scale
(-ve )

Figure 2.1 Soil water characteristic curve for sandy soil and

clayey soil.

Source : After Hillel, 1972. p. 64.
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It can be seen from Figﬁre 2.1 and Table 2.1 that for a
particular soil, the water potential increases as the soil becomes
wetter. Table 2.2 shows the matric potential of a sandy loam and
silt loam at selected water contents. At a particular water content
the water is held more tightly in silt loam, that is by a higher

negative potential, than is the sandy loam.

Table 2.2 = Matric potential of two soils at several water contents.

Volume water content, ev Matric potential, wm (Bars)

Sandy loam Silt 1loam

.05 T

0 0 -
0.06 - 3.4 -
0.10 o -0.5 -
1 0.16 -0.2 -
0.20 | » -0.1 -4.0
0.26 S -0.06  -0.8
0.30 ' . -0.04 - -0.3
0.40 : | 0 ~ -0.04
0.46 - 0
" Source : Hanks, 1965.,quoted in Hanks and Ashcroft,1980. p.43.

Soil water content ( 6 ) is the amount of water in a unit
volume or mass of soil which has been expressed in terms of either

wet or oven-dry soil. Soil water content is normally expressed in

two ways.
(1) On a.Volume basis, ev ( volume of water per unit volume
of moist soil). | |
(2) vOn a dry mass basis, Gm ( mass of water per unit mass

of dry soil ).

The calculation of 50il water.cbntent is described in Appendix 2.2.
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In the study of plantéwater rélationships, it is most useful
to express water content in terms of the volume of soil because the
soil occupied by a tree root system is normally measured by volume,
rather than by weight. The total amount of water in the soil or the
amount added, can then be conveniently expressed as cm or cm per m of
soil depth. This is also a common way of statihg rainfall and

irrigation requirements.

2.4 FIELD CAPACITY AND PERMANENT WILTING PERCENTAGE

‘When water is applied to a soil surface, either by irrigatioﬁ
or due to natural precipitation, it either ponds on the surface
.prior to runoff, or it infiltrates into the soil'profile. In the
early stagés éf infiltration inté an unsaturated soil the matric
poténtiai-rather than gravity potential predominétes in determining
the potential gradients governing the water flow. When rain or
irrigation ceases, the surface infiltration process ceases if tﬁere
ié np.ponding but downward water movement within the soil continues
as soil water redistributes within the profile. This redistribution
process detérmines the amount of water retained at various depths
iﬁ the s§11 profile.

Figure 2.2 1illustrates the infiltration process from an
irrigatioﬁ furrow into an_inifially.dry soil. At the commencement
'of'infiltration the matric potential causes infiltration to be -
nearly uniform in all directions. Subsequeﬁt to the time period

represented by infiltration into zone t, the matric potential becomes

1

less dominent and infiltration into the zone'fepresented by t, is

- markedly influenced by both matric and gravitional potentials.

Infiltration into the zone represented by t_ is markedly under the

3
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Figure 2.2 Infiltration from an irrigation furrow into an

initially dry soil.

Source : After Hillel,1972. p.138.

influence of gravitional potential . The wetfing and drainage of
soils.is.described in more detail in Appendix 2.3.

After wetting of a:soil profile'by the infiltrétion of rain-
fall or irrigation some water may drain through the soil and the
soll water may also be reduced by evaporation andrtranspiration.
Two levels of soil water ‘content during the processes are of

particular importance in relation to plant water requirements.

Field capacity (FC)

Field capacity is defined as the water content of a freely-"
drained soil one to three days after the soil has beén thoroughly |
wefted‘by rain or irrigation at whiéh time the draihage of water
has become very slow and the water content has'Become relétivelyb
stable. Thus at field capacity water is held in the soil in
opposition to gravity potentialv.

Most soils do not drain to a fixed water content and thén
maintain it indefinitely and so field capacity is not a true
equilibrium state and its value is related to the conditions under

which it is méasured, as well as to-the.characteristics of the soil.
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The water content at field capacity in relation to an idealized soil
and to two soils is illustrated in Appendix 2.4. Peters (1973) stated
that in many soils the forces at which water is held at field capacity

are closely correlated to a soil water potential of -0.3 to -0.5 bars.

Permanent wilting percentage (PWP)

Permanent wilting percentage is defined as the water content of
a soil at which plants remain permanently wilted and water extraction
by plants has ceased. It is assumed to Vary with soil type but
independent of the plant. Slatyer (1957) strongly criticized this
idea and stated that it should be a variable dependent also on the
plant. However, in 1967, Slatyer found that most plants wilt in the
range of -10 to -20 bars. Hence, for praétical purposes, PWP is
regarded as the water content at a water potential of -15 bais
(Peters, 1973).

Although both field capacity and permanent wilting percentage
are not true constants they are useful parameters for the assessment
of soil moisture in relation to plant growth. Hanks and Ashcroft (1980)
suggested that -0.3 bar and -15 bars can be accepted as good
approximations for field capacity and permanent wiltihg percentage
respectively'for most soils,‘plants and weather conditions.

The field capacity and permanent wilting percentage are illustrated
in Figure 2.3 in relation to the soil water content and the matric
potential of two soils, for both the wetting and drying cycles. Unlike
the silty clay loam, the sandy loam does not have a hysteresis loop.
Marked changes in water potential occur with small changes in water
content at about the permanent wilting percentage while there are
only small changes in the water potential with marked thanges in

water content at about the field capacity.
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Figure 2.3 Matric potentials of a sandy loam and a clay loam soil
plotted over water content.
Source : After Kramer,1969. p.61.

For most soils, about 25 to 75% of the water cdntent is held
at a soil water potential of between 0 to -0.8 bar (Richards and
Marsh,1961). Hence, as illustrated in Figure 2.4, a reduction of
matric potential from 0 to -0.8 bar removes about 25% bf water from
a clay soil and about_75% water from a ioamy'sand. The significance-
of this in relation to meetiﬁg the water»réquirements of trees_will‘

be discussed in Chapter 5.

2.5 AVAILABLE WATER CONTENT.(AWC).

The field capacity and the permanent wilting percehtagé are
used widely to represent the upper and lower limits of water in a |
soil that would be available for plants. The amount of water retained

in a soil between the two limits therefore indicates the amount of
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Figure 2.4 Water retention curves for several soils plotted in
terms of percentage available water removed. '
Source : After Richards and Marsh,1961,

soilkwater‘available for plant growth and ié‘termed the Available
water cbntent. It must be emphasized however that FC, PWP and AWC
are not fixed constants for there is a wide range in the.water

content refained in the soil within -each of the major classes of

soil typé. Table 2.3 gives the typical water values for the various

soil types.

Table 2.3 Available water content of different-textured soils.
Soil types FC . PWP O ANC

(water content in mm for a 10-cm soil)

Sand - 13 3 10
Loamy sand 22 4 18
Sandy loam . 27 5 : 22
Clayey loam , - 34 14 : 20

Source : After Seemann, 1979c. p.294;
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There has been much argument as to whether the water held
between the FC and the PWP is equally available for plant growth.
There are three schools of thought.

(1) That soil water is equally available throughout, from

FC to PWP,
(2) That availability of soil water decreases with decreasing

soil wetness.
(3) That thére is a critical point between FC and PWP thét
divides the available range of soil wetﬁesé'info readily 
available and decreasingly available»ranges. |
The controversy-arises‘because-experiments from which these
conclusions were based were carried out under differenf conditions
-and, more importantly, each experiment used different criteria és-'
indicators of the plant response to soil watei. Plant responses in
transpiration rate, photosynthesis, vegetative growth, flowefing,."
fruiting; seed and fiber production may be different at different
states of soil water (Hillel,1972).
Evapotranspiration is~thé major factor influenéing changes in
water coﬁtent from the'field‘capacity to the permanent wilting
 percéntage and chahge in evapotranspiration.rate'in'reiation to
water availability is therefore an important relationship. In thi;
context it should be noted that :
a. Soil water content per se is not a good criterion for
~availability. Different éoilsvvary widely in their available
water in the range between FC and PWP (see Table 2;3). In
general, finer textured soils have a wider range between FC
and PWP than coarse-textured soils.
b. The rooting patterh of plants affects the volume from
whicﬁ plants can extract water from the soil. Hence, in any

particular soil, increased rooting depth in the profile as a
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whole can compensate for a narrow range of available water in
one or more horizons (Kramer,1969).
c. A distinction should be made between survival and good
growth of thé tree. In urban tree silviculture, timber yield
or fruit production is not usually an aim and it may be
tolerable for matured urban treetho experience:some water
stfess before the wilting point is reached. However, in
establishing newly plantéd saplings or semi-matured trees,
it is essential that the young plants are provided with
adequate water. The irrigation program should therefore aim
at maintaining an optimal soil water‘statﬁs. In actdai practice, .
irrigation is deemed necessary when available watér content
is depleted by abqut 50 to 80% (Richards and,Marsh;1961;
Seemann,1979c);
d. Micrometeorological conditions also influence the rate of
evapotranspiration and in many situations exercise the greatest
: infiuénce.
When interpreted properly, the available water content is an
important field characteristic of soil and is a useful pafaheter'
for the assessment of soils partiéularly in relation tp:irrigation

practice.

2.6 SUMMARY

The féllowing soil waterlpa:ameters have been identified and
discussed; |

(1) Soil water potential.

(2) lsﬁil water content.

(3) Field capacity.
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(4) Permanent wilting percentage.

(5) Available water content. |

Field capacity, permanent wilting percentage and hence a&ailable
water content have been related to soil water potential and soil water
content. The measurement of these two parameters is thus of fundamental
imﬁortance. Methods and instfumentation for measurement will be

distussed in Chapter 3.
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CHAPTER 3

METHODS AND INSTRUMENTATION FOR SOIL WATER MEASUREMENT

3.1 INTRODUCTION

The fundamental importanée of appropriate measurements of soil
water parameters has been discussed in Chapter 2.

Under field_conditions, soil water parameters Vary'witﬁ spaée"
‘and time in a given soil type and measufement pfocedures must .take
this variability into account. |

In this study which is directed toward détermining the water
requirements of urban trees‘to enable the developmént of.éppropriate
watering ﬁroéedures, the measurement of soil water parameteré under
field conditions is of first importance. The following:dgscfiptiohs '
have -this in mind rafher than being éoncern with measuréments under
laboratory conditions. Furthermore the descriptions conCeﬁtrate on
the principles and merits of the commonly used methods of measurement
which could be appligable in paved areas.

Methods for measurement of soil water can be categorized-aé
méasuring‘SOil water content or soil water potential. In the measure-
‘ment'of soil watei content, the methods can be either direct or
indirect. Diréct methods are those in which water is removed from a
- sample and the amount removed measured. Indirect methods arc those
in which some properties affected by soil water content arc measured
and the measuremeﬁts related back to water content by calibration
vprocédures.

For.measurement of water potential, instruments are available

for measuring pressure potential (piezometers), matric potential
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(tensiometer for field measurement, pressure chamber for laboratory
measurement), and total water potential (thermocouple psychrometer).
Since only matric potential is of relevance in this study and field
method rather than laboratory technique is sought, tensiometer will

be discussed.

3.2 - MEASUREMENT OF SOIL WATER CONTENT

3.2.1  Direct measurements

In direct'methods, soil water is rémoved from a soil sample .
either by eévaporation, leaching or chemiéal reaction and the amount
‘of,water removed measured or inferred. The normal proceduré_involves
collecting a soil samble with a soil auger (for gravimetric deter-
mination) or with a core-sampler (for'volumetricbdetermination)f
Detaiied procedures for gravimeﬁric and volumetric detefmiﬁation

have been given by Gardner (1973).
3.2.1.1 Gravimetric determination

Ovén—drying is a common procedure for the removal of the water.
The soil sample is dried at 105°C to cpnstanf weight and.the differenqe
in weighté of thevsample before and after oven—drying enables calcu-
lation of the watef content. The problems with direct measurement by
thig gravimetric method include.: | o
| (1) - Soil sampling.“

Direct sampling necessérily disturbs the site. This could
be impractical in a pavéd?up area as the paving materials would
have to be repeatedly excavated and relaid.

(2) Definition of dryness of th¢ soil.

‘The definition of the dry state of a soil is subjective.
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Traditionally a temperature range between 100°C and 110°C is
accepted for drying soil with 105°C most frequently used.
However, there is no unique temperature at which absorbed ﬁater
is released from different soil minerals. At too high a
temperature, loss in weight may be due té loss of water,
oxidation or decompositiqn of organic mattér (Gardner,1973).
(3)  Accuracy.

There are many factors in direct measurement ﬁethod thaf
affect fhe aééuracy of fhe results.

_ For example,becéuse of the great variability in soil water
distribution in the fiéld, considerable.replication of sampling
is necessary to give valid estimates of the soil water content
and some weighing error is unavoidaBle during the meaéurements

~of fhe wet weight, dry weight and the weight of the container.

However, in most field studies it is the reproducibility

and not absolute accuracy that is most important. Baver et al.
(1972) concluded that with reasonable care in controlling
drying-oven conditions, weighing and handling of-tﬁe soil

samples, water content values‘reproducible to within‘io,5%~caﬁ

be achieved.
3.2.1.2 Volumetric determination

In the volumetric deterhination of sqil water content, the
volume from which the sample was taken must be known. This‘can be
done by using a sampling device iike thé core-sampler. Alternatively;
the Bulk density of the soil (mass of soil per unit volume) is
determined and the volumetric water content is obtained by the-'

formula
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v Py - em (see Appendix 2.2, Eq.2-4)

where ev is the volume water content,
pb is'fhe bhlk density of the soil and
6m is the mass water content.
Because both the Bulkfdensity énd the dry mass water content
requiré the dry mass of the soii, the accuraéy of thé inferred
volumet?ic water content therefore depends on‘the accuracy of the

weighing processes which give the dry mass figure.
'3.2.1.3  Usefulness of direct methods

The:usefulnesé of direct methods is twofold.

(i) They cén be used to determine the water content of a soil
at field capacity and permanent wilting percentage and hence
the available water content can be calculated. This can pfovide
a measure of the reservés of séil water, in itself a useful
parameter in the planning of the frequency of application of
irrigafion Qater.‘

(2) The water content obtained for a particular sitg can be
used as a basis for calibratidn when soil water‘potential

measuremernts are taken.

3.2.2 Indirect measurements

 Because of the necessity for extensive extractive sampling,
and the desiructiverand time ahd labour consuhihg nature‘df direct
methods, a number of indirect methods have been developed whiéh
permit making_frequent'or continuous measufements in situ at a
particular site. The principle of these indirect methods is that

cettain physical and physical-chemical properties of soil vary with
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water content, although such relationships may be complicated.

The indirect methods involve measuring properties of the soil
or a property of some object placed in the soil such as a porous
absorber which comes to water equilibrium with the soil. The water
content of a porous absorber at équilibfium depends upon the energy
status of the water rather than the water content. Water content
must therefore be obtained By some formé of calibration procedure.

| The neutron moisture meter is widely used‘fbr monitoring water
content profiles and because.it seems fhe most éppropriate'equipment for
monitoring water content in studies associated with the water
requirements of trees in paved areas,it is discussed in some detailv

below.
_3.2;2.1 The Neutron Moisture Meter

This meter is based on the phenomenon that fast neutrons
emitted from a source are atténuatéd in the soil by'theyhydrogen
content of the soil. Monitoring the flux ofiattenuated_neutrons
provides an indication of the soil water content. |

| Hydrogen has a greater capacity to moderate neutrons than other
elementsvoccuring in_soils‘and it ié assumed thét the ﬁeutron"flux i
around a Cbunter varies solely with the concentration of hydrogen and
hence of water (Cotecchia et al.;1968).

" The source of fast ﬁeutrOns'and the counter for‘neufrons with
feduced_velocity are housed in a probe which is connected through an
amplifer to a portaﬂle scaler, as illustrated in Figure 3.1. in use,
the probe is lowered into an accesé tube insefted into the soil profile
and counting rates may bebdetermined at various’desired depths..Thé-
count rates, adjusted for background and standardised to counts

normally made in a tank of pure water, are calibrated against direct
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J Rttt Source of fast neutrong
Figure 3.1 Diagram of neutron soil moisture‘meter.
Source : After Hanks and Ashcroft,1980. p.14.

“volumetric determinations‘of‘soil water coﬁtent. The calibration
procedures are described in Apﬁendix 3.1.

The .instrument measures the volume water content‘of an
approximétely spherical volume of soil of radius 15 to 30 cm around ‘
the probe. The radius increases as‘the water content of the soil
decreases (Kramer,1969). The monitoring of such ailargé volume of
'soil, thus smoothing out locél'variability, and the absence of a lag
period while soil water equilibfatés Qith a sensihg_instrument are |
'two‘iﬁportant advantages of the instrument. It is portable, easy to
operate and can give an accUrécy of approximately 1% volume water
gontent (Cox and Filby,1972). The instrument does hav¢ ;ertain
limitations for universal application in the field. Some of the problems
are; |

(l)‘ Chemical properties‘of the soil. .

The presence of other hydrogen—confaining éompounds in the soil,

such as organic matter, as well as other elements, notably chlorine,
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iron and boron (Kramer,1969), affect the counts. Cotecchia

et al.(1968) found that the chemical cdmposition of various
soils had a‘marked influence on measurements, because of the
diversity of fhe moderating, diffusiﬁg,-capture properties of
the various componénts.

(2) Physical properties of the soil.

The bulk density‘ofithe soii'influences the readings
(Holmes,1966). While the wayviniwhich bulk ‘density affects
thé-readings has been controversial (Plgarrd and Haahr,1968),
thé.pfoblem is 6Ver¢ome by appropriate calibration'précedures
which take accoupt‘of the bu1k density of the»particular'soil.
This:Will be discussed in Chapter 5. | |

Roéky soils present problems in that it.is difficult tp
install the access tubes for the neutron probe particularly as
hand-held equipment is nof»satiSfactory for drilling the
relatively iarge holes‘heeded’for easy tube placement. Koshi
(1966) evaluated methods of installing the aCCeés tdbe, the
influence of voids and rocks around tubes and the accuracy qf
using factory célibration curves in rocky situationsf Hé foUnd
that voids around access tubes of_leSs,than 1 cm (3/8 in;)
digmeter and rocks (unless they are large) had littie or.no
influence bn slow ﬁeutfon.cbunt rates. However, factory ca1i~
bration curvéS‘seemed to give too high a soil water content and
if_Was neceésafy to develop a'calibration cﬁrve by using soil
samples taken from the site.

(3) In pfactice; measurement;fakenvclose to the soil sﬁrface _
are not reliable because the neutrors scatter in.a spherica;

~zone. Koshi(1966) mentioned that the determination of water
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content of the surface sqil, using neutron scattering meter,

“has been a problem. He took gravimetric éamples for surface

measurement but found that the variations in the réadings

between the gravimetric and neutrbn meter methods were so

great that it was not possible to develop a calibration curve.

Thus for surface measurements of sﬁrface soil special techniques.

are‘needéd. Hydrogenated Surface,shield was used to place on

soil'éurface to increase accufacy of reading. Because they

shield the neutron from'scatteringiout of the soil profile,

such surface moderators also reduce the risk of exposure of

operators to radiétion. Pook and Ha11(1974)‘uséd polythene and

cadmium as surfacé moderators for the méasurement of wéter

content in Shallow 1aférs of forest topsoils. They'foundrthe

use of surface moderators was successful in extending the

application of the normal calibration to counf data obtained‘

at 10 cm depth, but not to count data at less than 10 cm depth.

Despite these limitationg, tﬁé neutron 5catfering ﬁeter is one of
the most useful tools for field measufement of soil water content.
The»mainradvantage_of the néutron scattering meter is that it is not
destructive and once the aécess tubes are installed, repeated

measurements can be conveniently taken.

3.2.2.2 The Gypsum Blocks

If porous blocks are embedded in the soil, the water contént
of the'biock will change with that of the séil and this produces
vchangeé in electrical resistance of the block. These can be calibrated
against tﬁe soil water'content. The electrical resistance of gypsum,

fibre-glass or nylon blocks is commonly measured. Gypsum blocks are
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the most widely used because they are cheap and simple to operate.
They are sensitive over a range of water content equivalent to about
-0.5 to -15 bars of matric potential and are therefore more satis-
factory in dry soils. The nylon and fibre glass blocks are more
sensitive in wet soils.

- Electrodes of stainless steel are imbedded in the gypsum block.
To instal a block in the soil,4a hole is formed vertically from the
soil surface or horizontally in the side of a trench. The.blockvis
Wétted thoroughly aﬁd placed in the‘hole which is then fepaqked.with
soil to ensure good contact to the surrounding soil.bLeadS are.' 
connected to a Wheatstone bridge for measuring resistance. Lémb (1967)
récommended that the hole be dug at a slope of about 75° from_the |
horizontal and the blocks ére arranged in a spiral to ensure‘undis;
turbed soil above each block;‘Aiso, the leads should Be looped to
preveﬁt direct draiﬁage of water down the leads to the block.

After ihstallation, the blocks are left Qvernight to reach
equilibrium withbthe soil. Resistance measurements are then taken and
converted to water content from a calibration curve. The calibrafion
curve must be détérmined by using soii from‘the site Qhere‘the bléck ‘
is embedded, for different soils havé different calibration curves.
The calibratidnﬂis done by taking soil sémples for laboratoryltests
or by embedding a similar electrodein a small container of the soil
ana taking simultaﬁeous readings of resistance and the weight of the

container. as the soil dries.

3.2.2.3 Other methods

Gamma rays are absorbed by matter and the gamma ray attenuation

method has been used to detect changes in soil water content. Gardner
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(1973) noted that the gamma ray method had been used successfully to
follow the change in water content in the root zone of growing plants.
| A newly developed instrument, the surface water-density gauge,

may be useful to measure soil water contentsbimmediately underneéth
pavements without drilling through the paving. In this instrument the
phoﬁon source and detectors are in the QameAhdrizonfal plane above the
surface. A sketch of the instrument is shown in Figure 3.2. The
effective depth of measurement of water content is only 13 cm (5in.)
(Anon,1977). Actively absorbing tree roots grow far below this 13 ém
dépth and the instrument could not be used in»détermining the water
content through the root zone. It could be useful in detecting changes
in water.conteﬁt_which might have infiltrated the surface and so givé‘

~a rough indication of whether water is present in the soil under the

.>paVement.
Source ----- *'(),' --P-f-— Detector
--}------- Photon paths
Figure 3.2 A backscatter geometry of a surface moisture-density gauge.
Source : Troxler Electronic Laboratories, Inc., 1977.

Surface moisture-density gauges 3400 series instruction

manual.
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There are also methods based on the use of ultrasonic waves
and the dependence of soil thermal properties on water content.
However these methods are not yet commonly applied for routine

‘practical use in the field.

3.3  MEASUREMENT OF SOIL WATER POTENTIAL

Soil water studies have long been carried out in terms of water
content. HbWever; to be most useful for studies of plant and soil
water, the energy stafus of soil water is required for it takes
account of the dynamic system in which water moves and becomes
available to réot system. The total soil water potential is an index
of the energy status and, as discussed previously, for tﬁe purpose of
plant and soil water study, can be taken és the sum 6f matric and
osmotic potentials. Instruments commonly used for field measurements
to guide-irrigation usually measuie only the matric potential and
not the totalrpotential. This however is not of great concern if the
soil is ndn-saline and fairly wet (Cox and Filby,1972).

- The. tensiometer is the most widely used instrumeﬁt for the in-
situ.measuremenf of matric potential. It consists of a porous ceramic
cup, ;onnected to a>manometer through a tube. All these parts aré,
filled with water and the cup is positioned at the ﬁeaSurement point.
Watef flows through the cup wall to bring the cup water intoihydraulic
equilibrium with thé soil water. The manometer indiCates“the pressure’
drop on the water in the porous cup which is in eﬁuilibrium With the
- matric potential of the water in the soil and therefore the matric
potential Qf‘the'soiliwater is determined.

The higheSt reading possible is‘theoreticaily equivalent to

-1 bar but in practice is about -0.8 bar. Howéver, the relatively
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small range 0 to -0.8 bar encompasses the greater part of the soil
wetness range for plant growth (Richards,1973). Correlating soil -
water potential with the available water depletion, Richards and
Marsh (1961)-showed that the range.O to -0.8 bar accounted for 25
té 75% of the soil water taken up by plants for most soils (see
Figure 2.4 p;19).

With irrigation, the aim is to maintain a favourable soil water
status for plant growth. The apparently limited range of the tensio—‘
metef ié quite adequate for use in the field. It has in fact been
found that it is usually at'the‘range of wm'between 0 to -0.8 bar
that plants should be irrigated (Hanks and Ashcroft,1980). Installing
tenéiometers at several depths and followiﬁg tﬁe'readings wifh time
provides inforhation for efficient irrigation. When thé ﬁrescribed
. water potential iS reached for the soil deptﬁ where the feeder root
concentration is greatest, then irrigatioﬁ is necessary. The rate of
‘change of water potential with time under field conditions is
influenced by climatic factors and the species and vigor of the plant
involved. Irrigation timing based on tensiometef‘readings ( in fact
for many.other methods as well), takes account of soil and climate
as welllas piant féquirements.

Tensiometers read water potentiél diréctly, without the heed to
éaiibrate (Cox and Filby,1972), and could be used in paved areas. The
installafion_uﬁder ground is similar to that required by the neutron

probe and once installed repeated measurements can be taken readily.
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CHAPTER 4

METHODS OF DETERMINING WATER LOSS BY TREES : A REVIEW

4.1 INTRODUCTION

The water uptake by a tree depends on the relative rates of
transpiration and absorption which in turn depend on the interacting
factors involving the plant; the soil and the climate. Of all the
water taken up by a tree only about 5% is retained by the tree and
95% of the water is losf by transﬁiration\(Kramer,1969).

The evaluatién‘of wafer losses by trees can be approached by
~looking at the soil énd‘soil water, the plant and the climate. One
'apﬁroaéh to determining water loss is to neglett‘the 5% Watef retained
by thé tree and to determine fhe depletion of the soil water coﬁtent
at - the root zone and take into aécquht the water.losé through drainagé

(and possibly runoff).vThe secbnd approach 1is to measure the climatic
factorsras an indiCafion of evaporative potentialland to correlate
water loss with meteorological data. A third approach focﬁses on
measuring the amount of water loss from the plant itself (Swaﬁson
and Lee, 1966). | |

| The first two approachés essentially measure evapotranspiration
losses and the third, the transpiration rate. All these three‘approacheé
may have applications in studies of water loss by trees in‘paﬁed areas
and they are discussed in this chapter in relation to single trees in

an urban environment.
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4.2 ESTIMATING EVAPOTRANSPIRATION FROM SOIL MOISTURE DATA

4.2.1 Hydrological approach -- The water balance method.

The relation between the water input and water output from a

site over a period of time can be represented by the following

equation :
P +I1-AD = E, +R + D —-mmmmcmmmrmcimmeao Eq.4-1
n e t o r :
in which
Pn is the precipitation input,
1 is the irrigation input,
ADe is the increase in soil water content in the root zone,
E. © is the evapotranspiration loss,
RO is the net runoff, and
Dr is the drainage loss from the root zone.

Evapotranspiration (Et) can therefore be represented by

Et = Pn + 1 - ADe - Ro - Dr ---------------------- Eq.4-2
This apbroach is used mainly for investigating evapotranspira-
tion in hydrological catchment areas but there are difficulties in
measuring accurately the various items. The main difficulty is in
determiéing changes in groundwater storage and deep seepage (Gano-
padhyayé et al.,1966). EVapotranspiration‘és deterﬁined from Eq.4-2
ié,in these.studies,a residual and therefore the'accuracy‘with which

it is estimated depends on the errors made in the measurement or

estimation of all components of the equation (Talsma and Lelij,1976).
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The difficulty could be even‘greater in applying the approach
to an urban street tree situation. Firstly, the urban water balance
is at present imperfectly understood (Oke, 1974). Secondly, almost
all the parameters in the righf haﬁd side of Eq.4-2 cannot be monitored

or calculated with sufficient precision. The problems. are as follows.

(1) Measurement of precipitation.
The améunt of precipitation is usually measured by raingaﬁgeé '

which sample rainfall at a point. At the poiht of observation, alréady '
an error of at least 5% must be expécted (Smith, 1975). On an area
basis, the average rainfall is obtained by taking rainfall.readings
from several recording stations and extrapolating by either Thieésen
network of isohyetal maps. The stations are scattered points and
represent only a fraction over the entire sampled area (Linsley and
Franzini, 1972), although reliable estimafes of depfh of rainfall over
extensive rﬁral and urban areas can be obtained with sufficiéntrstétions
(see for example Figure 4.1). However, street orientation and shielding‘
By adjacent buildings may cause largé variationé in rainfall Between
points in é city area and a rainfall reading at a point‘may.not be a
reliable estimate of the precipitation which is input to a single tree
site. Furthermore, not all rainwater recorded will actually reach the
grouhd because the city interception and storage by Building matefials
Can absorb about 50% of the precipitation if the area is 95% pavéd
(Watkins,1963;vquoted by Oke, 1974). Thus. for ufbah’trees in paved
areas it may be-ncceésary to measure rainfail on an individual tree
basis if reliable rainfall inputs to the tree are required. This is

not practical. =
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(2) Surface runoff and drainage.

The precipitation as recorded by raingauges may beér little
relevance to the actual amount of‘rainwater entering the root‘
zone of street trees for impervious coverings cause rapid
runoff of precipitation (Landsberg,1970) whereas in irrigated
agricultural fieldslthe grass or crop offersgreater resistance
to runoff (see Table 4.1). The amount of runoff in the field
is generally small and may be'heglected (Hi11e1,1972). Further-.
more,rfbr irrigated agficultural fields, the drainage term may

‘also be assumed as negligible.

Table 4.1 Values of Retardence Coefficient. ( Cr ) for

various surfaces.

Surface 7 . Cr

‘Smooth asphalt surface , 0.0017
Concrete pavement 0.0120
Tar ‘and gravel pavement 0.0170
Closely clipped sod 0.0460.
Dense bluegréss turf ' 0.0600
Source : Linsley and Franzini, 1972. p.59.

Theoretically, if aﬁ area is entirely covered by asphalt
or concrete pavement and the entire impervious areavis connected
to the drainage system and not oﬁto soii, then runoff volume
could equal tovall the precipitation (Linsley and Franzini,
1972). Howeyer,'this is not usually the case in practice. All

roads, regardless of the types of pavement structure (rigid,
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semi-rigid, flexible pavement or paving stone surfacing), are
subject to pavement deterioration (OECD, Road Research Group,
1978a). Cracks developed on the road surface can lead water to
penetrate into the underlying soil profile (OECD, Road Research
Group, 1978b), and will increase soil water contents belbw the
pavement. |
Thus it can be seen that in terms of urban trees there are at
1east 3 terms in Eq.4-2 which cannot.be measured orbestimated with
certainty, viz rainfall, runoff and drainage loss. Consequently, this
water balénce approach is mostly'applied in ‘large areas,‘relative
to that occupied by urban tree planting, of more or less heteroge-

neous vegetation over long periods of time.

4.2.2 Lysimeter method.

In Eq.4-2, if runoff (Ro) and drainage (Dr) can be either
eliminated or measured, then the difference between inputs (Pn + 1)
and changes in storage (ADe) would give the evapotranspiration,

that is -,

Furthermore, for periods between irrigation or rainfall, ( i.e.

when Pn and I are zero),

This change of soil water storage can be measured in situ by
the use of either gravimetric or volumetric lysimeters..In the
gravimetric lysimeter, changes in the water content are reflected by

the change in the weight of the lysimeter. An efficient weighing
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lysimeter (Figure 4.2) should be equipped with a drainage system
and a device to take into consideration the temperature sensitivity

of the weighing system.

| A

AN WRAERAL S M S ORI it s it et e ““Mj vt aany

C
A. Scale showing change in weight
Lysimeter tank
C. Collection of drainage
"Figure 4.2 A schematic répresentation of a weighing lysimetef.

Source : After White, 1979. p.77.

In the volumetric'iysimeter, the moisttre in the soil is
brought dp to fiéld capacity at the beginning and end of‘g measuring
Iperiod. The water use, that is evapotranspiration, can be estimated
by adding the amount of water added to the rainfall and subtracting
the drainége or peféolating water which must be.collectéd at the
bottom of fhe lysimeter and measured.

In lysimeter ténks, peréolatipn‘can be collected and measured,
and there is no seepage as the soil profile is not continuous. Thus
changes in water content of the soil, as indicated by the change in
weight of the lysimeter can give a continuous measurément of eva?o—

transpiration (neglecting the comparatively minute weight changes
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due to respiration and photosynthesié). For satisfactory results, it
is necessary that the lysimeter is
(a) constructed in-situ by confining an undisturbed mono-
lith, that is, it is not merely re-filled with soil;
(b) large enough to not restrict root.growth too severely;
(c) mainfained so that the condition for growth is the same
as in field conditions.
This requires, inﬁer alia, that the surface of the soil in thé
1ysimeter is at the same levél as that of the surréunding surface.
The diameter of the lysimeter should exé¢ed Im, the depth should be
at‘leastVZm for déep-rooted‘perennial trees; and it should be
surroﬁnded,by a considerable area of the same geometry (Robins, 1973i.
,If should be noted that these conditions cbuid rarely Be met in a
nbrmal street tree-planting site. In Singapore, for examble, the
planting,verge rafely exceeds 2m width. There Qay'however be speéial
situationé where 1ysimeter$ could be useful fof field investigations,
for example as in the case of a young sapling planted in a car parking

lot.

©4.2,3  Soil moisture depletion methods.

Measuring changes in the soil water content within the root
zone‘isAanothér approach to measuriﬁg water»loss. The various methods.
and instrﬁments already described in Chapter 3 can be applied,in_sﬁch
an approach. |

A_pre—requisite of this method is that the soil should be fairly
uniform and the ground watef sufficiently deep not to influence soil-
water fluctuations within the rqot‘zone (Veihmeyer,1968) . Depletion

of the soil water, as calculated from water content changes between
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two sampling times, is taken as thelloss due to evapotranspiration.

A water-consumption curve can be obtained by plotting the water
losses against time. As repeated soil water content measurements are
to be made over a period of time, measuring devices like tensiometérs
and gypéum blocks are best sﬁited for they do not disturb the site
oncé they are properly installed. |

The changes in the wéter content are usually small relative
to the totai’water content and large érrors can occur in the
measurement of differenées in tdtal water content. This is a
disadvantage of the method.

In situations where groundwater iﬁterference is expeqted or
water movenent in the root zone cannot be controlled or accounted for,
thenvthe depletion éf soil water may not be due to evaﬁotfanspiration_
although such an assumption has sometimes been made (Kijne,1974).
Under such cirCumstances,_tensiometérs (and other similar devices).
cén, instead of measuring evapotranspiration, be‘used to proyide‘an
indication,of the depletion of available water in the root zone as

has been mentioned in Chapter 3.

4;3 ESTIMATING EVAPOTRANSPTRATION FROM METEOROLOGICAL DATA

4.3.1 AerodynamicfProfiie method.

This method is also known as the Turbulent vapour-transfer
method (Robins, 1973), the Turbulent vapour-transport method (Rijtema,
1965) énd the Vapour flow method (Kramer,1969). |

The rate at'which water vapour passes upward from an evaporating
surface is measufed by taking into consideration.the vapour pressure qnd
wind.velocity at two heights. Because the evaporation of water peeds

latent heat, it is related to the transport of sensible heat which is
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in turn affected by the turbulent air movement in the atmospheric
boundary layer.
The equation for the mean vertical transfer of sensible heat

can be written as (Hanks and Ashcroft, 1980)

8T -
H = -p C K
a H 57
T, - T :
- 2 1
= 0 G Ky e Eq. 4-5
2 1
in which
. . -2 -1
H ~  is the sensible heat flux (cal.cm.” sec )

-‘Qa is the'air-density (g.cm_s) (= 1.2 x‘10-3 at ZOOC, lOlSmb.)

Cp is the specific heat of dry air at constant pressuré'

(= 0.242 cal.g t.%™ ]

K, 1is the eddy-transfer factor (cmz.sec-l)

: T2 and Ti are the témperatures (OC) at two heights,

22 and Z. are the two héights (cm).

1

Similarly, the basic equation for the transfer of water vapour'

is (Hanks and Ashcroft, 1980)

p_ € ' Se:

E = - —2
P Vooosz \
a .
p, € e, - €
= .2 KV 2 ISP Eq. 4-6
P -
a Z2 Z1
. where
: : -2 -1
E is ‘the flux density of water vapour (g.cm ~.sec )
€ is the ratio of molecular weight of water to that of

‘air (= 0.622)
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e, and e, are the vapour pressure of the air at two
heights (mb or bar)

Pa is the atmospheric pressure (mb or bar)

1(V is the eddy transfer coefficient for water vapour

(cmz.secfl)

the remaining notations are the same as for Eq. 4-5.

The difficulty in using Eq. 4-6 is in evaluating Kv because it
necessitates the measurement of wind speed. In some éases; KV can be

approximated by (Hanks and Ashcroft,'1980) :

, my =y ) (2, - 2)

' 2
n ( 22/21 )
where
2 . , : .
K is the von Karman constant ( =0.4)
u, and u, are the average wind speed (cm.sec-l)

at heights Z2

and Z1 (cm) respectively.

The measureﬁent of the wind speed 1is in itself a difficult task
'_bécause wind.speed changes with time, height, site and exbosure'(Smitﬁ;
1975) and the measured wind spéed may not be that experienced by the
piant. While cup-counter anemometers are commdnly used for measuring
wind speed they are not satisfactory at a ;treet tree planting Site
beqause the anemometer measurés the horizontal cdmponent of the wind
‘but does not record the vertical air turbulent movement duevto the
heated tarmac paved surface. This deficiency of the anemometér may

seriously underestimate the vector wind velocity (Miller,1980).



46

The method depends on the reliability and sensitivity of the
instruments and requires strict adherence to boundary conditions. It
is not suitable for routine field application other than very

specialized measurements (Wihter, 1974; Robins,1973 and Veihmeyer,1968).‘

4.3.2  Energy balance method.

This method is based on the assumption that net radiant energy
at the land surface is used for evaporation, transpiration, heating
the air and the soil, and for photosynthesis. The total energy can be

partitioned and expressed as

Rn = pEt +H+G+M -——-. ————— i il Eq. 4-8
in which.
'Rn is the net radiation and is the overall difference

between the total incoming and total outgoing.

radiation (including both short-and long-wave radiation),

LE is the rate of energy‘used in evapotranspiration

( cal.cmfz.day-l) (L =590 cal.g—1 at 25°C )

'H is the sensible heat, that is the energy flux used

in‘héating the air,
G is the heat stored in the soil "

M is the other miscellaneous  energy such as used
in photosynthesis, respiration and heat stored in

the plant-air layer.

For general use in an 'ideal' condition, i.e., a short, dense,
uﬁiformly vegetated surface, equation 4-8 has been simplified by

adopting the following assumptions.'
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(1) That the heat stored in the vegetation is small (Tanner,‘
1963) and energy consumed in photosyrithesis is generally only
about 5% of the daily net radiation (Lemon,1965). These compo-
nents of Eq.4-8 may thus be smaller than the experimental error
in measuring the other major Cohpbnents (Kijne,1974) and generally
ignored. However, I feel that this assﬁmption is disputable and
there is a need for critical review of ‘its application to an
urban environment beéause : |
(a)l if Rn happens to be low, as in an overcast sky, and th§
plant is carrying large amountiof'leaves, M- may account for up
to 10% of R_ (Kijne, 1974);
(b) :in urbaﬁ'areas, building.and‘pavement materials
'notably élter the evaporation térm of the heatrbalance
(Landsberg, 1970); |
-tc) ~ trees, as compared to grass, would iﬁtercept more
‘radiation- due to‘denser foliagé (Bernatéky,1978)..
7(2) The term G, the amount éf heatbstored in the soil, 1is
thought to accounf for only a small com?oﬁent of the'bverall '
‘enérgy balance (Hille1,1972). Tannér (1963) éuggésts th#t
depending on the canopy cover. and the séason, the soil storage
tefm may account for between 5 to 15% of net radiafion but
fafely,exceeds 10 to'ls%, in ideal condition. In a forest
situation, only 5% of the solar radiatioh reaches the foresf
floor (Bernatzky,1978).

In paved éreas, rainwater is quickly drained off from
the‘street and only a small amount of heét is lost through
surface water evaporation (Landsberg,1970). The radiant:
energy reaching the ground is increased and caused elevated soil

temperature (Howe,1979; Carter,1967; Bernatzky,1978).
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Hence, in an urban soil?the item G should not be ignored. Even
under 'ideal' condifions, with vegetation cover and when soil moistufe
is not limiting, tﬁis soil storage term, while thought to consitute
only a small fraction ofbnet radiation, is not neglected.

Thus, neglecting only the term M, Eq.4-8 has been re-arranged

to

Neﬁ‘radiation can be measured directly by net radiometers‘which
measure both the inéoming andvoutgoihg radiatiop (Seemann,1979a). The =
- measurement of heat flux in the soil pbses some difficulfies (Seémanﬁ;;

1979b). Tanner (1963) outlined fhree methods by which soil heat ffux
| can be measuréd; |
.(a) the temperature_gradiént method,
{(b) the flux plafe method,
(c) the calorimeter method.
Thus to solve for equation 4-9; a seéoud relation between LEtl

and H is needed. This can be obtained by combining Eqs. 4-5 and 4-6

H C P K (T,-T ) |
= —p a M 2 17 Eq.4-10
Et . e K, ( e, - € ) :
Hence,
H C P K. (T,-T, )
—_ = a H o 2 1 Eq.4-11
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is- the psychrometer constant

- 0.66 mb. ¢l

Bowen (1926,quoted by Kijne,1974), assumed that KH equals to

K and defined a Bowen.ratio ( 8 ) as

Re-arranging Eq.4-9 and substituting the Bowen ratio,Eq.4-14,
which is used for estimating eVapotranSpiration in energy balance

methods, is obtained.

Instruments are needed to measure net radiation (Rn), soil
heat flux (G) and corresponding temperature and vapour pressure at

two heights (Tz, T., ezrand el)‘fof B.

1
v The formula works best when water is not limiting, that is,
when the temperature difference 1is small and the vapour pressure:

difference is large .and therefore, B is small.

In humid regions, evapotranspiration loss can be approximated by
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because B is £ 0.1 and hence it can be assumed that about 70 to 80%
- of the net radiation energy is used for evapotranspiration. In dry
conditions, such an approximation cannot be used because g could be

as large as 10 and Eq.4-15 would give an over-estimated value of LEt'

4.3.3 Combined method - The Penman's equation.

Penman (1948, quoted in Penman, 1963) combined aerodynamic ahd
energy balance methods to estimate evapotranspiration frém commonly
collected meteoroldgical data. Howéver, because use is made of'thé-‘
Dalton equation thch describes evaporation from a séturated surfaée,‘.
Penman's method estimates the potentiai evaporétion from a free‘watér-
sﬁrféce, and a reduction facfor is used to obtain_the potential |
: evapotranspiratibn. Thus, the appiication of the Penman method requires
calculating the potential evaporation from a free water surface and the

reduction factor.

4.3.3.1 Calculation of potential evaporation from the free
water surface,

 Penman's equation for calculating the potential evaporation from

a free water surface is given by

ARn
L * v Ea
Eo = ittt Eq. 4-16
g A + Y
where
EO is the potential evaporation (mm.day_l)
A is the‘slope of the temperature-vapour pressure

curve at the observed temperature (Ta) at a height
of 2m, assuming a saturated vapour preséure at the

surface,
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Rn is the net radiation (mm.day-l),

L and Y are the latent heat of vaporization and

psychrometer éonstant respectively,
E, is a drying power of the air (mm.dayfl) which
depends on air speed and vapour pressure and is

given by the equation (Kijne,1974)

B, = 035 (0.50 + 0.54)) (¢, - e)

H, is the wind movement at 2m height‘(m.séc—l)
€, is the saturated vapour pressure of the air at
temperature Ta (mm.Hg)'
e, is the observed vapour pressure of the air  (mm.Hg).

In this equation, the numerical values are obtained in the

following ways.

R is measured with a recording nef radiometer,
M, is measured with a cup anemometer and
ail'other variébles can be fead from tables.
Iﬁ should be noted that in the aboVe‘equati0ns, wind speed (uz)‘
is measured at a height of Zm above the groﬁnd. Wind’spegd.(UZ) measured -
at other height (Z) can be adjusted to the required height.by the‘

following relationship (Gangbpathaya et al.,1966) :

in which
Z is the height of  the anemometer above ground (m)

n is a constant.
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4.3.3.2 Calculation of reduction factors.

Crop Coefficient

To estimate the potential evapotranspiration ( Etp ) for a green
crop fully and uniformly covering the soil and with unlimited supply
of water, a reduction factor, called the Crop Coefficient ( f ) is

introduced.

Bp = o E Smmssmeseesoos ;--5-----------:Eq.’4-17
The crop coefficieﬁt has been investigated by maﬁy workefé;‘
~ Penman (1956, quoted by Rijtema, 1965) concluded that f is maihiy
determined by the daylength. Rijtema(1965) concluded that f is mainly
detéfmiﬁed by the difference in reflection of the two surfaces of the
plant leaves. Hanks and Ashcroft (1980)'li$téd 3 factors which will
influence the numerical value of f : (1) the piant, (2) the time of
fhe year and (3) the location.

Penman (1963) gave the value of 0.7 for grass'at’equat6r151‘
region whilst for the same région, the f value for é»perennial plant
is 1-(Haﬁks and Ashcroft,1980). |

Soil Coefficient

Actual evépotranspiration ( Eta ) by plants in the field is
generally appreciébly lower than the potential‘evapotranspirationi
( Etp ) (Hillel,1972) because of liﬁitations in water supﬁly.

Tﬁe Eta_can be calculated from Etp by again_introducing a soil

coefficient ( KS‘) :

Eta =‘ KS '-Etp --------------------------------- Eq.4-18
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When water is not limiting,

Eta B Etp’
that . is,
i
KS = : = 1
Etp

As water availability is decreased, the value of Ks_is also<fedﬁ¢ed.
The differences in opinion as_to.whether soil!water'is edually available
to tree roots at various soil'water content between field capacity and
permahent wilting percentége was discussed in Chabter 2 and different

relationships between KS and water content ( BV ) have been suggested

(see Figure 4.3).

._4
.
=)

o

Soil coefficient ( KS )
jon
7

vfc
Soil water content ( 6 )
. \

Figure 4.3 Relationship between soil water content (ev) and soil

coefficient (KS).

Source : From Tanner,1967; quoted by Hanks and Ashcroft, 1980.



- 54

Denmead and Shaw (1962) showed fhat all the relationships shown
in Figure 4.3 can occur and stated that,
(1) if evaporative power of the atmosﬁhere is high, then
water availability may decrease as soil water content drops.
This is fhe condition of the‘liﬁear~relatidn as shown in curve
(d),
2) if'the evaporative poWer of the atmosphere is low, then
' relation (a) may apply, i.e.,water is equally available to the
plant between FC ( 6 ¢ ) gnd.PWP ( evap ),
(3) under field condition, with large rooting depths, relations

(b) and (c) may -apply.

Rijtema(1965) presented a theoretical evalﬁation of Ks and
showed that it is determin¢d by parameters like temperature, wind
speed, light intensity and roughness'of the leaves of the plént.

AdveCted héat may cause serious errors in the value of evapo-
transpiration as calculated by the Penman's method. In fact, Penman's
‘method is not intended for use in situations whére therelis adveétipn
(Kfamer,1969) and a further empirical feduetion factor, determined

lécaily, wou1d be needéd for use df this eduation in én urban area.
For example, Pruitt(1960) used é redﬁction factor of 0.97 to the

calculated Eté for central Washington.
4.3.4 Empirical methods
"~ 4.3.4.1  Thornthwaite method.
Thornthwaite (1948,‘qu6ted by Lee,1980), based on records of mean
air temperature and length‘of'day (which are stroﬁgly‘correlated with“’
incident radiation), derived a formula for estimating poténtial

evapotranspiration for a large catchment area. The empirical expression
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for a monthly potential evapotranspiration (Etp)’ with a day length

of 12 hours, is (Gangopadhyaya et al., 1966) :

10 T a
Etp = 16 La ( ——~;——~—— ) ———4——————-7-—Eq.4—19
where Etp is the monthly potential evapotranspiratipn (mm) ,
La is an adjustment for the number of hqdrs of daylight
and days in the mohth and is related to latitude,
T - 1is the ﬁean ﬁonthly air temperaturé' (OC),
I is a heat index obtained by summing the 12 monthly:
values of heat index i giveh by
, T 1.514
i = )
: 5
a is a cubic function of I, given by
a = 6.75x 1077 1° - 7.71 x 107° 1%
£ 1.79 x 1072 1 + 0.49

'The'method has limited general application. In the first place,
it gives.only.unadjusted rates of pbtential evapotranspiration aé crop
and soil coefficieﬁts are not incorpbrated.‘bMore importantly, becéuse

it is based on empirical data, the equation could not validly be used

for areas ﬂaving a different climate from that in which the formula 

was developed (Thornthwaite, 1954., quoted by Penman, 1963).

4.3.4.2 Other empirical methods.

.There aré other empiricalrmethods, notably_the}Blaney aﬁd
Criddle method and the Turc method. All empirical methods make use 6f
climatic data (see Table 4;2) and are applicable to a large catch- |

ment area and a large irrigated field grown with agricultural crops.
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TABLE 4.2 Meteorological Data Required for Various Methods of

Calculating Potential Evapotranspiration

Methods T n | H e P
Penman ' X X X X -
- Turc X X - - X
Blaney-Criddle X - - - -
‘Thornthwaite - X - - - -

. T 1is temperature, n 1is hour of sunshine, yp 1is wind speed,
e is vapour pressure, p is precipitation.

Source : Kijne, 1974

While thesé formulae may be useful for hydrologica1~$tudies
and for agricultural irrigation programs and may attain a degree of |
accuracy in their area of origin, they have to bé used with care in
ldifferént climates, especially when the conditions and assumptions
- under which the formulae were_postulafed do not apply. For example,
Rbsé'(1969) reported that the'theory of Penman is not applicable whenv
evapotranspiration is limited by water transport in the soil and
Kijne (1974)>conc1uded that the formulae by Blaﬁey-Criddle andsby.

Thornthwaite are not suitable for monsoon-type climate.

4.3.4.3 Review of Empirical methods.

Thisrlitérature study has in mind the fdrmulétion and deveiop-
hent of prdposals for the study of fhe water requirements of‘street
trees in paved up areas in Singapore.' Singapore has two monsoon
seasons totalling 10 months (Singapore Meteorological Service Report,

1976). The literature advises care in extrapolating the émpirical
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formulae to areas with meteorological conditions outside those for
which the formulae were developed. The literature-search has not
indicated formulae developed for areas with a climate such as Singapore
nor for urban paved streets. It is concluded that the empirical methods
for estimating the evapotranspiration are not appropriate for use in

the context of this study.
4.4 ESTIMATING TRANSPIRATION RATE

The water bélance method and the Various'méthods utilizing
metedrological data as déScribed in previous sections are more spitable
féf estimating waterllosses from a plant community. A direct approach"
of estimating water loss in trees dﬁe,fo,transpiration is the measure-
ment of either the water movement in'the>tree or the amount of water
vapour given out by the.tree canopy.. |

vFour methods are‘discussed below for.the difect measqrement of
' wafer use by a single»tree, the sifuation most féleQant to-this study. ‘ 
These methods focus on the direct évaluation ofbwater movement from
and througﬁ the trees themselves (Swanson and Lee, 1966):

(1) ‘The use of lysimeters for measuring évapotranspiration loss
has'élready been ﬁentioned. For estimating transbiratidn
lbss; the lysimeferbmust be‘éovered to prevent evapofation,

(2) ‘fhé quickfweighing method, | |

(3) therwater vapour loss method, . and

'_(4) the sép flow method.
4.4.1 The quick-weighing method (cut-shoot method)

In this method, the transpiration rate is determined by

measurement of weight loss from cut plant shoot or detached leaves.
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This Tmethqd*_'implies that the weight>loss is due fo loss of water
from transpiration alone and that water used in photosynthesis is
negligible.
The detached shoot or leaf is weighed immediately after Being

separated from the tree and reweighed on a special balance after a
few minuﬁes. Thé obvious critisism of this method is that the détachéd
part may’haye a different physiological response to the immediate
environment ﬁhan'thé entire trée. MOréqver, placing the detached part
of the plant in the balance exposes it to an environment entirely‘
different to the norﬁal microglimate of the entire tree in the field
(Kramer,1969). Another issue is the correct selection of‘the branch
>0r‘thé leaf for cutting. Different'parts of a tree canopy receive
different radiation intensities and will havé different trahspiration
rates. Fof example, leaves at the shady side of.a tree have been found
to e&aporate ZS% less water than those on the sunny sidé (Bernatzky,
1978), and different parts of the tree have also been foundAto'be
transpiring at different rates (Kramer and Kozlowski,1979).

" The most problemetic stepvwith this method is,thus,with the

extrapolation from the detached plant portion to the entire tree.

4.4.2 Water vapour loss method

The principle of this‘method is to enclose a portion of the
entire tree Qithin a transparenf; impermeable housing. The transpi-
ration rate is calculated fromvthe rate of flow of the inéoming.and
outgoing air and the difference in their moiéturé content; A
tranSpareﬁt plastic tent is commonly used to enclose the small tree.
ihe tent is then inflated by an airsfream. Instruments for measurihg
changes in water content of the air include wet énd dry-bulb |

‘thermometers,wet and dry thermocouples, corona hygrometer, micro-
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wave hygrometer, electrical resistance hygrometer, infrared gas
analyzers and nsychrometers (Kramer,1969) . However, quantitative
measurement of water vapour in the air is difficult (Tanner,1963)

and to date, no ideal or universal instruments- have yet been developed
for this_purpose‘(Forrester,1979).

There are several signigicant criticisms of the procedures,

The conditions inside the plastic tent would be different from
1jbgé of the embient environment. The plastic naterial transmits more
radiation of shorter wavelengths and the mean air movement in the empty
tent isiless than 0.05 m.sec_1 (one—tenth mile per hour) (Swanson and
Lee,1966). This poses a nnmber of probieme. Some'instfuments, like
the psychrometer, need an air movement speed of at least Sm.sec-1
for eonstant.readings (Hoffman,1979). Slower ventilation speed nill
influence the vapour pressure and diffusion resietance which affect
ti‘anepiration (Thurtell,1979).

The ground cover mey influence the readings and the.method may
give evapotranspirationvrate instead of the transpiration rate‘of a
single tree. To overcome this problem, a separate, identical tent
could be.erected immediately next to the one enclosing the tree. This
second tent would measure the evapotranspiration rate of the ground
coyef vegetation?and the difference between the two tents gives the
transpiration rate of the single tree (Swanson and Lee,1966).
Aiternatively,‘the lower edge of the tent could be gathered in closely
around»the tree base to-eliminate measuring the evapotranspiration of

the whole plot (Decker and Skao,1964).

4.4.3 Sap flow method
Measurement of the velocity of the sap flow in tree trunks has
been used to estimate the transpiration rate of big trees in the field.

Methods for detecting and measuring the sap flow include dye injection,
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radioactive tracers, heat transport (heat pulse method) and the latest
technique depends on the principle of magnetohydrodynamics (Meidner
and Sheriff, 1976).

Of all these methods, the heat pulse method is non-destructive,
causes little harm to the tree and Seéms to be most satisfactory .i
(Kramér and'Koziowski, 1979). Ih this method,'heat is applied to the
tree trunk by inserting a small electric heating unit under the bark.
A thermocouple is placed above the heating unit to measure the timg
required fbf_tﬁe heated sap to reach the fhérmocouple; This 1is takén
as the rate of sap flow. Anothér temperdtﬁre sensor is placed below
the heating.unit so thaf the factors of heaf convection and conductioﬁ
are taken into consideration. 7 |

bLadengeq (1960) found that the time taken for thé heat to
‘travel from the heating unit to the_heat sensor is dependent on the
velocity of the transpiration rate. The time interval increases aé
the transpiration slows down. To relate the'sap‘velocity to theiwater
absorption rate, Ladefoged (1960) cut the tree and stood it‘in a
_ bucket of water. He then made simultaneous measurements of the sap
velocity and the decrease of water in the bucket. He establishéd a
good correlation between the sap velocity and the water consumption
of the tree_during the experimental period. However, such a method
is destructive as the tree has to be cut.

Decker and Skau (1964) made simultaneous measurements Qf sap
velocity by heat pulse method.aﬂd transpiration rate, by tent method,
and found that thé sép velocity was closely correlated tb the actual
transpiration rate for intact trees.

It thus appears that to give a quantitative measure of trans-

piration loss, sap flow method has to be used in conjunction with some
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other methods. By itself, the sap fiow,method can be a reliable indicator
of the direction of rapid changes in transpiration rate and at best; as
an indicator of the relative magnitude of gradual changes in the
transpiration rate (Decker and.Skau,1964). The limitation of the tent
method as a measure of transpiration loss ha; already been discussed.

A non-destructive method will have‘to be found which can translate the
linear velocity,measurementsrinto volumetric flows. This requires
reiating»the velocity values to the flow pattern,in a tree ;tem. Herein
lies the problem.with this method. The watér«conducting sYstem of a tree
is very complex and it is not easy to measure the sap velocity,in a way
that is reﬁresentative.of the total fluid flow,for the proportion of
the total croés section of the‘tree trunk involved in Qater conduction.
Hence, short of cutting down the tree, linear velocity measurement may

not enable reliable extrapolation to volumetric flows for the whole tree.
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CHAPTER 5

PROCEDURES FOR DETERMINING THE WATER

REQUIREMENTS OF TREES IN PAVED AREAS
5.1 INTRODUCTION

The particular problems leading to the initiation of this’
study were discussed iﬁ Chapter 1 and ﬁhe aims of the study stated.

In Chapters 2; 3 and‘4 progedures for measuring soil water,
evapotfanspiration‘and transpirafion were described.

The selection of appropriate procedures fér determining the water
requirements of ﬁrees in paVed areas in»Singapoie is discussed in this

chapter.

5.2 SELECTION>OF METHODS
' 5.2.1 The context of selection.

The pufposes of evaluating water requirements are, in the cdntext
of thisvstudy; twofold. |

(1)  In the case of existing trees to know-Wheh it is necessary -

for irrigation wafer to be épplied and how much should be added

for-efficient’application'of the water.

(2) In relation to planﬁing for the water'reqUirements of

proposéd street tree plantings, to provide iﬁformation for the

coﬁsideration of eﬁgineering designvof drainage works associated

with foad construction which would ensure adequate water for

the trees.

vKnowledge about soil water depletion at the root zone is
important for determining when and how much water is needed for tree

growth. However, care must be exercised in interpreting soil water
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depletion at the root zone as it is erroneous to assume that . soil
water depletion at the root zone must mean internal water stress of
the tree. Nevertheless it should be noted that as long as the soil
water conteﬁt is 'high',a tree can coﬁpensate for excessive water
loss during the day by a low rate of transpiration at night; elimi-
nating any internal water stress that may have developed (Kramer

and Kozlowski,1960)._0n the other hand, if the soil water content is‘
IQw, leaves may.hot’regain:turgidity:at night and this leads to
permanent wilting (Slatyer,1967).

Measurements of both soil water content aﬁd,sbil-water
poténtial have been used as parameters to indicate‘soil‘watér‘
dépietion énd hence the need to irrigate (Sachs ét'al.,1975; Richards
and'Marsh,196l). |

It was noted in Chapter 2 that the water aQéilable for use by
a plant is that between field capacity and permaneﬁt wilting percen- -
tage. This ampunt is related to thé,soil'properties. Seemann (1979¢)
indicates that fbr-any particular soil, the optimal water supply for
agricultural plant grbwth‘is attained if the available“waterrcoﬁteht :
at the root zone is between 50 and 80%.

Aesthetics is a most important aspect of landscape plantings‘
while biological production is usually not. Thus the irrigation.
requirements for such plantings could be quite différeﬁt to those.fbr‘
agricuitural crops (Sachs et ai.;1975) but the literature review
associated with this study‘suggests that they hdve not beén closely
or widely investigated. Nevertheless,the concept of defining a raﬁge
of available water content és a criterion for the irrigation of street
trees seems a useful approach in practice but this requiresl

inVestigations.at specific planting sites if soundly based watering
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requirements are to be defined.

It is important to note that a high soil water content may be
more damaging than a low water content for high water content. may
‘reduce the aeration in the soil. This in turn may have a severely
detrimental effect-oﬁ root growth (Grable and Siemer,1968) and water
absbrptidﬁ (Letey et él.,1961). Thus it is important thag;any‘
specification of the range in the available water-conten£ in the soil
be within thét considered és optimal for plant growth.

Saéhs étAa1;(197S) used gravimetric soil water content as én
indication of soil water status in experiments for determining the
minimum irrigation requirements for landscape‘plants. Gardner aﬁd
Lambert (1973) feported that‘soil water content measurements have
often been used-fo obtain an estimate of evapotranspiratibn, provided
fhat the water flux across the bottom of the root‘zone can be
neglécted. |

Apaft from soil water content,vsoil water potential has also
been used to provide an indication of the depletion of available
water in the root zone‘of-piants. Sekiguchi et al.(1973) used
tensioheters to study the soil water depletion at tﬁe root zone of
;treef trees under pavements. This work is diééussed later. Soii
water potential has become anvimportanf criterion for irrigation
~and many irfigation programs now involve adding water tovsoii when.
the soil watgr potential reéches a.predetermined value considered
éppropriaté to a.pgrtiéular'plant (Gardner,1964).

The above mentioned methods of in situ soil wéterimeasurements,
that is of soil water content and soil water potential, do not measure
how much.water is used by the tree in the transpiration process unless

the water flux across the bottom of the root zone can be eliminated
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or also measured. This could require the installation of a lysimeter
for it.is very difficult to measure the water flux across the bottom
of the root zone. Hillel (1973) commented that for many soils,
tensiometer measurements indicated that there are appreciable
potential gradients below.the root zoﬁe and water can contribute to
the root zone by either downward‘percoiation or upward seepage from
the groundwater. Under such conditions, it is not possiBle‘to.deter_
mine transpiration loss from é mere meésurement of the»éoil wdter 
content.

Alternatively’methods such as those descriBed in sectioﬁ 4.3
cpuld'be used to give an iﬁdicafion of water flux through the tree
itself;rather.than that thrpugh thé soil. However, as discussed below,
site constraints sevérely limit the applicability of moét of these.

methods.

5.2.1.1 Space,ét street tree planting sites.

Tree plantihg Strips along mdst streets are often no more than
Z—mtwide.verges with kerb foundations and undergréund utility lines on
ei;her side‘of the greén verge. The installation of 1ysimetefs would
ﬁbt'be practicable in sﬁéh 1ocatioﬁs, not only because it involves
bréaking up the tarmac or concrete pavement, but.also becauée of -
1imitatioﬁ of space. Tensiometers, gypsum.bldcks and neutron probe
tube housings could be installed at theSe sites for their installation.
would not require extensive disturbance of the pavement and extensive
workiné spécé, but vandalism may present problems. However, if the
trees at the site are large matured specimens having a large root-

ball or a wide and wild root spread then even these methods may
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become impracticable.

On the other hand it could be possible to instal lysimeters in,
for example,éar parks and pedestrian malls where space would not
usually be as limiting as along streets. In Singapore a car-parking
space measurés 2.5m x 5m and this area could be converted into an
in-situ lysimeter. Constant vehicular movement may make wéighing
lysimeters impraéticable or inaccurate and volumetric lysimeters. as
described by Gangopadhyahy et él. (1966), may be used instead. |

Ventilated tents or cﬁambers have been applied to the
measurement of transpiration of both large and small trees. There
seems no prgctical reasoné_why they sﬁbuld not be applied.to some
street tree situations, but érown spread may limit their épplication
té some tfees,for the scaffolding necessary to support ‘the plastic
sheath must encompass thé periphery of the crown and this may cause

unacceptable obstruction to the public.
5.2.1.2 Costs.

Thé selection of instrﬁments and procedﬁres torinvestigate
water requirements of street trees in Singapore must be undertaken
ih relation to the funds that may bé availab1e. These will be quite
1imiting and it is accepted, given the need for replication of
meésurements in térms of species, age of trees and planting sites;
the instruments seleéted must be flexible in application,andare
éppropriate to both 1afge‘and small trees at a range of site conditions.

_ Lysimgtgrs;énd:Ventilatéd ten;s_are'notvflexible although
ventilated tents aré ﬁhe mére:fiexible in a relative sense. Although
fqr‘young_treeé 1y§iméters coﬁ1d be‘constructed7fairly cheaply{the
informatioﬁ would be of limitéd value giVén the range in age_of trees;‘_

for which water requirements must be determined.
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5.2.1.3 Meteorology.

The various méthodsfor estimating evapotranspiration based on
meteorological information were described in Chapter 4 and some
reasons why they may not be appropriate were indicated. Apart from
those reasons, the geometric shape of the isolated single street tree
must also be taken into consideration.

In the case of a rounded or oval shaped tree the‘tree»cénopy
‘receives not only the‘direct radiation from the sun and tﬁe difquedA
radiation from the sky,but also the rédiation’emifted by the surroﬁnding
environment and.eépecialiy'by the soil. Hence,both the top and the
underside of. the tree canopy receive radiation. waever,“for.a
fastigiatevtree the.contributioﬁ of radiation from the soil is
négligible in compérison to the other components (Primault,1979), and
therefore,under the same climatic condition,tit receives less radiation‘
than the roﬁndgd tree. The differenée.between the energy received by

these two types of trees is illustrated in Figure 5.1.

(A | ()

(A) A spherical shape tree receiving radiation from both the

atmosphere and the ground.

(B) A conical or fastigiate shape tree receives radiation mainly
from the atmosphere and less from the ground.

Figure 5.1 The effect of the geometry of isolated trees on

radiation reception.

Source : Primault,1979.
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The influence of temperatﬁfe, air humidity, wind and precipitation
on isolated trees in relation to their geometric shape is also discussed
by Primault (1979). It is not only the geometric shape itself that plays
an important part but the size of trees of similar geometric shape will
also ,of course,influence the transpiration rate.

It would be very tempting to assume thatievapotranspiration from
moist land, irrespective of its cover, is equai to the evaporation rate
which is determined by prevailing weather. Schulz (1976) ,for example,
sﬁggested that 'it is only logical that there should be good correlation
between transpiratién and pan evaporation,' énd therefore climatic
factors, and.that.the empifical formulae presented in the literature
couid be uéed to predict evapotranspiration.

Howevef, merely taking meteorological data from the recording
stations and applying them to the various empirical‘formUIae presented
in Chapter 4 would giﬁe the saﬁe transpiration rate for both a hﬁge
tree énd a small sapling because the meteorological daté would be the

'Same fof both trees.and it is clear.that the gctual transpiration
WOuid be dependent on the size;

The major misconceptions iﬁ the use of these fOrmuiae have been
given by Lee (1980). The unquestioned use of them in areaé and conditioﬂs»
in violation of eQen the superficial restrictions originélly'impbéed.
on them cannot be'regarded as appropriate and‘thérefore,theif
application to the problem of estimatingvthe water requirements of
isolated trees in urban areas seems unacceptable.

Fitzerald and Rickard (1959) state that if these methods have
to be usé¢ they must be counter-checked with measurements of soil water
deficit by the gravimetric technique to see if they afe applicable to

the local conditions. Thus ,given the need for checking and that total
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wafer irrigation must allow for drainage of water from the site,.
percolation to the root zone from other watér sources and the
possibility that the tree roots will have’accessito groundwater; it

iS considered that other proCedures ﬁust be adopted at least initially.

However, it is noted that in the longer term it may be possible

for direct measurements of soil water depletion at street tree planting

sites to be correlated with appiopriate climatic data that is
relatively easy to record,and‘the’above discussion does not suggest:
in ahy»way phat metedrological infofmation'would not be useful in the
study of water rgquirémeﬁts and that it need ﬁof‘be»éollecﬁedrof
consulted. The discussion dihply highlights that’there is no reliable
methodiqf estimating'evapotranspiration rates based solely on simple

weather data and the problem is to find the émpiricalreiation between

‘them.

In Singapore the daily weather is fairly constant and there
is nov . great variation annpally. The mean monthly temperature does
not vary by more than 1.1°C from the annual value of 26,60C énd'the
average diurnal variation of temperature is 6.7°C (Singapore-
MeteordlogicalfService Report, 1976). Hopefully, the transpiration
ratésrof single trees can be correlated with some simple weather_data
and,: taking into account biological facfors such as the size of tﬁe
canbpy-and‘the Shépe of the tree éfoWn and predictions of Water‘available
from’the-gfound water or percolation, the irrigation water requirements
may be predicted with some degree of accuracy. Such informétion and
guidelineé will only emerge after many years of field observation,

data collection and analysis.

5.2.2 Some General Conclusions
In relation to the defined purposes of this study, the limited

availability of space for instrumentation at street tree sites, the
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costs, and the possibility of predictiﬁg irrigation water require-
ments for street trees solely from meteorological data, it is
concluded that measurement of soil water depletion, and to a
limited extent,the use of lysimeters are the most appropriate methods
for further considerations. Measurement of soil water depletion
is discussed in the following section in relation to :
(a) the selection of methods for irrigating existing trees,
. (b) planning for the water requirements of proposed street

tree plantings.

5.2.3 Selection of methods for determining the water

requirements for irrigating existing trees.

5.2.3.1 Measurement of soil water depletion.

(A) By measuring soil water potential.

Among the many instruments discussed in Chapter 3, tensiometers
have .been used very successfully for monitoring soillwater depletion
in foot zones of fruit trees in orchards (Richards and Marsh, 1961)
and'street trees under pavements (Sekiguchi et al.,1973). The.latter
work is,of course,of particular interest in this study.

| Richards and Marsh (1961) reported on some irrigation programs
>forvfruit trees based on tensiometer readings. They monitored the
change in the measured soil water potential at the root zone over
time and applied irrigation water when the soil water potential
reached ;0;5 bars (they used soil suction and»the information is
quoted as 50cb). According to the moisture retention curves given
by.them (See‘Figure 2.4), this corresponds to a 30 to 70% available
water depletion for most soils except clay. They stated that it is _
often considered desirabie for irrigation when 50 to 75% of the
vavailable water is depleted.

If 50% available water depletion was chosen as the value at

which to irrigate, then according to the moisture retention curves
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shown in Figure 2.4, the water potential for the soils (except
clay) would range from approximately -0.3 to -0.8 bars. In this
procedure, irrigation would continue until the soil water potential
increases to a predetermined value..

For deep rooted street trees a»tensiometer for measuring
water potential should probabiy be installed WHere there is the
maximum root proliferation in the soil profile but of course,in
pracfice,this would have to be determined as a matter of
experience and judgement. Morevaccurate indications of soil
water depletion could be obtained by installing tensiometers at
two depths, the upper and lower root zone. Tensiometer readings
obtained 5y Sekiguchi et al.; (1973) are shownbin,Figure 5.2.

If tensiometers were installed at various depths down the soil

profile of the root zone than it would be possible to follow the

pattern of the depletion of the soil water for the entire root zone
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Figure 5.2 Tensiometer readings at 2 depths of soil profile
under asphalt pavement.

Source : From Sekiguchi et al., 1973.
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Efficient irrigation programs can be planned around two
tensiometer readings. For example, with two tensiometers, a light
and short duration irrigation could be applied when thé top tensio-
meter drops below a predetermined water pdtential. When both top
and bottom tensiometers show low watér pofential readings then a
thorough irrigation aimed at bringing the entife soil profile back
to the originaily desired water potential could be carried out.‘
Figure 5.3 shows, for example, an irrigation program for an avocado
orchard based on tensiometer readings at two depths and shows. that
thorough watering ofuthé entire 60cm deép soil profile was only

carried out at each third irrigation. Figures in parentheses show

the duration of irrigation in hours.
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Figure 5.3 - Irrigation program for an avocado orcﬁard based on |
| tensiometer readings at 2 soil depths. Thorough
wetting of the entire 60cm deep soil profile is only
carried out at each third irrigation.

Source From Richards and Marsh, 1961.
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There are no practical‘problems associatéd with the use of
tensiometers that would preclude their use in urban afeas and ,as
indicated, Sekiguchi et al. (1973) have already used them in paved
areas. To instal a tensiometer,a hole is made in the soil to the
desired depth using a soil tube, an auger or solid iron pin if the
soil is hard. It is important that the ceramic ;up of the tensiometer
be in.éontact with the soil and overgized holes must therefore be
avoided.

Urban soils may be compacted and may contain many large stones
ahd other hard objects (Hamilton,1979), and the installation of tensio-
meters Qdula then be mofe difficult. In such cases;the’hoie is

excaQated;with a trenching spade tbbthe desired depth, the cup is -
placed in firm contact with a side of the hole without stones or hard
objects and the initial backfill for covering the tube is made with
excavatéd material from which the stones have been removed.

Tensiometers are subject to errors from temperature changes
Reevé, 1973) and urban areas may be subject to higher temperature
fluctuations (Bernatzky, 1978) (see Figure %.4). Théré are tensiometers
made of plastics,which are poor coﬁductors of heat reiativé tobmetal,

and they should therefore be considered for use in urban areas.

(B) By measuring soil water content.

Soil water depletions at the root zone could also be monitored
by measuring soil water content changes with a neutron scattering
meter. The use of the meter fér measuring water content: is described
in Chapter 3.

Applicatidn of the meter to determining irrigation requirements
is contingent on relating the measured water content to criteria such

as field capacity and permanent wilting percentage. From these,the
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available water content is calculated and used as a criterion in
determining irrigation requirements.

Bulk density of the soil must be determined because it is used
for

"a) converting the gravimetric water conteﬁt to volumetric

water content by the expression

v 0 0b (see Appendix 3.2, Eq. 2-4)
where
dv is the volume water content,

en,'is the mass water content and

o is the bulk density of the soil.

b) correlating (as discussed below) the feading of the neutron

probe with gravimetric water content.
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Figure 5.4 Daily course of air and soil temperature at different

depths of urban street soils.

Source : Bonnermann and Rohrig,1971.,qouted by Bernatzky,1978.
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It has already been mentioned in Chapter 3 that the soil water
content as read from a neutron meter is affected by soil density.

This is illustrated in Figure 5.5.
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Figure 5.5 Soil water content of a soil profile as indicated by‘neutron'

meter reading with and without correction for bulk density.

Source : After Bell and McCulloch, 1969

By detefmining the‘bulk dénsity corresponding'to.fhe.standard
.count‘rate of the neutron scattering meter, the count fate:can be
converted to watér.content by relating the readings to thg various
bulk density curves as illustrated, for example,ianigure 5.6.

The field capacity of soil at the site can be.determined by
using the standard gravimetric method described by Peters>(1973j.

It involves selecting a field site of approximately 2.5m x 2.5m of
the soil to be measured, placing a raised border around it and wetting

the soil of the entire sampling area to the depth of the root zone.
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Figure 5.6 Family of calibration curves for correlating soil water
~ content with neutron meter readings for soils of
differing bulk density. '
Soufce : From Bell and McCulloch, 1969.

The surface is than covered with plastic sheets to prevent evaporation.
After two déys,the plastic sheet is removed and the water content is

taken by either gravimetric technique or neutron scattering meters.

The water percentage at the time of sampling is taken as the field

capécity.'While the method is primarily intended for shallow rooting
irrigétion crops,it Qould be applicable at street tree planting sites
provided that ponding is long enough for the water to penetrate into
the root zone.

Determining the permanent wilting percentage for street trees

presents some problems. Symptoms of water stress in trees vary with
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species and not all tree leaves will wilt when under water stress, for
example>palm fronds and some eucalyptus. Even if leaves do wilt,thé
wilting may be due to a transient inability of the water supply system
in the tree to meet the transpiration losses, rather than to soil
water stress.
| .Althbugh the leaves of some trees may change color under
watef stress, for example shiny leaves becoming dull, bright leaves
turning gray-green, and there may be héavy leaf fall and eﬁen death of
young leaves. This‘kind of visuai symtom diagnosis is'jﬁst 1ike.the.
hand-feel test commonly usedbfdr checking soilfwater and giveé only
a very crude indication of when to irrigate.
As explained in Chapter 3, irrigétion program should aim at
maintaining an optimum soil water status and ndt tovwait.ﬁntil
the soil water has depleted to permanent wilting percentage. A‘mofé
practica1 approach,as a startihg point to further studies of trees
in paved'areas,is to take the permanent wilting percentage as
approximately 50% of field capdcity (Sachs et al.,1975). Hence, by
monitoring the water content of‘the soil profile at the root zone,
irrigation would be deemed necessary when the soil water content falls
below 50% of the field capacity value for that particular.soil,
as determined by the procedﬁres_after Peters (1973).(op cit above).
_ The assumption is of course that the tree is not deep rooted
with acceés to groundwater for in such circumstances water would be
available to the tree even when Qater potentials in the spil profile

.indicate water content well below the permanent wilting percentége;
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5.2.4 Selection of Methods for Proposed Street Tree Plantings

5.2.4.1 Lysimeter method.

The most promising method for estimating transpiration loss
of a single gtreet tree is the volumetric lysimeéter installatioﬁ. As
explained previously ,this would be practical in car parking lots énd
plézas where enéugh space is available.

The soil profile in car parks would usually be compécted to .
attain the required strength and accotding to engineering specification.
This type of structureless and.compacted’sbil is not conddcive to root’
growth. It is a common practice for tree planting holes in these
situatiohé,to be backfilled with good, friable top soil. As the soil
is béckfilled, it can be packed more evenly to achieve a more constant
bulk density profile. This is an advantage because the volumetric
lysimeter has to be used in conjuction with either the neutron
scattering meter or the tensiometer to monitor the root zdne soil
water depletion,and by setting a fixed bﬁlk density for the soil in
the lysimeter, the complication of bulk density influenceing the
neutron count rate WOuld be avbided. | |

Watef could be applied to a lysimeter by meané df»a watering
tankér. Water content corresponding to field.capécity would then be
determined by using a neutron probe two to three days after the
lysiméter has been thproughly soaked and brought up to saturation
point. When the drainage collected below the lysimeter begins to
decrease, itrcan be assumed that the soil in the lysimetef is at
field capacity. The surface of the 1ysimeter should be covered for
the determination to prevent evaporation from the soil surface. The

depletion of water content, minus the amount collected from drainage,
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is equated to transpiration loss. Preferably, more than one neutron

probe -sampling should be taken.

5.2.4.2. Cut shoot,sap flow and ventilated tent methods.

It has already been explained that the above methods would not
be the most suitable for determining the water requirements of trees
in paved areas. The cut shoot method is more of a labofatory procedure
and suitable for smaller plénts. The sap»fIOW»method requires the
cutting down of trees for'convérting the transpiration fate to the
actual amoﬁnf of water consumed. The tent method does not give the
actual transpiration loss as the environment in the‘tent.is different
from that of the ambient environment. It can,however,bé used for_‘
comparing transpiration rates of‘two sepafate plants at thg same
location,>both kept in the tehts. But this is not the aim of this

study.
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CHAPTER 6

SUMMARY

6.1  INTRODUCTION

This study was carriedout to assist in solving a practical
problem of evaluating_theVWater requirements of trees planted in
stréeté and.other paved areas in urban cities.

>Increésed public awareness of the importahce and benefits of
tree-planting and the work of town planners and administrators has
resulted in.mdre trees being planted in urban areas. Because of the
lack of planting space, many-of these urban tfees are planted in
narrow greén verges abutting pedestrian footpaths or in the median
strips of carriage ways but even more trees are planted in paVed
areas like car parks, pedestrian malis and shopping plazas. Trees
planted in paved areas have their root system growing under péving
" materials impervious'to air and water and it is common practice to
improve the growing conditions by leaving an unsealed area around
the tree collar, for aeration and water pehetfation and to provide
space for trunk growth. HoWever, it is questioned whether fhe
relatively small unsealed openings are large enéugh to take in
sufficient water for the tree's growth and suggestions are made to
increase the unsealed area and even to install underground pipes,to
éhannel more water from‘surfaée runoff to the roqt zone. There is thus
a growing concern -among .. tree—loversvabout the watér requirements
of Street‘trees planted in paved areas and,in Singapore,there is an
expressed need for accurate information to ensure adequate watering

of the street trees.
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6.2 LITERATURE REVIEW

The literature review for this study revealed little scientific
researéh on the water requirements of trées in paved areas. There is
no lack of information on water-plant relationships for agricultural
crops, horticultural plants and forest trees. Many studies have also
been made concerning evapotrangpiratibnulqss and its effects on the
hjdrology of a water catchment. On the other hana, literature on the
water loSs_of'iandscaping plants, in pafticulér urban treeS, is‘very‘

scanty.

6.3 THE STUDY AIMS

Giveﬁ the-laék of studies,specifically in relatidn to Watefing
trees in urban environments,the aim Qf this study was to Criticélly
examine the various methods for estimating wafer loss by piants‘and
to propose methods suitable for ‘estimating the water requirements of
street trees. There were two main reasons for the exercise. Fifstly,
accurate knowlédge of the amount of water lost By a single tree
would provide a sound basis‘for the design of the road camber, gutters
and other drainage works to channel more water from surface runoff to
the trees/Where the natural preéipitation_is not enough to support
the tree grdwth and the treé does not have access to gfoundwater.
'Secondly; reliable knowledge of when ‘the tree is under water stress'
and the.amoﬁnt of water it needs would enable watering routine to be
better planned in terms of timing and the amount of irrigation water

'applied.
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6.4 METHODS FOR ESTIMATING THE WATER REQUIREMENTS OF STREET TREES

There are two main approaches‘by which water loss by a plant
community, known as evapotranspiration, can be eéstimated. One is to
consider the water budget in the soil at the root zone of the trée.
‘and, from the change'in water qontent in the soil, deduce the water
ccnsumption‘rate by the tree. The secpnd iS to estimate the amount
“of water loss by a§suming that fhe rate atvwhiqh water isllost from‘
a piant is determined mainly by the climatic factors and thérefore :

to base the estimation on meteorological data.

6.4.1 Methods based oﬁ.soil water measurements.
There are three methods fqr'estimating water uptake by trees
from soil data. |

(1)  The water balance method is more of a hydrologicél-appfdach
ahdvbecause many of the terms in the equation cannot be measured
withlcertainty in an urban setting, it was conciuded that this
metﬁod would not be suitabie for the purposes of this study.

(2) Lysimeters would be suitable but fheir use is restficfed

to large areas like car parks, the malls or plazas where space is
not limited. By covering the Soil surface énd'éollecting the
‘drainégé water, they can give eétimates of water loss through
traﬁépiration’of the tree in the»lysimeter. For practica1
‘reasons, the free must be smalliwith a sma11 root ball, ofherwise"
the lysimeter will restrict root growth. |

(3) In situations where groundwater is deep enough'not to
influence soil-water fluctuations within the rootvzone, and
where due tb site constrainfs the installation of lysimeters

is not practical, then the depletion of soil water as calculated
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from water content changes measured by neutron scattering ﬁeter

or tensiometer between two éémpling times, can be taken as the

water loss due to plant consumption. |

6.4.2 Methods based on meteorological data.

Methods that make use of meteorological data for estimatiﬁg
water loss by plants are the aerodynamic-profilebmethod, the energy
balance method, the combined method and the empirical method. All
these methods were developed for use in ideal condifions,_that is,
where the plant cover‘is complete, water is not iimited, root depth
is shallow, the plant is short and the area under investigation is
large. All these aésumptibns are invalid for a,Singlé tree growing.
vin a paved area. Mofééver, the ﬁrban climate 1is Qery complex witﬁ
substantial climate variations due to factors like street orientation,
building shielding and heat advection. Furthermore; the geometrié
shape aﬁd the size of the tree will influence the amount of radiation
it‘will receive.-Oné canndt,therefdre,just take meteorological data
from recording stétions and apply them to estimate wagér loss by
individual trees in the urban cities.. |

'Many workérs have warned against the unquestiohed‘use of these
formulae to areas wifh different climate from which these formulae
were origihally developed.

6.4.3 Methods based on measurements of water flux through

the tree itself. |

Instead of making usevof soil or meteordlogical data, aﬁother
way of eétimating water use by a street tree is to measure the watef
flux through the free itself. This actually measures the transpiration
loss and there are many methods by thch this coﬁld be done. Methdds

examined in this study were thosé that could be used in the field,
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and which do nét require sophisticated instruments and laboratory
techniques. These are the lysimeter, the quick-weighing method,
the water vapour loss method and the sap flow method.

The quick-weighing method, also. known as the,cut-éhoot method,
>is.good for smalllplants fut it is not appropriate for street trees. -
Cutting the branch from the‘treé changes the physiological condition
of the plants, while weighing it iﬂ a special balance exposes it to
a different envirbnment from the ambient environment which the entire
tree .experiéhﬁeé. Both these factors will influence the transpiration
‘rate so measured. Moreover; there is the probiem of selecting the
bright brénch, as if is known that different protions of a tree
transpiré at_different rates.

Thé water vapour loss methods require that the tree under
investigation be placed in a tfansparent plastic tent. Thevtranspiration
rafe is calculated from the difference in the water vapour contents .
of fhe incoming and outgoing air streams. Here agéin, the trée is
exposed tb an artificial environment. The technical problem of this
method is the erection of a tent big enough to encase the street tree
and the maintenanﬁe of the air stream. | -

" The sap flow method, also known as fhe heat pulse method,
gives good correlation between the measured sap velocity and the
amount of water lost by the tree. Unfortunately, it requires that the
tree be cut so that fhe water-uptake cén be determined‘separately;
This would not be practical in street tree invéstigations and non-
-destructive method of correlating the linear velocity rate to

volumetric water consumption have yet to be developed.
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6.5 REVIEW AND CONCLUSIONS

From the foregoing discussion,it is conciuded that the methods
most suitable for evaluating the water requirements of street trees
‘are connected with soil water measurement. In measuring soil water
content, field capacity and permanent wilting percentage are two
parameters that are of'importance because from~them,the avaiiabie:
water content which is useful in setting irfigation program is
calculated. | | |

| It is suggeéted that measurements of soil watef content be
made By a neutron‘scattering meter or by gravimetric sampling..Sbil
watér status could also be indicated from soil water potentials which
can be measured by tensiometers.

Seen in the context of this study, two méthods are selected
for évaluatihg water requirements of street trees in Singapore.

o The lysimeter methdd gives indications of water loss due to
the transpiration process and would assist in specifying the amount
of water needed.-

The spil depletion method, by measuring either soil water'éontent
or soil water potential, can give informafion on whether or not the
soil is depleted of water. This hélps,in determihing the timing of
_irrigation. | |

| It is expected_that long term field observation, data collection
and analysis will have to be carried out before any accurate figures
on water requirements of street trees can be obtained. Hopefuliy;
some empirical relationship will be established between the water use
figures and the meteorological data for the iocal condition under

investigation.
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“APPENDIX 2.1

UNITS IN WHICH WATER POTENTIAL HAS BEEN EXPRESSED.

A. Energy per unit mass Joules. Kg_1
Erg. g_l
B. Enefgy per unit volume : Dyne.'cm_
1b. in~2

- centibar (cb)
millibar ( mb )
- Bars
Atmosphere( atm)
C. Energy per unit weight ‘ cm of water

cm of mercury

D. . pF scale ( equivalent height of water in cm, with logarithm )

pPF = log h, where h is cm water.
SR 10

The concersion of these units, with reference to bars, is as follow:

1 bar = 10° joule. kg'1

106 erg.'g-1
106 dyhe.,cm_2
102 cb

1. atm (approximate)

1-03 cm water (approximate)

i ,
| Source : Hanks and Ashcroft, 1980. p.35.




87
APPENDIX 2.2

CALCULATION OF SOIL WATER CONTENT

Assume that in a cube of soil, with‘side D and area A, all the
solid particles have been compressed to depth ¢, the soil water to.

depth b, and soil air to depth a. (see Figure A-1).

Area A
A -
a Air
D b Solution
c ~ Solid
. v
Figure A-1 Diagrammetic representation of a soil column separated

into solid, liquid and gaseous phases.

Source : Hanks and Ashcroft, 1980. p.4.
Total depth (D) =a+b+c
Volume air v, = aA
Volume water v,) = bA
Volume dry soil (Vd)' = cA
.Total,vol. of soil (Vt) " ‘='Va +,vw + Vd = (a+b+c)A
Let
Py = density of water = 1
Py = particle density -
wt. of dry soil
vol. of dry soil
P = soil bulk density

wt. of dry soil pp.CA p_.C

total vol. soil ) D
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Therefore,

Volume water content ( BV )

vol. of water

total vol. of soil

bA . b
= e e e L e L e e Eq.2-1
(a + b+ c)A . D
Mass water content | ( em )
_ _mass of water
mass dry soil
= _w T e e Eq.2-2
p cA p c
P P
Volume water percentage (%ev)
= % B e e e e e e e -
= IOOOIOV | : Eq.2‘3

Mass water content ( Bm ) and volume water content ( ev ) is related by -

the folloWing equation.

o % b °.c _ b
0_.C - D = ev
m Py Pp: D .,
_ W
Hence,
6 = ‘b 0 = B mmmmmmmmmmmmmmmmmmeod oo Eq.2-4
v o m b m q’
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APPENDIX 2.3

WETTING AND DRAINAGE OF SOILS UNDER IRRIGATION.

| A soil with a uniform initial water content; evi’ when irrigated,
will first saturate the upper layer bf the soil profile due to matric .
potential differences. After‘irrigatioﬁ, water will drain from.top»
layer until»its water content reaches field capacity, 0., fc" The
drained water‘then brings:the‘nexf layer of soil to its field capacity.
Henée, thé incoming water will wet the top léyer of soil first and
charge it to field capacity before it begins to add moisture to the
layer uﬁderneath (Smith, 1975).‘Converse1y, water is always first
taken out of the top soil layer. The depth to which the lowér soil
‘profile will be wetted depends on the amount of water applied and the
amount of water that drained from the uppér layer of the soil profile

(see Figure A-2).

Volume water content,,ev.

0 etV:L vfe - VS~
o ] ¥
% L R
ke ) [
5 ¢ .
3 [
.0 1 L)
0 ' L
= = - B by . sndiaditndiier & o mdiid ‘J-y
- PR }
15y /
% ) ) ’/
d

~—~ - = =
o FERNY | o— — —O
g 188 |

ST

Figure A-2 Drainage of soil under field condition

Source : Hanks and Ashcroft, 1980. p.12.
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Idealized soil 2 days after wetting.

X ===== x Actual soil immediately after wetting. Note that the
upper soil layer was at saturation point but low layer

was still at initial water content.

R R o . Actual soil 2 days after wetting, i.e., at field
capacity. It brings the top layer to field capacity

and the lower profile at initial watef_content.

»‘If can therefore be seen that frequent light irrigatimn‘will
only wet the surface'soillto field capacity and then water is evaporated.
The soil further down fhe root zbne may still be dry. This results in
a maximum raﬁe'of water-loss with little water actually reaching the
‘trée roots. |

A thorough deep watéfing is thus better than two shallow ones.

Kozlowski (1968)‘recommended»thorough soaking of the soil at
épﬁroximatéiy weekly interval. Apart from‘obvious saving of time and
labour, deep watering has less evaporation losses and encourages

deeper rooting.
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APPENDIX 2.4

WATER CONTENT AT FIELD CAPACITY

Idealiaed soil

o
=
()
)
&
. —
0 e —— . .
\_ == 501l 1
S AN ’
:; 0
pt N\,
[0} ' \\,.
§ . \.
. \'
'—O“ \_
=

0 1 2 3 4 5 6
Days after saturation

Figure A-3  Field capacity of an idealized soil and volume water |
content of two actual soils as a function of time

following saturation.

Source : Hanks and Ashcroft, 1980. p.11.

Note that the idealized soil reached field capacity ( GVfc)
about 2 dayé after irrigation andAtﬁe soil water content'is held
there at constant. This is the definition of field capacity under
ideal condition. In actual situations,‘soil still drain water
many days after %ield capacity has been reached.

Soii.i i§ d.more ;iayey soil :and has a rather well-defined field

- capacity.

Soil 2 is a more sandy_soii and is still draining after 5 days.
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APPENDIX 3.1

CALIBRATION OF NEUTRON SCATTERING READINGS

A simple calibration curve for converting neutron probe reading_
to volume water content is provided by the manufacturer of the
neutron probe. The curve should fit all soils except those with a
high clay content and those that contain large amounts of chlorine,
iron or boron.

To use the calibration curve, at the iinear portion of the

curve the volume water content ( ev ) is given by the formula:

1 N

6, = —( )
v S Nstd
where N is the count rate in the soil,
N is the standard count rate,
std
S is the slope of the linear portion of the calibration

curve, i.e.,

N
std

A (

‘S ) / A ev

To counter check the calibration curve with gravimetric measurements,
(a) make a series of readings with neutron probe in a test‘hole;
tb) at a minimum of 4 positions with 15 cm oflthe test hole,
take gravimetric samples at 8 cm intervals for both bulk
densifyland mass water content determination,

-(c) - convert mass water content to volume water contént by
 ev‘ T Py em

(d) determine the average of the 4 readings for‘each soil depth

and plot a curve of volume water content obtained by

gravimetric method. against soil depth,
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(e} plot the similar curve as inferred from neutrbn instrument
readings using the calibration curve provided with the
instrument and compare the curves,

(f) if a consistent difference existsrbetween these two
curves, a field calibration curve may have to be used.

In the cése if the field calibration curves are rqughlyparallel
to the mahufacturéf's curve then the factory calibration curve could
‘be used for determining relative chahges in the soil water content

but not for calculating the absoiute water content (Rawitz, 1969).



94

BIBLIOGRAPHY

Anon. 1968. Editorial comment. In Lothian, T.R.N. Sealing Around
Trees., Austrain Parks, August, 1968. p.21.

Anon. 1977. Surface moisture-density gauges. 3400 series Instruction

Manual. Troxler Electronic Laboratories, Inc. USA.

Baver, L.D., Gardner, W.H., and Gardner, W.R. 1972. Soil Physics.

John Wiley & Sons, Inc. New York.
Bell, J.P., and McCulloch, J.S5.G. 1969. Soil moisture estimation by
~ the neutron method in Britain. J. Hydrol. 7 : 415-453.

Bernatzky, A. 1978. Tree ecology and preservation. Development in

Agricultural and managed-forest ecology 2. Elsevier Scientific

Publishing Company. Berlin.

Brarmann, E.F.Jr. 1966. Coping with the problems of plantings and
maintenance of street trees in curbside excavations in

business areas. Proc. 42nd. I.S.T.C. : 52-64.

Campbell, G.S. 1979. Watering-Critique. II. In T.W. Tibbitts and .

T.T. Kozlowski (eds.), Controlled environment guidelines for

plant research. : 301-317. Academic Press. New York.

Carter, M.C. 1967. Physiology of shade trees under city conditions.
"Arborist's News. 32(11) :.85-90,92.

Collins, W.H. 1976. Nursery growing practices as related to selection

 and production of municipal trees. In F.S. Santamour,Jr., H.D.
Gerhold., and S. Little (eds.), Better trees for metropolitan

landscapes. : 167-177. U.S.D.A.For.Ser.General Tech.Rep. NE-22.

Cotecchia, V., Inzachi, A., Pirastru, E., and Ricchena, R. 1968.
Influence of the physical and chemical properties of soil on
measurement of water content using neutron probes; Water
Resource Research. 4(5) : 1025-1028.

" Cox, S,W.R., and Filby, D.E. 1972. Instrumentation in agriculture.

Crosby Lockwood & Son. Ltd. United Kingdom.



95

Creech, J.L. 1976. Some approaches to collecting ornamental trees

and shrubs. In F.S. Santamour,Jr., H.D. Gerhold., and S..

Little (eds.), Better trees for metropolitan landscapes : 221-226.
U.S.D.A. For.Ser.General Tech.Rep. NE-22.

Decker, - J.P., and Skau, C.M. 1964 Simultaneous studies of transplratlon

rate and sap velocity in trees. Plant Physiol. 39 : 213-215.

Denmead, 0.T., and Shaw, R.H. 1962. Availability of soil water to
- plants as affected by soil moisture content and meteorolog1ca1
conditions. Agron. J. 54 : 385-390.

Dudley, T.R. 1976 How to name, reglster, and patent selected cultivars
of amenity trees. In F S. Santamour, Jr. , ‘H.D. Gerhold., and
S. Little (eds.), Better trees for metropolitan landscapes.:
235-243. U.S.D.A.For.Ser.General Tech.Rep. NE-22.

Fitzgerald, P.D., and Rickard, D.S. 1960. A comparision’of Penman's
and Thornthwaites's method of determlnlng soil moisture deficits.
N.Z.J.Agric.Res. 3 : 106 112.

Forrester, J.S. 1979. Humidity‘- Critique II. In T.W. Tibbitts and

T.T. Kozlowski (eds.), Controlled environment guidelines for

~plant research. : 177-192, Academic Press. New York.

Gangopadhyaya, M., Harbeck, G.E., Nordensoﬁ, T.J., Omar, M.H., and

Uryvaev, V.A. 1966. Measurement and estimation of evaporation

and evapotranspiration. World Météorological Organization

Technical Note No.83. WMO - No.201.TP.105.

Gardner, W.H. 1973. Water content. In Methods of soil analysis.
PART I. : 82-127. Black, C.A. et al. (eds.), Amer.Soc.Agron.

Inc., Wisconsin. USA.

Gardner, W.R;, and'Lambeft, J.L. 1973. Field wafer balance and water

use éfficiency. In Soil-moisture and irrigation studies. II.
IAEA, Vienna.

Grable, A}R;, and Siemer, 'E.G. 1968. Effects of bulk density,
aggregate size and soil water suction on oxygen diffusion,

redox potentials and elongation of corn roots. Soil Sci.Soc.
Am.Proc. 32 : 180-186.




96

Hanks, R.J., and Ashcroft, G.L. 1980. Applied soil physics.Advanced

~ series in agricultural sciences 8. Springer-Verlag. Berlin.

Himelick, E.D. 1976. Disease stress of urban trees. In F.S. Santamour,

Gerhold, H.D., and S.Little (eds.), Better trees for

metropolitan landscapes : 113-125. U.S.D.A.For.Ser.General Tech.
Rep. NE-22. '

Hillel, D. 1972. Soil and water. Academic Press. New York.

————————— . 1973.‘Discussion in Field waterfbalance and water use

efficiency. by W.R. Gardner and J.L. Lambert In Soil-moisture

and irrigation studies II. IAEA.Vienna.

Hoffman, G.J. 1979. Humidity. In T.W. Tibbitts and T.T. Kozlowski (eds.),

‘Controlled environment guidelines for plant research. : 141-172.

.Acédemic Press. New York.

Holmes, J.W. 1966. Influence of bulk dehsity of the soil on neutron

moisture meter calibration. Soil Sci. 102 : 355-360.

Howe, V.K. 1979. Relation of fine root development to shade tree

growth and survival., J. Arbor. 5(6) : 130-132.

'Kijne, J.W. 1974. Determining evapotranspiration. In N.A. de Ridder

et él,(eds.), Drainage principles and applications. Vol III.

Surveys and Investigations : 53-111. International Institute

for Land Reclaimation and Improvement. Wagéningen.

Koshi, P.T. 1966. Soil-moisture measurement by the neutron method

in rocky wildland soils. Soil Sci. Soc. Am. Proc. 30 : 282-284.

Kozlowski, T.T. 1968. Water balance in shade trees. Proc. I1.S.T.C.

44 : 29-41.

Kramer, P.J. 1969. Plant and soil water relationships. McGraw-Hill

Book Co. New York.

——————————— ., and Kozlowski, T.T. 1960. Physiology of trees. McGraw-
Hill Book Co. New York. ' ' ‘

----------- ., and ---------------,1979, Physiology of woody plants.

Academic Press. New York.



97

Ladefoged, K. 1960. A method for measuring the water consumption of

larger intact trees. Physiol Plant. 13 : 648-657.

Lamb, D. 1967. Relationships between environmental factors and the
composition of a mountain eucalypt forest in the Australian
Capital Territory. M.Sc. Thesis. Department of Forestry.

Australian National University.

Landsberg, H.E. 1970. Climates and urbén planning. In Urban climates.

: 364-374. World Meteorological Organization Technical Note
No. 108. ' | |

Lee, R. 1980. Forest Hydrology. Columbia University Press. New York.

Lemon, E. 1965. Energy and water balance of plant communities. In

L.T. Evans (ed.), Environment control of plant growth. : 55-78. -

» Academic Press. New York.

Letey, J., Lunt, 0.R.,Stolzt, L.H., and Szuskiewiez, T.E. 1961. ‘
Plant growth, watef use and nutritional response to rhizosphere -
differentials of oxygen concentration.>Soil Sci.Soc.Am.Proc.

25 : 183-186. |

Linsley, R.K., and Franzini, J.B. 1972. Water-resources engineering.

McGraw-Hill Book Co. New York.

Meidner, H., and Sherift, D.W. 1976. Water and Plants. Blackie. London.

bMiller, D.R, 1980. The two-dimensional energy budget of a forest edge

with field measurements at a forest-parking lot interface.

Agr. Meteorology 22 : 53-78.

OECD Road Research Group. 1978a Maintenance techniqdes for road

surfacings : assessment, choice of treatment, planning,

implementation. OECD. Paris.

------------- we=--==-----, 1978b. Catalogue of road surface deficiencies.

OECD. Paris.
Oke, T.R. 1974. Review of urban climatology, 1968-1973. World

Meteorological Organization. Geneva.

@lgaard, P.L., and Haahr, V. 1968. On the sensitivity of subsurface
neutron moisture gauges to variations in bulk density.

~Soil Sci. 105(1) : 62-64.



98

Penman, H.L. 1963. Vegetation and hydrology. Commonwealth Agricultural

Bureaux. Technical Communication No.53.

Peters, D.B. 1973. Water availability. In C.A. Black et al. (eds.),
Methods of soil analysis. Part I. : 279-285. Amer.Soc.Agron.

Inc., Wisconsin. USA,

Pook, E.W., and Hall, T. 1974. Application of surface moderatoré to
measurement of water content iﬁ field topéoils with a neutron
moistufe depth gauge. Fld.Stn.Rec.Div.P1l.Ind.CSIRO (AUST.)

13 : 31-42.

Primault, B. 1979. The climate of trees, orchards and forests. In
J. Seemann, Chirkov, Y.I., Lomas, J., and Primault, B. (eds.),

Agro-meteorology : 152-162.

Rawitz, E. 1969. Installation and field calibration of neutron-
~ scatter equipment for hydrologic research in heterogeneous

and sfony soils. Water resources research 5(2) : 519-523.

Reeve, R,C..1973. Hydraulic head. In C.A. Black et.al.(eds.), Methods

of soil analysis. Part I : 180-196. Amer.Soc.Agron.Inc.,

Wisconsin. USA.

Richards, S.J. 1973. Soil suction measurement with tensiometers. In

C.A. Black et al.(eds.), Methods of soil analysis.Part I : 153-163.

Amer.Soc.Agron.Inc.,Wisconsin. USA.

e e T ., and Marsh, A,W. 1961. Irrigation based on soil suction

measurements. Soil Sci.Soc.Am.Proc. 25 : 65-69.

Rijtema, P.E. 1965. An analysis of actual evapotranspiration. Agricultural

research repoft No.6$9._Centre for agricultural Publication §

Documentation. Wageningen.

Robins, J.S. 1973. Evapotranspiration. In C.A. Black et al.(eds.), _
' Methods of soil analysis Part 1. : 286-298. Amer.Soc.Agron.INc.,

. Wisconsin. USA.

Rose, C.W. 1969. Evaporation from bare soil under high radiation conditions.

International Congress of Soil Sciences, 9th.Adelaide, Australia.

Transaction, Vol.I : 57-66.




99

Sachs. R.M., Kretchun, T., and Mock, T. 1975. Minimum irrigation
requirements for landscape plants. J.Amer.Soc.Hort.Sci.
100(5) : 499-502.

Schulz, E.F. 1976. Problems in applied hydrology. Water resources

publications. USA.

Seemann, J. 1979a. Radiation measurement technology. In J. Seemann,

Y.I.Chirkov, J.Lomas, and B.Primault (eds.), Agro-meteorology.

26-31. Springer-Verlag. Berlin.

——————————— 1979b. Measuring technology. In J.Seemann, Y.I.Chirkov,

J.Lomas, and B.Primault (eds.), Agro-meteorology : 40-45,

Springér—Verlag. Berlin.

il 1979c. Water requirements of plants.'IniJﬂSeemann, Y.I.

Chirkov, J.Lomas, and B Primault (eds.); Agro-meteorology

294-297. Springer-Verlag. Berlin.

Sekiguchi, A., Minami,M., and Takenaka, H. 1973. Studies on mechanisms
of soil moisture depletion at root zone of street trees. Fac.

Hort. Chiba Univ.Tech.Bull.212 : 103-109. (Japanese)

Singapore Meteorological Service. 1976. Summary‘of meteorological

observation, 1976.

Slatyer, R.O.‘1957. The significance of the permanent wilting percentage

in studies of plant and soil relations. Bot. Rev. 23 : 585-636.

mmmememdoeao. 1960. absorption of~water,by plants. Bot. Rev. 26 :
331-392.

mmmmmmmmmm e 1967. Plant-water relationships. Academic press. London.

SmitH, L.P. 1975. Methods in agricultural meteorology——Development

in atmospheric science. 3. Elsevier Scientific Publishing Co.

Amsterdam.

Smith, W.H., and Dochinger, L.S. 1976. Capability of metropolitan trees
" to reduce atmospheric contaminants. In F.S.Santamour,Jr., H.D.

Gerhold., and S.Little (eds.), Better trees for metropolitan

landscapes : 49-59. U.S.D.A. For. Ser. General Tech. Rep. NE-22.

Swanson, R.H., and Lee, R. 1966. Measurement of water movement from and

through shrubs and trees. J, For. 64(3) : 187-190.



100

Talsma, T., and Lelji, A.V.D. 1976. Water balance estimates of
evaporation from ponded rice fields in a semi-arid region.

Agr. Water Management. 1 : 89-97.

"Tattar, T.A. 1978. Diseases of shade trees. Academic Press. New York.

‘Thurtell, G.W. 1979. Humidity : Critique I. In T.W. Tibbitts., and

T.T. Kozlowski (eds.), Controlled environment guidelines for

plant research : 173-175. Academic Press. New York.

van Haveren, B.P.,Vand Brown, R.W. 1972. The properties and behavior
of water in the soil-water-atmosphere continuum. In R.W. Brown.,

and B.P. van Haveren (eds.), Psychrometry in water relations

research : 1-27. Utah Agr. Expt. Station. Utah State University.

Veihmeyer, F.J. 1968. Evapotranspiration. In T.V. Chow (Chief ed.),
Handbook of applied hydrology. Section 11. McGraw-Hill. New York.

White, R.E. 1979. Introduction to the principles and practice of soil

science. Blackwell Scientific Publications. Oxford.

Winter,E.J. 1974. Water, soil and the plant. The MacMillan Press Ltd.

London.

Yingling,E.L., Keeley, C.A., Little, S., and Burtis, J.Jr. 1979.
Reducing damage to shade and woodland trees from construction
activities. J, Arbor. 5(5) : 97-105.



