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by subscript (rn 2
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for boundary layer,
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for stomata ;
components), m for mesophyll or residual,
superscripts denotethe entity being transferred,
h for heat, W, 11 2 0 for water vapour, gases denoted
by their chemical formula.

Where appropriate, day and

night—time values are designated as such. (cm s-1 )
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ABSTRACT.

Some of the effects of wind upon young Acer pseudoplatanus
L. tree seedlings were investigated, including the nature
of wind damage to leaves and some of the effects of wind
upon 002 and 1120 exchange at different levels of soil
water.

A controlled environment wind tunnel was used

for much of the work but some of the observations of leaf
damage involved outdoor plants.

Brown lesions developed on leaves as a result of abrasion
when they were exposed to wind.

The zones of leaf that

were readily damaged changed as the leaf expanded and its
topography altered.

Young, expanding leaves were more

susceptible to damage than older leaves.

In the wind

tunnel, there was a linear relationship between % damage
and windspeed and mean leaf relative growth rate appeared
to be reduced by wind.

Wind damage led to crushing of epidermal and mesophyll
cells and disruption of the epicuticular waxes present on
the abaxial leaf surface which was far more readily
damaged than the adaxial surface despite apparently
protective topographic features.

The effects of wind upon 002 and 1120 exchange depended
upon the state of leaf development and the availability
of soil water.

When leaves were fully expanded, day and

night leaf conductance to water vapour were increased by

wind over a period of several days but when leaves were
still expanding, only night time conductance was affected.

The effects were reduced at low levels of soil

water. Where there were effects of wind they were
always at least partially reversible in a subsequent
calm period.

Photosynthesis was only affected by wind at high levels
of soil water, when the rate of photosynthesis of green
areas of wind damaged leaves increased - thereby
compensating for the loss of photosynthetically active

There -viaL3 a linear relationship between % macroscopic
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CHAPTER 1.

INTRODUCTION

The detrimental effects of wind upon plants and animals
have been implicitly accepted by agriculturalists for
centuries, and they have planted trees and shrubs about
fields and farmsteads to ameliorate its effects, The
Scottish Parliament in 1457 ordained that planting for
shelter should occur and, more recently (in 1948), the
Stalin plan for the 'Transformation of Nature' provided
for the planting of 6 million ha of land with trees to
provide shelter for 120 million ha of farmland in West
and Central Russia (Caborn, 1965).

Crop yields are commonly reduced in windy areas (Waister,
1972a) although in the laboratory it has been demonstrated
that the total absence of wind is also detrimental to
growth (Wadsworth, 1959).

These apparently conflicting

effects result from the complex nature of wind action.
Changes in windspeed and turbulence affect the plant's
microclimate, altering the rates of exchange of heat and
mass between it and the atmosphere.

These changes

affect the temperature of the plant and the magnitude of
the

and H 2 0 between it and
the atmosphere which in turn alters the rates of
dIPLm:JDn

Cradients of CO

physiological processes (Raschke, 1960; Gates and Papian,
1971).
the

However, the plant may respond to alterations in

rat-,--.3 of

exchange by changing the magnitude of the

coiductcmco of a part of the diffusion pathway that is

within its control and thereby compensate for the effects
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of the wind.

Wind can also produce mechanical damage

(e.g. Waister, 1972b;

Grace and Thompson, 1973;

Thompson, 1974) and it has been suggested that changes
in hormonal activity may occur (Whitehead,

1963).

The

many aspects of the effects of wind upon plants are
discussed in the appropriate chapters of this thesis.

Effects of wind upon plants have been less extensively
studied than the effects of many other environmental
factors, such as temperature and light.

This is

presumably because of the difficulties associated with
simulating wind conditions in the laboratory and
distinguishing wind effects from other effects outside.
However, a number of species have now been tested and
a variety of physiological responses have been found
which, naturally, affect the growth rate (see Chapter 5).
in order to differentiate between the effects of wind
upon the microclimate and its effects upon the pathways
within the plant, values of leaf (or stomatal and
mesophyll) conductance or resistance are calculated in
a manner analogous to the calculation of electrical
conductances and resistances (5.3).

The effects of

epon even a single species have been shown to
depeci upon the water status of the plant and upon its
srevious growth history.

rind velocities are relatively high over much of Britain.
Thy; Trevailing winds come over the Atlantic and
corsequent1y winds eads tend to he higher on the west
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coast than the east.

The outer islands, such as the

Hebrides experience an average annual windspeed of
7.9 in s

and most of the other western coastal regions

have winds of 6.8 - 7.9 in s'.

The mean for much of

the rest of Britain is 5.6 m s

and only central

England and parts of eastern Scotland have a mean annual
windapeed of <4.5 in s.

(These measurements are made

at 10.2 in above ground in open situations. (H.N.SI0., 1952).
This, together with the wide variety of plant responses
that have been found, suggests that further study of wind
effects could be of importance to agriculture, forestry
and horticulture.

Most of the work so far has been on herbaceous plants and
little on trees.

However, the effects of wind upon

trees should not be underestimated, for the relatively
low tree line over much of Britain which severely limits
forestry, is often attributed to wind (Peace, 1962).
In exposed coastal areas (where the effects of wind are
compounded by the effects of salt spray) the tree line
ay be as low as 60m, whereas in sheltered situations in
the Central Highlands of Scotland the tree line rises to
540m (Caborn, 1965).

Wind—shaping of trees is common

both in exposed coastal areas and inland.

The work which is described in this thesis was intended
to provide information on the effects of wind upon young
tree seedlings, particularly in relation to the effects
of wind upon transpiration and photosynthesis when

4

different amounts of soil water were available.

A

controlled environment wind tunnel was used so that the
effects of wind could be differentiated from the effects
of other environmental factors.

Severe mechanical

damage to leaves was found to occur in many experiments
and the aspects of study were broadened to include
investigations of the nature of this damage and to
evaluate its extent in plants grown outside.

The species chosen for study was Acer pseudoplatanus

L0,

a native of European mountains from the Pyrenees to the
Balkans.

It was probably introduced to Britain by the

Romans (Mitchell, 1974), and is now widespread.

This

species is noted for its resistance to wind damage and
is recommended for planting in exposed situations
(Caborn, 1965).

Its response to wind could provide an

insight into the desirable characteristics of wind—
tolerant plants.

The contents of this thesis are listed on pages i.-vi,
a brief outline is given below.

Chapter 2 contains a description of the controlled
environment wind tunnel which was used for much of the
work.

Its advantages and disadvantages are discussed,

particularly in relation to experimental design.

Methods

of plant cultivation and preparation for experiments are
also described together with some of the methods which
were common to all experiments.

5
Chapter 3 establishes the characteristics of macroscopic
wind - induced damage to leaves and follows the development of damage and its effect upon leaf growth both in
the wind tunnel and outside.

The relationship between

leaf age, damage and windspeed is investigated.

In Chapter 4 the characteristics of leaf damage are
investigated at the microscopic level.

Chapter 5 contains a literature review which describes
and discusses the work of other authors upon the
physiological responses of plants to wind.

Chapter 6 describes my own experiments on the effects of
wind upon water loss by A. pseudoplatanus L. Cuticular
and stomatal water loss were investigated in relation to
the extent of macroscopic damage and the effects of soil
water availability upon stomatal behaviour were also
studied.

The reversibility of the wind effects was

also examined.

Leaf, stornatal and cuticular conductances

were calculated.

The effects of wind upon photosynthesis are described in
Chapter 7 and are again considered in relation to the
extent of macroscopic damage, the availability of soil
water and the reversibility of the effects.

Residual

conductance was calculated.

In Chapter 8 the results of this thesis are summarised

and a general discussion is given.

Additionally, a paper which describes an investigation
of the characteristics of the boundary layer of a
Populus x euramericana Guinier leaf has been bound in
the back of this thesis.

This work was done in

conjunction with my supervisor, Dr John Grace.

Its

connection to the thesis is that it details the air
flow characteristics around a leaf under conditions
that are relevant to those in my own experiments.
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CHAPTER 2. THE CONTROLLED ENVIRONMENT WIND TUNNEL, THE
PREPARATION OF PLANT MATERIAL AND SOME METHODS OF
MEASUREMENT.

2.1 DESCRIPTION OF THE WIND TUNNEL

The controlled environment wind tunnel which was used
was the same as that used by Thompson (1975) who gives
a detailed description of its structure and workings.
It was constructed by T.E.M. Engineering, with air
conditioning by Jeffair Ltd.

A brief description of

the wind tunnel will be given here to provide a background to the experiments in this thesis.

Nomenclature

follows that of Pankhurst and Holder (1965) and Pope
and Harper (1966).

The tunnel is of the closed circuit or Prandtl type with
a bypass for air conditioning, a plan is given in Pig. 2.1.

Air flow is in a clockwise direction on the plan, being
driven by the main fan which is situated at the second
corner.

The tunnel is of square or rectangular cross-

section apart from the main fan section which is circular.
The walls of the tunnel are constructed of wood supported
upon a steel framework, the internal surface being made
of 0.6 cm marine plywood and the external surface of
0.6 cm hardboard.

Sandwiched between these two layers

is 5 cm of expanded polystyrene for insulation.

main fan section is insulated with felt.

The

The internal

extraction section
lbr temperature and
humidity control

S

fan

3rd corner

motorI)
driving
main fan
air mixing section

1St corner
temperature
and hu-idity
control unit

diffuser

working section

/
contraction section
cross pieces

0

Fig. 21

Cor*rdled ErMronment Wind Tunnel

(from Thompson 19751

V
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1

2

3

tug vanes

4

5

4th comer

9 1

Wind tunnel working section, viewed upstream
from the first diffuser.

Plants are shown

bagged up, ready for an experiment.

In the

background, the silver polyester-coated crosspieces can be seen, upstream of the plants.

OR
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surface of the tunnel is smoothly finished in order to
restrict the development of a boundary layer at its
surface and turning vanes are fitted at the corners to
reduce the development of turbulence at these points.

The working section of the tunnel is approximately 1.8m
long and 0.9m wide.

It is glass-walled so that experiment-

al plants can be observed without disturbance and illuminated
by a bank of lights fitted above the glass ceiling.

Plate

2.1 shows the interior of the working section viewed from
the first diffuser.

Three layers of 0.6cm plate glass

on the walls are used to provide insulation.

The internal

glass surface has been partly covered with silver-coated
polyester to reflect light from the light bank back into
the chamber and thereby increase the level of irradiance.
Uncovered glass surfaces can be blocked off with hardboard
sheets at night to prevent external lighting from
illuminating the plants.

The floor of the working

section can be raised and lowered to provide access.

Illumination was provided by 24 fluorescent tubes, 21
of these were 80W white amalgam tubes and 3 were radai
red tubes (Thorn Lighting Ltd) which were added to
augment the wavelength spectrum.

(Radar red tubes have

a high output of light at 665nm at which wavelength
chlorophyll a has a high absorption of light.)
Approximate measurements of photosynthetically active
radiation (PhAR) (defined by est, Ôatskand Jarvis
(1971) as being between 400 and 700nm) were made in the

M.
Working section using a Kipp solarimeter (Kipp and
Zonen Ltd.) connected to a potentiometer.

A glass

filter (Schott KG2) was interposed between the solarimeter and the light source to prevent the transmission
of wavelengths > 800nm.

A series of measurements was

made at mid-plant height at several locations in the
working section and mean PhAR was found to be 56W m 2 .
Hours of illumination were controlled by a time switch.

The tunnel was designed to produce an air flow which
is 'temporally and spatially uniform in the working
section' (Thompson, 1975)

Under such conditions of

reduced turbulence, leaves tend to streamline in high
winds rather than flutter as they would in natural
conditions.

In order to introduce turbulence into

the working section and so more closely simulate the
natural environment, cross pieces of 12.5cm diameter
were inserted in the neck of the contraction upstream
of the working section (see Plate 2.1).

Air was drawn through the air conditioning unit by a
subsidiary fan.

After passing through a set of dust

filters it was passed through a heating/cooling unit
and then through a humidifier before being remixed with
the main stream of air. A wide range of ambient
temperature and vapour pressure could be obtained.
For the experiments described in this thesis the air
conditioning controls were set to 20 ° C and 1460 Pa,
at these settings temperature control was normally
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accurate to ±0.5 ° C and vapour pressure to ±50 Pa.

A

continuous printout of ambient temperature and vapour pressure
was provided by a chart recorder connected to the air
conditioning sensors located downstream of the working
section.

Windspeed control, effected by changing the voltage
supply to the main fan, was continuously variable from
2.8 - 33.4 in s

in the working section.

This covers

the range of 3 - 11 in the Beaufort Scale (Dresner,
1971).

The definition of these two Beaufort numbers

is given below;

Beaufort no. 3.

Gentle breeze, leaves and twigs in
constant motion; wind extends light
flag.

Beaufort no. 11. Storm, very rarely experienced,
widespread damage.

The severity of Beaufort no. 11 can be appreciated
more fully when the description of Beaufort no. 10 is
read, viz. 'Whole gale, seldom experienced inland;
trees uprooted; considerable structural damage.'

Although the lowest windspeed obtainable with the
tunnel was below the average annual windspeed for all
parts of Britain (Ch. 1), there was no provision for
the application of relatively calm 'control' Oonditions
to plants while they were in the tunnel.

In order to
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extend the lower range of windspeeds, screens were
constructed of 1 - 8 layers of muslin stretched over
galvanised 2.5cm wire mesh.

These fitted closely in

the neck of the contraction section upstream of the
cross pieces and could be used to reduce the windspeed
in the working section to 0.2 m s 1 .

At windspeeds

as low as this, the variation in air temperature and
vapour pressure in the wind tunnel depended upon how
frequently the working section was opened and closed
and the external conditions at the time.

When the

working section remained shut, environmental control
within the tunnel was nearly as good as before.

The tunnel drive control unit was subsequently altered
(between Experiments E and ) by Mr Bob Lawson so that
the range of windspeeds was continuously variable
between 0.1 and 33 m s without the introduction of
muslin screens.

The wind tunnel provides an environment inwhich windspeed, ambient temperature and vapour pressure can be
controlled.

Daylength, but not irradiance can also

be altered.

2.1.1

Limitations of the wind tunnel

The wind tunnel has 3 major limitations in its use which
are listed and discussed below.
a

The working section can only take a relatively
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small number of tree seedlings without overcrowding.
The maximum number of plants which could be used at one
time was 12(early in the growing season) or 6 (later in
theg.rowing season).

Even with these numbers of plants

there were sheltering effects; plants upstream
experienced a stronger wind than plants downstream.

b

There is no parallel 'control' environment in

which the behaviour of plants in the absence of wind
can be monitored at the same time as plants are being
exposed to wind in the wind tunnel.

c

The irradiance is relatively low (56w m 2 ) phAR
compared with 400W m 2 PIIA.R outside on a sunny summer's
day.

(This has since been improved through the

installation of metal halide lamps.)

As the number of plants that can be used simultaneously
is small, it is expedient to use non-destructive methods
of measurement wherever possible.

Paired-sample

techniques of statistical analysis, comparing the
measurements obtained for individual plants before and
after an experimental treatment are used to reduce the
component of variability in the results due to variation
in the experimental plants.

If variation between the physiological responses of
individual plants was small, then the sheltering effect
could be exploited to furnish simultaneous information
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On the effects of a range of windspeeds in each experiment.
However, inter—plant variation was found to be too great
for this but the sheltering effect was taken into account
during the experiments, each plant being allocated a
particular position and orientation in the wind tunnel
for the duration of an experiment so that the average
windspeed experienced by each plant would remain constant.

The absence of a 'control' environment means that the
experimental plants have to serve as their own controls,
the plants' behaviour at a low windspeed before and
after a high windspeed treatment being compared.

Each

experiment lasts 3 or 4 weeks and it is inevitable that
some changes unrelated to the experimental treatment
occur in the plants during this time.
leaf expansion and senescence may occur.
-

in leaf area that these processes entail

For instance,
The changes
can be corrected

for in calculations but the changes in rate of physiological
processes during development and ageing cannot be so easily
accommodated. However, the constancy of values of leaf
conductance to water vapour found during prolonged periods
of low windspeed in some experiments (Chapter 6) suggest
that such changes were insignificant.

To reduce the

variability of age in plants between experiments several
different planting dates were used (see 2.2.1).

Plants

were always given several days of relatively calm
conditions in the wind tunnel before commencement of
the wind treatment so that the stability of their
behaviour in calm conditions could be assessed.
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A further drawback is the low irradiance.

It may be

that the plants' behaviour at the low irradiance in the
wind tunnel will differ fronithat at a higher irradiance
outside.

Information of the effects of irradiance

upon photosynthesis of A. pseudoplatanus is conflicting.
Wassink et al. (1956) found different rates of photosynthesis
in this species according to the irradiance at which it was
grown. Higher rates of photosynthesis and a higher
saturating irradiance were found with plants grown at a
high irradiance than those grown at a low irradiance.
However, Starzecki (1974) found that leaves of A. pseudoplatanus taken from within the crown of the tree (where
PhAR was 30% of that at the crown surface) had similar
rates of photosynthesis to leaves taken from the outer
edge of the crown.

However, leaves low in the canopy

in the field would rarely experience high irradiance
and, in any case, there are prolonged periods of low
irradiance in Britain.

2.2

PREPARkT ION OF PLANT MATERIAL

Potted, glass—house grown seedlings of Acer pseudoplatanus L.
were used in all experiments.

Attempts were made to

produce rooted cuttings as a source of genetically
uniform material, but the methods tried - which involved
the mist bench propagation of hard wood cuttings in a
gritty peat mixture with or without a 5s application of
2,500 ppm I.B.A. (indole-3 - butyric acid solution in
50% ethanol to the proximal end of the cutting - proved

unreliable and slow.
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The seeds used were harvested annually in November,
after dispersal, from beneath a particular tree on the
University of Edinburgh King's Buildings campus.

They

were stored dry in sealed polythene bags at 2 ° C until
required.

2.21

Germination and cultivation

It was essential to extend the normal growing periods
during which suitable plant material was available for
experiment.

Therefore, the germination of some batches

of seed was induced, whilst that of other batches was
retarded, and dormancy onset of plants in the Autumn
was delayed.

The intact seed of A. pseudoplatanus L. requires a
chilling period to break dormancy, but, if the testa
is removed, the embryo may be induced to germinate alone
(Wareing and Phillips, 1970)

Seeds sown between

November and February were treated in this manner, the
dehusked embryo being rinsed in tap—water before
planting.

Some of the plants raised from these embryos

showed dwarfism; they grew normally at first, producing

3 - 4 leaf pairs but subsequently made very slow growth
and produced extremely short internodes.

Such plants

were discarded.

From February onwards, removal of the testa was unnecessary for germination.

Prolonged storage at 2 ° C

delayed germination of seed batches where this was required.
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The seeds or embryos were germinated in seed trays on
the surface of John Innes no. 2 compost, being covered
with 1 - '2cm of damp, fine gravel.

The trays were

kept on a mist bench or under polythene sheeting until
the cotyledons emerged from the gravel.

Once the

first pair of adult leaves had developed,the seedlings
were potted up singly into 9cm rigid plastic pots and
were later transplanted into 15cm pots.

The same

compost was used at all stages and ample water was
supplied.

A comprehensive fertiliser was applied as

a top dressing at intervals.

The onset of dormancy

in the Autumn was delayed by the artificial extension
of daylight (to 18h) in the glass-house.

By the appropriate combination of these methods,
suitable experimental material of A. pseudoplatanus L.
was available from May until early December.

22.2

Preparation of plants for an experiment

For each experiment, healthy plants were selected
which were similar in appearance.

Height, leaf

number, gloss, colouration and degree of leaf expansion
were the criteria used.

The chosen plants were

transferred to a growth room for a period of acclimatisation (lasting a week) in which the conditions of
ambient temperature, vapour pressure and day length were
similar to those to be used subsequently in the wind
tunnel. Mean irradiance was 68W m 2 PbJIR.
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When experiments were to be performed at 'field capacity',
Plants in the growth room were watered daily to maintain
the soil water at a high level.

Standing water in the

saucers was removed. 24h before the plants were to be
transferred to the wind tunnel they were watered heavily
and allowed to drain for the remaining period in the
growth room.

The acclimatisation period before

experiments at lower levels of soil water was used
to allow the soil to dry out, plants were not watered
until the appropriate soil water level was reached.

Before transfer to the wind tunnel, the pot of each
Roots protruding

plant was sealed in a polythene bag.

from the base of each pot were severed and the drainage
holes sealed with autoclave tape.

Rough edges at the

base of each pot were also covered with this tape.
The pot was then inserted in a medium gauge polythene
bag which was gathered about the base of the plant and
sealed with a flexible paper—covered wire strip.

The

pots were covered for two reasons; to prevent soil
from blowing around the wind tunnel and to enable the
transpiration rate of each plant to be determined by
gravimetric methods.
in Plate 2.1).

(Prepared plants can be seen

The plants suffered no apparent ill—

effects on growth due to being sealed in, aeration will
have occurred by diffusion through the polythene and
when the bags were opened for watering.

In the wind tunnel, each plant was allocated a specific
site and orientation with respect to the wind for the
duration of the experiment.

V
2.3

I'LETHODS OF NEASUREPLENT

2.3.1

Determination of leaf area by the dimension method

Measurements of leaf area were essential for calculations
of transpiration rates and leaf damage.

As each

experiment lasted for many days it was necessary to make
several measurements of leaf area during an experiment
so that allowances for growth could be made in calculations.
It was therefore necessary to use a rapid, non—destructive
method of determining leaf area which caused little
disturbance to the plant.

For this, a total of 60 leaves was taken at random
The area of one

from surplus experimental plants.

surface of each leaf was determined using a leaf area
meter and the maximum length (1) and width (w) of the
lamina determined.

The product of the length and width

was found and leaf area was plotted against this (Pig. 2.2).

Visual examination of the data suggested that it was
discontinuous and regression analysis was performed
separately on the data where 1 x w > 40cm and 1 x w
The following relationships were found;

y = 0.85x

(1 x w

40cm) (t

0.001)

y = 0.51x + 10.7

(1 x w

40cm) (t

0.001)

te

These relationships were used to dmine leaf area in
all experiments.
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Fig. 2.2
Relationship between the product of leaf length (L) and width (W),cm, and leaf area (A) cm 2
of one side of Acer pseudoolatanus L. leaves.
Line P. y = 085x
line Q, y= 051x +107

2.3.2

Determination of leaf damage and leaf area
using a dot grid

A non-destructive method of determination of leaf
damage was necessary so that it could be determined at
intervals during an experiment.

a

A 0.5cm dot grid was drawn on stiff transparent

plastic sheeting.

This could be held over a leaf and

the total number of dots over the leaf counted (n),
the.number of dots over damaged tissue could then be
determined (a) so that % damage could be found;

d- x 100
% damage = n
In some experiments, different types of damage were
distinguished by their colour and the % cover of each
type of damage was determined.

Leaf area could also be determined by this method, four
dots being equivalent to 1 cm 2 .

b

When the progression of damage during an experiment

was being studied, damage was often calculated in terms
of the area of the leaf which had not been previously
damaged as old damage reduced the area of leaf that
was available for subsequent damage.
was done in the following manner:-

The calculation
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CHAPTER 3. LEAP STRUCTURE AND DEVELOPMENT IN RELATION
TO WIND DAMAGE

3.1 INTRODUCTION

It is commonly observed that leaves of broadleaved trees
and herbaceous plants become torn and discoloured,
particularly after high winds during which they twist
and turn and hit against one another and against branches.
However, few descriptions of such damage and its development are to be found in scientific literature and there
have been no quantitative studies of the relationship
between this damage and windspeed.

In this chapter an

attempt is made to describe the macroscopic features of
this damage on leaves of Acer pseudoplatanus

L0,

its

relationship with leaf age, location on the branch and
windspeed, and its effects upon leaf expansion.

The

features of leaf damage at the microscopic level are
described in Chapter 4.

The material used had either

been exposed to several days of wind in the wind tunnel
at a particular time in its development, or had been
grown outside in a situation where it was exposed to
natural wind throughout its development.

These two

types of material were used to determine whether leaves
grown in, rather than briefly exposed to, wind were more
resistant to damage and whether damage sustained in the
wind tunnel was comparable with that sustained in
natural wind.
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date of previous measurement

t1

t2

= date of current measurement

A2

= total leaf area at t2

(cm 2)
= total damage recorded at t 1 (cm 2 )

p1

= area available for damage since t 1 (cm 2 )
= total damage recorded at t 2 (cm 2 )
= new damage (cm 2 )

X

l

100 = % of available area that has sustained
damage since t.
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3.2 FEATURES OF MACROSCOPIC LEAF DAMAGE

(Some external features of a mature leaf are shown in
diagrammatic form in Pig. 3.1; the terms used here
are those which will be employed to describe leaves in
this chapter.)

Some features of macroscopic leaf damage are illustrated
in Plate 3.1a,b which show the adaxial and abaxial
surfaces of an Acer pseudoplatanus L. leaf which was
exposed to wind in the wind tunnel.

The extent of

leaf damage shown here is comparable with that sustained
in most wind tunnel experiments.

The damage shown in Plate 3.1a,b is mostly of the type
that will be called 'light brown' damage.

This type

is characteristic of mature leaves which have been
exposed to wind for some time either in the wind tunnel
or outside.

These two photographs have been presented

first in this chapter as they show how wind damage is
commonly produced.

The two circles on the overlay sheet

surround an area on the leaf (shown in adaxial and abaxial
view) marked by arcs of damage which may be matched with
the marginal teeth on the primary lobe of the leaf (see
arrows on overlay sheet).

This suggests that the

marginal teeth which curve downwards from the adaxial
surface have rubbed against the adaxial surface of the
secondary lobe as a result of flexing of the primary
ridge region.

Damage initiated on the adaxial surface

inat tooth
I,

of

e
)es

it veins

veins

dary ridge
ry ridge

.w_#

I

Fig. 3.1
Diagram of the adaxiat surface of a mature Acer pseudoptatanus L. Leaf,
showing principal, fecitures and vernation ridges.

4-

PLATE 3.1 a,b

Damage to a mature leaf of Acer pseudoplatanus L.
which was glasshouse grown and exposed to wind in
the wind tunnel.

Damage is representative of

that sustained at a wide range of windspeeds.
Light-brown damage and vein discolouration are
shown.
-

-

Circles on overlay show arcs of damage

on secondary lobes caused by abrasion with the
(arrowed) marginal teeth of the primary lobe.

adaxial surface
abaxial surface of same leaf.

Explanation of + and o given in text.

-

,ø'\
•JI

_J

4.

hL
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has progressed through the leaf so that it is also
apparent on the abaxial surface.

Thus the immediate

cause of wind damage can be abrasion and visual
observations have shown that damage is commonly caused
in this manner.

The marginal teeth which inflicted

the damage here have only sustained slight damage themselves.

It is in fact exceptional for one part of a leaf to
inflict such clearly defined damage upon another part
of the same leaf through flexion of the lamina.
Normally damage is produced by abrasion of one leaf
against another or against a stem.

Plate 3.2a shows

the damage inflicted on one leaf (+ on overlay) by the
leaf above on a tree growing outside.

This photograph

was taken on May 9, 1976 and the larger leaves shown
had started expanding approximately 2 weeks previously.

Other parts of the leaf in Plate3.1 have been considerably
damaged, particularly where the main veins converge.
The proximal portion of the abaxial surface of the left
hand secondary lobe on Plate 3.1b ( -i- on the overlay)
appears completely necrotic and the vein is discoloured
whereas the distal area has remained green.

Examination

of its adaxial surface (Plate 3.1a) (o on the overlay)
shows that a very narrow strip about the main vein has
remained green where it passes through the necrotic area.
Despite damage this vein is apparently still functioning
and maintaining the green distal portion of the lobe.

PLATE 3.2 a.b

Wind-induced leaf damage on Acer pseudoplatanus L.
growing outside.

a)

abrasive damage (+ on overlay) inflicted on

one leaf by another on a tree growing outside.
-

- b)

'soft' young leaves on a tree growing out-

side showing areas of damage which are drying out
and which will become light brown and wrinkled.
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.'Light brown' damage is part of a series of types of
damage, the development of which depends upon the
duration of wind and the age of the leaf.

Partially

expanded leaves which are soft and light green are
very easily damaged by wind and after wind exposure
commonly exhibit green areas which appear to have been
crushed and to be 'water.••soaked'.

After a few days,

these areas dry out and become light brown and wrinkled.
Such damage is commonly found outside in Spring and is
shown in Plate 3.2b, the photograph was taken on
3 May 1976 and'leaf expansion had started about 1 week
previously.

Older, darker green leaves with thickening

do not develop water—soaked areas, instead dark brown
necrotic areas are formed which may subsequently become
light brown.

A very dark green colouration occasionally

precedes the dark brown stage.

Plate 3.3 shows areas

of both dark and light brown damage on a mature leaf
which was exposed to wind in the wind tunnel.

Areas

of light brown damage are invariably surrounded by
narrow zones of dark brown damage but dark brown damage
exists in some small areas on its own.

This suggests

that there is a succession of damage types; the small
dark brown areas are superseded by larger areas of light
brown damage with a dark brown margin.

*
This condition arises when cells are crushed and
bruised, the 'water—soaked' appearance is probably
due to the release of cell sap from ruptured cells.

DT ArTt 'D 0

Wind-induced leaf damage on Acer pseudoplatanus L.

Abrasive damage inflicted on a mature leaf in the
wind tunnel.

Areas of dark brown (a) and light

brown (+) damage are marked on the overlay.
Light-brown damage is delineated by a narrow band
-

- of dark brown damage.
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The majority of lesions on the lamina of fully expanded
leaves appear to develop first upon the adaxial surface
although many subsequently penetrate the leaf.

Petioles

and veins may develop dark brown necrotic lesions such
as those shown in Plate 3.1b.

All these types of damage have been observed on Acer
pseudoplatanus L. leaves from plants grown both outside and in the glasshouse and exposed to wind either
outside or in the wind tunnel at wind velocities which
caused leaves to knock against each other and against
other objects.
approximately 1.5

(In the wind tunnel this occurred at
m _1•)
This indicates that such

damage is caused by wind and not by another agent (such
as insect attack) which could act outside.

The low

windspeeds at which this type of damage can develop
suggest that it may occur in all but the most sheltered
regions.

Similar discolourations to these were also observed on
other tree species (Quercus, Prunus, Praxinus, Pagus,
Sorbus and Salix) growing outside in exposed situations.

3.3 MACROSCOPIC DAMAGE IN RELATION TO LEAP DEVELOPMENT

The differing features of wind damage to leaves of
different ages have already been discussed in 3.2.
Additionally, observations showed that the areas of the
leaf that are prone to damage because of their location
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on the leaf also change as the form of the leaf and
its position on the plant alter.

Initially, pairs of embryo leaves are enclosed in bud
scales.

In favourable Spring weather the petiole

extends and the lamina expands causing the bud scales
to part, and the leaf emerges, tip first (Plate 3.4).
Leaf expansion continues until the mature leaf is
formed; this is palmate, with five lobes which are
separate for about half the distance from their tips
to the petiole.

It possesses a cordate base and has

an irregularly toothed and lobed margin.

Nature

leaves tend to be convex with respect to the adaxial
surface.

The vernation of the young leaf is such that, when
viewed from above, primary ridges (Pig. 3.1) radiate
out from the point of attachment of the petiole to the
lamina so that the main veins of the five lobes lie
in the furrows and the ridges follow the lines which
bisect the angles between these veins (Plate 3.5).
Secondary ridges (Pig. 3.1) are subtended at angles
from the main veins in the dissected portions of the
lobes with the lateral veins which run between the
main vein and the apices of the primary marginal
teeth lying in the furrows (Plate 3.5).

These ridges

gradually diminish in prominence as the leaf expands
but some of them, particularly the primary ridges, may
persist almost until maturity.

DI ArPt'

13 A

Buds and emerging leaves of Acer pseudoplatanus L.
not exposed to wind.
Tips of the primary and secondary lobes of
the lamina emerge first from the leaf bud.

PLATE 3.5

Young leaves of Acer pseudoplatanus L. not
exposed to wind.

Leaves viewed from above to display the
-

- prominent primary and secondary ridges
(see text).

3:'V•
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These changes in leaf form and the changes occurring in
the shoot as a whole during its development lead to
alterations in the susceptibility of different areas
These are accompanied

of leaves to abrasive damage.

by alterations in the types of abrasive damage as the
leaf tissues mature, which have already been described
in 3.2.

The leaves are not damaged until they have been released
sufficiently from the bud scales for them to become free
to move and to be abraded.

Damage does not generally

occur until the two laminae of the leaf pair have
emerged more than halfway from the scales when the lobe
tips may be moved by wind.

This causes damage to the

adaxial ridges of the closely appressed entire portions
of the leaves (Fig. 3.2a) so that damage appears in
lines along the primary ridges.

As expansion of the leaf—pair proceeds, and further pairs
are produced at the stem apex, the primary ridges remain
susceptible to damage.

This damage is no longer

produced by abrasion against the pairing leaf but by
abrasion with younger leaves above, such damage is shown
in Plate 3.2a.

With expansion, the ridges become

shallower and the inter—veinal areas become more convex
in appearance (Fig. 3.2b), the main veins remain sunken
relative to the adaxial surface and, as before, protrude
on the abaxial surface.

The offsetting of the lateral

veins relative to the lamina is less pronounced than that

a)
rrt3'y ridges, with
)sely adpressed
axial surfaces

.

b)
adaxiat

d scales
nina

main vein
secondary vein
lamina

abaxial
Fig. 3.2
The changing sites of abrasion during the expansion of Acer pseudoplatanus L.
[eaves.
TS leaf pair in bud
TS across lobe of fully expanded leaf
not to scale, sites Likely to be abraded are shown thus

of the main veins and the ultimate branches of vein,
which delineate aureoles of leaf, appear to be flush
with both surfaces. Hence abrasive damage to the adaxial
surface of large veins occurs rarely as the abrading
agent 'bridges' over the sunken region, damage to
smaller veins which are less protected is more frequent
(Pig. 3.2b).

The situation is reversed on the abaxial surface where
the principal veins are prominent throughout leaf
development and the minor veins are more protected.

As a result of the off—setting of the veins and the
convexity of the leaf with respect to its adaxial surface,
this leaf surface is more frequently damaged than the
abaxial surface where the protruding veins and the
protecting margins tend to glance veins away from the
lamina.

Examination of wind—damaged material from out-

side and from the wind tunnel showed that damage (in the
form of discolourations) to the abaxial surface is
usually associated with damage to the adaxial surface,
for lesions on the abaxial surface were rarely observed
independently of those on the adaxial surface; such
damage is shown in Plate 3.1a,b.

The converse is not

true; damage was frequently observed solely on the
adaxial surface.

The differences in topography of the

two surfaces may not be the only factor involved in this,
as the internal dorsiventral structure of the leaf
could influence the progression of damage from one side
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iile importance of veins in resisting wind damage is not
C

CL

Uheic

ility to defect blows from the abaxial

Uhe lc':ie.

Veins can also restrict the

extent of leaf tearing in wind.

The laminae of two

leaves which were exposed to natural winds are shown in
3.3 and it can be seen that the edge of a damaged
aee is commonly bounded by a vein or by a region that
is dencly veined.

The surviving areas of severely

damaged leaves are usually the spurs of tissue surround—

As

ILSh.sO

ssd soHolu sise idoLucs, the euto apices can

move ir arcs of increasing amplitude and so are more
liable to abrade with other parts of the plant.

Margin-

al damage may occur when leaves progress through the
stage where the adaxial surfaces of a leaf pair brush
against each other and reach the stage where leaves of
one pair collide with those of another pair or against
other objects.

If marginal damage occurs before leaf

expansion is completed then deformation of the mature
leaf shape may occur.

The margin may appear smooth

instead of dentate and the leaf may take on a domed
appearance as a result of the constraint imposed by the
dead, non—expanding marginal tissue upon the remainder
of the leaf which continues to expand.

r-ig. .5 -1
Vein distribution and the remaining leaf area after ta] moderate and
.

s
•
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-

Eb] severe wind damage. Drawings taken from leaves of Acer
pseudoplatanus L. grown outside in an exposed situation.
Leaf [c] is an undamaged leaf of the some size as leaf fbi
was originally.
Scale

b)

c)

xl:

undamaged leaf margin
damaged edge of remaining Lemma

---
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3.4

THE PROGRESSION OF DAMAGE AND LEAF GROWTH IN
NATURAL WINDS

The purpose of this part of the investigation was to
provide a description of the development of damage in
the natural wind outdoors for comparison with the
results of the main study which involved artificial
wind in a wind tunnel.

It was hoped that features of

the two types of damage would be qualitively similar and
so establish that the wind tunnel results were in no
sense an artefact: also the outdoor observations
should provide an idea of the order of magnitude of
damage that occurs in the natural environment.

3.4.1

Materials and methods

Two immature Acer pseudoplatanus L. trees were selected.
They were growing side by side in an exposed situation
in the grounds of the King's Buildings, University of
Edinburgh.

Both trees were similar in size (3-4rn high)

and appearance and were approximately 8 years old.
The leaf buds of one (Tree 1) were more advanced than
the other (Tree 2) and measurements commenced when the
leaf buds of Tree 1 were partially open.

Estimates of leaf damage were made at intervals during
the year when 10 leaves were removed at random from
each tree and examined.

The percentage area of the

adaxial surface that was absent or browned was determined
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using a 0.5 x 0.5 cm dot grid as described in 2.3.2a.
When damage was severe (as illustrated in Fig. 3.3) it
was necessary to estimate the total area of the leaf
that had existed before damage using the form of the
remaining parts of the leaf as a guide.

Two branches that were similarly positioned on each
tree at about 1.5 m above ground were also selected
and the number of leaves and the percentage of these
that were damaged was determined at intervals.
Photographs were also taken at intervals of one of these
branches on each tree to show the progression of damage.
Tree 1 is shown in Plate 3.6a,b,c and Tree 2 in Plate
3. 7a , , c.

Mean daily windspeed values for the period of the measurements were obtained from the Royal Observatory, Blackford
Hill, Edinburgh, which is approximately 1 km from the
experimental trees.

These windapeed values are present-

ed in Pig. 3.4b, they were recorded 10 m above ground
level which itself was 159 m above mean sea level (tn.s.l.).
Actual windspeeds at the trees may have been lower than
these values as the field site was only 75 m above m.s01.
and leaf damage was assessed in the zone 1.5-2.5 m above
ground; nevertheless,the site is noted for its exposure.
Although the windspeed values given may differ from the
actual values at the trees, it is probable that the dayto-day variation in windspeed shown in Pig. 304b was
similar at the two sites.

PLATE 3.6 a,b,c

Progression of wind damage on a branch of Acer
pseudoplatanus L., Tree I, growing outside.

April 30, 1976
May, 3, 1976
- c)

May, 19, 1976.
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PLATE 3.7 a,b,c

Progression of wind damage on a branch of Acer
pseudoplatanus L., Tree 2, growing outside.

April 30, 1976
May 3, 1976
May 19, 1976.
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3.4.2

Results and discussion

The mean percentage leaf area that was brown or absent
in a random selection of 10 leaves taken from each of
the two trees at intervals throughout the growing
season is shown in Pig. 3.4a, the corresponding wind—
speed recorded at Blackford Hill is shown in Pig. 3.4b
as both a daily average and an average for the whole
period between each determination of leaf damage.
Leaf damage increased from May until June, when 50-60%
of the leaf area was necrotic or absent.

Pig. 3.4a shows that the mean percentage leaf area that
was damaged on each tree differed significantly from
each other (p = 0.05) on the first two days when both
trees were measured - April 30 and May 7, 1976, and that
Tree 1 showed greater damage than Tree 2.

Subsequently,

there was no significant difference between the two trees.
This initial difference in the percentage damage may be
attributable to the earlier bud—break of Tree 1 which
came into leaf approximately one week before Tree 2 and
so its leaves have been exposed to wind for longer before
the measurements.

As the season progressed, the

difference between the ages of the leaves on the two
trees became relatively smaller in terms of their total
ages and so the differences in the amount of damage
sustained which were due to the discrepancy in the time
of bud—break tended towards zero.

The greatest rates of increase in area of leaf damage
were between April 30 and May 7 for Tree 1 and May 14
and I'Iay 21 for Tree 2.

High windspeeds were recorded

during both of these periods (Fig. 3.4b).

It is

possible that Tree 2 sustained less damage than Tree 1
during the first of these periods due to the leaves
being partially in bud and therefore protected (see 3.3).
Tree 1 may have sustained less damage than Tree 2 during
the second period due to the greater maturity of its
leaves and previous damage to the areas of leaf most
subject to abrasion.

The percentage number of leaves that was damaged (Fig.
305) on the two selected branches on each tree also
increased rapidly during the first 2-3 weeks, the
initially higher value for Tree 1 was again due to its
earlier leafing.

Leaf number (Pig. 3.5) showed a

persistent increase throughout most of the experimental
period from April to August.

The decline in the percentage of leaf surface that was
damaged between June 7 and August 3 (Pig. 3.4a) was not
significant when the confidence limits for the two sets
of recordings are compared.

However, this slight

downward trend may be connected with the increase in
leaf number (Pig. 3.5) during this period.

Between

June 6 and July 9 there was a decrease in the number of
leaves that were damaged (Fig. 3.5) which also appears
to correspond with an increase in leaf number.

As wind

lOOi

DII

• 70
0
60

220

50

200

40

iv'., afl

a
>

'.9
0

C5

160

I:

140
120

10

i,,IiIiI

262g

2468 tO 1214 lb

11111

IiIiIIiiiI

4

1111111

b

11111111

IOJZ i#tb

III

iIlIil!

11111

4

liii

B

1111111111

IC 1.114

thu

1,11

111111

I

July
Aug 197€
June
May
Fig. 3.5
Percentage number of leaves damaged (0 •] and the change in Leaf number (as a % of the original number, D I ] on brunches of two
Acer pseudoplutanus L. trees growing in natural conditions.
Tree 1 .0 , Tree 2, • I.

34

persisted throughout the whole season (Pig. 3.4b) it
might be expected that the leaves produced later in the
year would be just as likely to be damaged by wind as
those produced earlier in the year.

However they

appeared to be of a smaller area and tended to be
sheltered by older leaves.

That they were not impervious

to damage is shown by the increase in the number of leaves
that were damaged between July 9 and August 3.

It has already been suggested that mature leaves may be
less readily damaged than young leaves.

This may be

because young plant tissue tends to be softer than mature
tissue and would therefore be more easily abraded.
Additionally, the most susceptible areas of mature leaves
may already have been damaged when they were younger and
the remaining areas may either be more resistant to
abrasion or less likely to be abraded due to their
location.

Other environmental factors, such as frost

and rain may affect the susceptibility of leaves to wind
damage and may be important at certain seasons.

The intial difference in degree of leaf emergence, the
different amounts of damage sustained by the two trees
early in the season and the similar appearance
of branches from the two trees later in the year are
shown in Plate 306a,b,c and Plate 3,7a,b,c.
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3.5

WIND TUNNEL STUDIES OF LEAP DAMAGE AND LEAF EXPANSION

As well as observations of wind damage in natural
conditions, some experiments were run in controlled
conditions in the wind tunnel using glasshouse-grown
plants.

The purpose of these studies was to determine

whether leaf damage of glasshouse-grown plants in the
wind tunnel developed in the same way as that which was
observed on outside-grown plants exposed to natural winds.
The relationships between duration of wind treat ment and
damage development on leaves of different ages were
studied, together with the effects of windspeed upon
leaf damage and of wind exposure upon leaf expansion.

3.5.1

Materials and methods

Two experiments were run at different windspeeds.

In

addition to the measurements which will be described
here, further measurements concerning the water relations
of the plants were made.

This aspect of the work will

be discussed in Chapter 6 where the experiments involved
are designated 'B' and 'C'.

Glasshouse-grown plants were prepared in the usual way
(see 2.2.2) with soil water close to field capacity.
Apart from changes in windspeed, all other environmental
conditions were kept constant as was the position of the
plants in the wind tunnel and their orientation with
respect to the wind.

The experimental details are
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summarised in Fig. 3.6.

In each experiment, plants

were treated for several days to wind at a low speed,
they were then subjected toahigher windspeed for several
days and were then returned to a lower speed.

In both

experiments, the low windspeed used was 0.7 m s -1 . in
Experiment 1 the high windspeed used was 3.6 m s

and

in Experiment 2 it was 63 m s -1 , (these windspeed
values were recorded in the empty tunnel, not among the
plants).

In both experiments,leaf damage only occurred at the
higher windspeed, its extent was assessed using a 0.5 cm
dot grid (see 2.3.2a) to determine the adaxial area of
each leaf that was absent or browned.

Leaf area was

assessed either by the leaf dimension method (2.3.1)
or by using a 0.5 cm dot grid (2.3.2a).

Measurements

of damage and leaf area were made at intervals during
the experiments (shown in Pig. 3.6).

The damage results

presented here are from the 4 uppermost leaf pairs of
each plant which had already emerged when the first
measurements were made.

Plants were actively growing

and in many instances produced further leaves during the
experiments.

Windspeed as measured in the empty tunnel is not an
accurate guide of that experienced by each plant, as
there are sheltering effects when several plants are
together in the tunnel.

A plant can also experience

a considerable range of windspeed as plants upstream

EXPT cii O7ms ... >136ms

1
I

I

5

3

1

1

1

I

I

A AA

A

-I-

I

ii

9

7

0

A A

A A A AA A
I

-

D

0

D

DOD
A

1

-1 > 07ms

-

13

i

z

N

ii

Li

L

a] 0-7rn s ...........63m s11 ----------------->107m st.

2

0 D

0

I

1

I

I

3

I

I

5

I

I

7

I

AAA

AA

A

A

I

9

I

I

11

I

I

I

13

I

15

I

I

17

I

I

I

19
Days in wind tunnel

ci = windspeed in empty wind tunnel
A = day of leaf area measurement
D = day of leaf damage measurement

EXPERIMENT
date experiment commenced
hours of Light
mean air temperature C

1
3 Apr 1975

2
20 June 1976

09-22h

09-21h

200

2&3
1470

mean ambient vapour pressure Pa 140
33
soil water %
9
no of plants

35
12

Fig. 3.6
Plan of Experiments 1 and 2; Effects of wind treatment in the wind turiel upon Leaf
damage and expansion.

37

move in the wind.

The difference in windspeed

experienced at different locations in the working
section of the wind tunnel was exploited in the
investigations of the relationship between windspeed
and leaf damage; the location of each plant in the
tunnel was maintained for the duration of each
experiment so that the effects of a range of windspeeds
could be assessed in only two experiments.

Individual

measurements of windspeed were made upstream of each
plant at mid—plant height and average values of wind—
speed and leaf damage were calculated for each transverse
row of plants.

3.5.2

The progression of damage and its relationship
with leaf age

The progression of damage on leaves of different ages
during several days of exposure to wind in the wind
tunnel (Experiment 1) is shown in Pig. 3.7.

Damage is

expressed as a percentage of the total leaf area.

Initially, the rate of damage of the youngest leaf pair
was much greater than that of the other leaf pairs but
after 2d of wind the rate of damage of the youngest
leaf pair levelled off so that it was similar to that
of the second youngest leaf pair.

At the end of the

experiment, the total damage sustained by the leaf pairs
was inversely proportional to their age; the older
leaves were damaged less than the younger leaves.
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This result suggests that there is a sudden decline in
the vulnerability of the first leaf pair to damage after
2d of wind.

However, when a leaf becomes damaged, the

area that is available for further damage decreases,
and so, when damage continues to be calculated in terms
of the total leaf area, the rate of damage will appear
to decline even if the vulnerability of the leaf tissue
had remained constant.

The data was therefore recalculat-

ed so that damage could be expressed in terms of the area
that was available for damage (see 2.3.2b), the results are
shown in Pig. 3.8.

Again, the rate of damage of the

youngest leaf pair was much greater than that of the
other leaf pairs.

There was a slight levelling off in

the rate of damage of the youngest leaf pair after 3d
of wind but with this method of calculation the rate of
- damage remained greater than that of the other leaves.
The other leaf pairs also showed a slight decline in the
rate of damage as the experiment progressed.

As before,at the end of the experiment the total damage
sustained by the leaf pairs was inversely proportional
to their age, the leaves which were oldest at the time
of wind treatment sustained the least damage.

The area of each set of leaf pairs during the experiment
is shown in Pig. 39, and the percentage change in leaf
area is shown in Pig. 3.10

The three youngest leaf

pairs showed an increase in area.
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These results confirm the observation made under natural
conditions that leaves are particularly vulnerable to
damage during the early stages of their development when
they are expanding rapidly.

The older leaf pairs which

were expanding more slowly or which were fully expanded
sustained less damage.

All leaf pairs showed a slight decline in the rate of
leaf damage as the experiment progressed (damage
calculated in terms of % of previously undamaged leaf
area, Fig. 3.8).

This was probably linked with the

increase in age of each leaf pair, so that, as time
went on,each leaf pair tended to take on the characteristics that had previously belonged to the pair below.

The smaller amounts of damage that were sustained by
older leaves compared with younger leaves could result
from the changes in leaf form (eg reduction in ridging),
and changes in leaf position in relation to abrasive
agents.

However, although these changes may contribute

to the reduced vulnerability, it is probable that some
other aspect of leaf development is involved. Anatomical
changes which increase the leaf's resistance to abrasion
may occur as the leaf expands.

Microscopic investigations

of leaf structure and damage will be described in
Chapter 4.

These plants had been grown in the glasshouse and therefore had not experienced wind before the experiment.
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It has been shown (Martin and Clements, 1935;

Grace

and Russell, 1977) that leaves of Helianthus annuus
and Festuca arundinacea which develop in wind are
structurally different to those which develop in calm
conditions and it could be argued that these structural
changes could reduce the rate of the development of leaf
damage.

However, in this wind tunnel experiment, the

youngest pair of leaves which expanded in wind in the wind
tunnel sustained more damage than older leaves which
had expanded in calm conditions.

This suggests that

expansion in wind does not confer resistance to damage
in Acer pseudoplatanus, it is possible, however, that
wind has effects upon leaf development at the primordial
stage, before leaf expansion.

The progression of leaf damage in natural conditions
described in 3.4.2 indicated that leaves were most
vulnerable to damage early in the year when they were
young and this wind tunnel experiment also indicates
that young leaves are the most vulnerable.

This

suggests that wind conditions in the period following
bud break will be particularly important in determining
levels of leaf damage in the field.

The leaves of

other tree species also appear to be vulnerable early
in the year, field observations indicate that Spring
storms cause a far larger area of leaf to be removed
from a tree than storms later in the year.
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3.5.3

The relationship between windspeed and leaf
damage

Data obtained from both Experiment 1 and 2 (described
in 3.5.1) were used for the determination of this
From Experiment 1, in which the wind—

relationship.

speed in the empty tunnel was 3.6 m s -1 . leaf damage
data obtained on the 8th day of continuous exposure
was used and from Experiment 2 (windspeed in the empty
tunnel 6.3 m

S -1

), leaf damage data obtained from the

7th day of exposure was used.

As 3.5.2 has shown,

the amount of damage that leaves sustain depends upon
their age, however in this section, each group of 4
leaf pairs of graded age upon a plant will be
considered as a single unit.

Damage is expressed as

a-percentage of the total leaf area.

As there are

sheltering effects when several plants are together in
the wind tunnel, windspeed was measured upstream of
each plant at mid—plant height and average values of
windapeed and leaf damage were calculated for each
transverse row of plants.
in Pig. 311.

The results are presented

The value of t was calculated for the

regression line y = 3.560 x + 0.693 (Parker, 1973,
pp. 58-63) and it was found to correspond to a probability
of p < 0001 with 19 degrees of freedom.

The linear relationship between windapeed and damage
indicates that the number of 'hits' that a leaf receives
determines the amount of damage.

There will be a
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threshold value of windspeed below which this linear
function does not hold good as leaves do not move
sufficiently at very low windspeeds to hit each other.
This threshold value will depend upon leaf size and
internode distance which determine whether the arc of
a moving leaf will cross that of another.

The threshold

for leaf collision is generally between 0.7 and 1.5 m
and observations in the wind tunnel showed that leaf
damage did not occur at windspeeds below that at which
leaf collision occurred.

Hence, the linear relation-

ship in Fig. 3.11 should not be extrapolated to zero,
this relationship will only exist above the threshold
windspeed value for leaf collision.

The duration of exposure to wind will be important in
determining the extent of leaf damage as the total
number of hits received by a leaf will increase.
Several days at a low windspeed could be as damaging
as a few hours at a high windspeed.

Fig. 3.11 shows

data points obtained from Experiments 1 and 2 after
8 and 7 days of exposure to wind respectively.

Plants

in Experiment 2 appear generally to have sustained
more damage than those in Experiment 1 despite their
shorter period of exposure to wind.

This difference

could be related to slight differences in leaf size and
internode distance between the two groups of plants
affecting the frequency of leaf collision.
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These results are similar to those of Lorch (1958) and
Maki (1974).

Lorch found that leaf tearing in bananas

was closely related to increasing windapeed and Maiki
has reported that abrasion on citrus fruit increased
with increases in wind velocity and treatment time.

The effect of wind exposure upon leaf expansion

3.5.4

Leaf area of each plant was determined at intervals
during Experiments 1 and 2 by the dimension method
(2.3.1).

All leaves on each plant were measured and

the total area, which included both damaged and undamaged
tissues, was recorded.

The change in total leaf area

during Experiments 1 and 2 is shown in Pig. 3.12.

As

leaf expansion appeared to proceed more slowly during
wind in Experiment 2, the mean leaf relative growth rate.
(LRGR)* was calculated for both experiments;
are shown in Pig. 3.13.

the results

In both experiments there was

a significant decrease in the LRGR when the windapeed
was increased and there was no recovery in the rate when
the windapeed was subsequently decreased.

*
The mean leaf relative growth rate (LRGR) can be
found by analogy with the relative growth rate (Radford,
1967; and Evans, 1972) as
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2 1 dA
X UT
Iti

-, iRk2 - iRk1
t 2 —t l

Ti
= t2—tl

1300

Calm

IIII
II
II
I!

1100

IL -

-

-.

-.

-

-

E
-g0o
1

U)

£................

-

A

-

o
700

500

1

3

5

7

9

11

13

15

17

19

21

23

Fig. 3.12
Change in total leaf area [cm 2 ] of Acer pseudtatanus L. pbnts in the
wind tunnel at different windjeJs.
Expt.1 calm = 07m s 1, wind = 36m s- 1
A
Expt.2 calm = 07m s 1. wind = 63 m s1

25
days

Expt. 1
> CaLm ...............................................

Im............ >Wind
05
04

I
I

I
I.
I

O3
LRGR

.---------

02

-

----

---

•01
r

-"

-------------

-

-----------

I.-..................
I
-

0

Expt. 2
•07

Calm............................ >I\Mnd .............................. > ICalm

06
05
•04
LRGR

-I

03

I

02

-01

I--------------------------------

o
1

3

5

7

9

11

13

15

17

19

21

23

25
Days

____
Fig. 3.13
1
cm2 d
Mean Leaf relative growth rate [LRGR, cm cm
wind tunnel during Expts.1 and 2.
Expt.1 : calm 07m s .wind = 36m s
Expt.2:calm =Oim s,wind =63ms

1

95 % confidence limits are shown

1

I

of whole plants in the

Elul

Leaf area increases along a sigtnoid curve with time
(Naksymowych, 1973).

Leaves on a plant develop

sequentially and their development is represented by
Fig. 3.14a which assumes that all leaves are ultimately
the same size, that they are initiated at regular intervals
and that they develop at the same rate.

With these

assumptions, the total leaf area on a plant (Pig. 3.14b)
increases linearly with time once the first leaf is
fully expanded and the LRG-R (Fig. 3,14b) decreases with
time.

The approximate stage of the plants which were

used in Experiments 1 and 2 is indicated in Fig. 3.14a,b;
it can be seen that at this stage the rate of increase
in leaf area is linear and the LRGR is gradually
decreasing.

Hence some reduction in the LRG-R is to

be expected as Experiment 1 and 2 progressed.

However,

the change in LRGR that is shown in Pig. 3.13 is apparently too abrupt to be accounted for in terms of the natural
decline in rate of leaf expansion (each plant had several
fully expanded leaf pairs, consequently the phase of
rapid decline in LRR (Pig. 3.14b) had been passed).
The coincidence of the rapid decline in LRGR with the
onset of wind provides circumstantial evidence that wind
treatment does reduce the rate of leaf expansion.
However, despite this circumstantial evidence it should
be borne in mind that leaf expansion may have been adversely affected by the transfer of the plants from the glasshouse to the wind tunnel and that such effects may not
appear until several days have elapsed.
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windspeed does reduce the LRGR it may be a direct or
an indirect effect of wind; for instance, leaf
temperature was 1 - 2 0 0 cooler at the higher windspeed
than the lower and this itself could have affected the
rate of expansion.

3.6 DISCUSSION AND SUMMARY

Wind causes considerable damage to leaves of Acer
pseudoplatanus L. through abrasion, leaf with leaf.
This results in leaf tearing and in the production of
lesions which have also been noted on strawberry leaves
(Waister, 1972b; MacKerron, 1976) and on leaves of
Pestuca arundinacea (Shreb.) (Grace and Thompson, 1973;
Thompson, 1974).

MacKerron's observations (1976) of the particular
susceptibility of young strawberry leaves to damage,
the types of discolouration and the narrow, protected
strips alongside veins passing through damaged laminae
closely resemble the observations of wind damage to
Acer pseudoplatanus leaves described in this chapter.
However, he reports that damage to the abaxial surface
was far more extensive than that to the adaxial surface
whereas the reverse was true for Acer pseudop1atanU.
This difference is probably associated with the
dissimilarity of leaf form.

The leaflets of strawberry

are commonly upcurved at their margins which would tend
to glance blows away from the adaxial surface and expose
the abaxial surface to more damage.

MO

Wind damage, accentuated by the presence of air—borne
soil or sand particles has been noted on various crop
plants, including green beans (Skidmore, 1966), winter
wheat (Woodruff, 1956;

Adriano, Armbrust and Murphy,
&,ujLoua cuchç*nduia

1969), cotton (Pryrear, 1971), El Reno sideoats grama,
Poinco.ni yj1UM

rrosis tn0iod5

Sorths+rurn rudon

Blackwell switchgrass, sand lovegrass, Indian grass
and Buffalo alfalfa seedlings (Lyles and Woodruff,
1960) and tomato seedlings (Armbrust, Dickerson and

Greig, 1969).

Hail damage has also been cited as a

cause of 'leaf bruising' in cotton (Peacock and Hawkins,
1974).

In these papers, areas of leaf damage are

variously described as appearing as necrotic, burnt or
bleached, or as dark green, light or dark brown or black
areas.

Damp patches were noted by Skidmore, 1966 on

the seedling leaves of green beans.

Tearing of banana

leaves in wind was described by Lorch, 1958.

The anatomy of the leaf of A. pseudoplatanus, and its
changing form during development are important in
determining the sites that are exposed to damage.
Veins are important, not only as conductors of the
transpiration and translocation streams but as structural
elements, glancing blows away from the lower surface and
limiting the extent of leaf tearing.

The heavy veining

of areas which remain after wind damage may also be
important in that these areas, with torn boundaries and
abraded cuticles, may experience severe water stress
which can only be ameliorated in densely veined regions.
The survival of small regions which were apparently
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isolated apart from a single vein illustrates the
observations of Wylie, 1938 who found that leaves of
Syringa vulgaris could tolerate a considerable reduction
in the number of active veins.

Both outdoor and wind tunnel studies of leaf damage
suggest that leaves which are still expanding are more
vulnerable to abrasion than those which are fully expanded.

This suggests that a severe wind early in the

season could produce far more damage than a similar wind
later in the year.

Such damage may affect development

or physiological behaviour.

There was a linear relation-

ship between windspeed and leaf damage, hence several
days at a low windspeed could produce as much damage as
a few hours at a higher windspeed.

There were some indications that leaf expansion was
adversely affected by wind.

If this is true, then

wind has important implications for plant yield.
These implications and the effects of wind upon
physiological behaviour will be discussed in later
chapters in this thesis.

AFTER 4. MICROSCOPIC INVESTIGATIONS OF LEAF DAMAGE

4.1 INTRODUCTION

The macroscopic features of leaf damage, described in
Chapter 3, indicate that considerable structural
changes in the leaf may occur as areas become browned
and holes develop.

Previous studies of the anatomical

features of wind damage - as distinct from the effects
that wind has upon growth forms - are limited, the
majority of authors have restricted their observations
to the type of discolourations produced.

Recently

however, Thompson (1974) and NacKerron (1976) have
used the scanning electron microscope (BEN) to examine
surface damage to the leaves of Festuca arundinacea
(Schreb.) and strawberry cv. Cambridge Favourite which
had been exposed to wind.

They described cellular

tearing and collapse, with smoothing of epicuticular
waxes in regions of abrasive contact.

Little work has

been done on changes in internal structure which may
occur.

The present study was designed to investigate the surface
and internal structures of undamaged Acer pseudoplatanus
L. leaves and to compare them with those of leaves which
had been exposed to wind.

Glasshouse, wind tunnel and

outdoor grown material both with and without macroscopic
damage were used in investigations with the SEM and the
light microscope.
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Before investigations of leaf damage can be made it is
first necessary to identify the features of undamaged
leaves at different stages of their development.
Alterations in appearance due to wind can then be
identified.

In doing this it is also necessary to

assess the effects of the mode of examination upon
delicate structures in case artefacts arise which mask
changes due to wind damage or otherwise lead to misinterpretation of the results.

4.2 LEAF SURFACES

4.2.1

General structure

The epidermes of leaves and other aerial plant organs
are usually overlain by a continuous cuticular layer
upon which epicuticular waxes may be superimposed.
Cuticular and epicuticular structures, together with
epidermal components such as guard cells and trichomes,
comprise the structural features of the leaf .surface.

Surface structures of leaves are variable in appearance
and may be of a complex nature.

The matrix of the

cuticle, which is composed of cutin, is commonly
impregnated with cuticular wax, and contains progressively larger amounts of cellulose and other carbohydrates
in its inner layers.

Transmission electron microscope

studies suggest that the outer, more waxy, region of
the cuticle is of lamellar structure and that the inner
layers contain reticulate components (Jeffree et al.,1976).
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Beneath the cuticular membrane a distinct layer of
pectin may exist which is probably continuous with that
of the anticlinal epidermal cell walls (Martin and
Juniper, 1970).

A diagram, from Jeffreeet al. 1976,

is given in Pig. 4.1.

Schieferstein and Loomis (1956) noted the occurrence
of epicuticular waxes on approximately half the plant
species which they studied.

These waxes exhibit a

range of complex fine structure and under the SEN are
a conspicuous and attractive feature of many leaf
surfaces.

They frequently appear as a 'bloom' to the

unaided eye which results from the reflection and
scattering of light by projecting wax structures whose
dimensions are close to the wavelength of light (Martin
and Juniper, 1970).

These projections either arise

directly from the cuticularised layer or from a thin
layer of homogenous wax on the surface of the cuticle.
Early light microscope work by De Bary (1871) suggested
that there were four types of waxy coating - heaped wax
layers, single granulated layers, rodlet layers and
membranaceous or crusty wax layers.

Some more structur-

al types are outlined by Ameluuxen et al., (1967) and
include types of granules, rodlets and threads, platelets
and scales, layers and crusts, aggregate wax coatings
and liquid and soft wax coatings.

Certain types of

structure appear to occur when a particular chemical
constituent is dominant.

Hall et al. (1965) observed

that high reflecting rodlet wax was associated with a
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Fig 4.1
Diugrummatic representation of a transverse section itTough a mature plant
cuticular membrane.
From Jeffree

LQL.. 1976.
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high B—diketone content in dines of Poa colensoi
and Eucalyptus urnigera variants and with an increased
ketone content in mutants of Brassica oleracea although
it was not essential to leaf glaucousness.

Recrystall-

isation of leaf epicuticular waxes indicates that their
intricate fine structure is closely related to their
chemical composition (Whitecross, 1963;
1970;

Hallam, 1967,

Jeffree, 1974 a and b; Jeffree et al., 1975,

1976).

Both cuticular and epicuticular structure and development may be influenced by the environment; light
intensity and spectral composition, photoperiod and
temperature all have their effect (Skoss, 1955;
and Juniper, 1970;

Martin

Hull, Norton and Wharrie, 1975).

Nevertheless, despite these influences of environment,
cuticular features can be sufficiently consistent to
be of use in taxonomic studies.

Hallam (1967) for

instance, has used wax morphological types in the
determination of the inter—relationships of some 316
species of Eucalyptus.

Being the external layers of the plant, the epidermis
and cuticle are of great importance in the interaction
of the plant with its environment.

The epidermis

governs the rate of gas exchange via its stomata and
the cuticular layers act to reduce water loss and
limit gas exchange through the epidermal cells (Neidner
and Mansfield, 1968).

The combination of the relatively
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tough cuticle and the compact arrangement of the
epidermal cells is said to provide mechanical support
for the plant (Esau, 1960) and the cuticle with its
wax minimises damage to epidermal cells caused by
mechanical abrasive action such as that brought about
by leaves rubbing together in wind (Eglinton and
Hamilton, 1967).

The epidermis and cuticle may also protect the underlying cells from insect and pathogen attack (Hildebrand,
1942;

Anstey and Moore, 1954;

1967).

Eglinton and Hamilton,

In some situations, however, epicuticular

waxes appear to attract insects, Thompson (1963) found
that field—grown, waxy kale (Brassica oleracea var.
acephala) plants were heavily infested with the cabbage
aphid and white fly whereas non—waxy plants were not
attacked.

Both insects secrete a waxy covering over

their bodies and it was suggested that the absence of
wax on the resistant plants was linked with their lack
of infestation.

Epicuticular waxes may be adapted to reflect light
(Pearman, 1966;

Thomas and Barber, 1974) or in some

plants (. Nepenthes) aid in the trapping of insects
(Juniper and Burras, 1962).

The architecture and

chemical composition of these waxes govern the wettability
of the leaf surface which is of practical importance when
applying herbicide sprays (Dewey et al., 1956).
Holloway (1967, 1970) subsequently found that leaf
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surface wettability was more closely related to wax
Glaucous-

architecture than its chemical composition.

ness may also confer frost resistance, Barber (1955)
has shown that dines in glaucousness of Eucalyptus spp.
are correlated with changes in frost activity, the more
glaucous populations occur in the more frosty localities.
Frost damage is more common on leaves which remain wet
and glaucous leaves tend to shed water (Grose, 1960).

The information provided suggests that the integrity
of the leaf surface is of importance to the plant and
that damage to the surface may affect the plant's
capacity for survival.

Damage to the leaf surface

may in some instances be reversed, epicuticular waxes
on the leaves of most plants can regenerate while the
leaf is still expanding (Hallam,

1967, 1970;

and Juniper, 1970) although some species

Martin

. Pisum

are apparently incapable of wax regeneration at any
time and others

. Chrysanthemum segetum can regenerate

even when they are old (Martin and Juniper,

1970).

It has been shown in Chapter 3 that wind can produce
macroscopic damage on leaves of Acer pseudoplatanus L.,
in this chapter the extent and nature of microscopic
damage and its implications for the plant will be
assessed.
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4.2.2

Microscopy and examination of leaf surfaces

The transmission electron microscope (TEN) may be used
to examine materials at high resolution and was first
used for the study of leaf surfaces by Mueller et al.
(1954), using shadow cast replicas.

Preparation of

material for the TEN is usually a complicated process,
a number of the methods available have been reviewed by
Martin and Juniper (1970).

The examination of rough

(leaf) surfaces involves the preparation of carbon
film replicas which are shadowed with a heavy metal
to provide contrast.

The development of the scanning electron microscope
(SEN) has greatly facilitated the study of leaf surfaces
as the scanning beam can be used for the straightforward
and direct examination of the exterior of solid specimens.
The amount of preparation involved is variable but it
may be restricted merely to the mounting of fresh
specimens on a suitable stub which is then introduced
into the microscope.

However it is necessary to be

aware of distortions of the specimen caused by the high
vacuum (1.3mPa) within the microscope and the electron
beam as it impinges on the specimen (Parsons et al.,
1974).

Various precautions may be taken to decrease

this damage, and additional preparative procedures may
be adopted to render the tissues more resistant although
these procedures may themselves cause damage.
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Fresh material may be examined for limited periods
without pretreatment if the accelerating voltage within
the microscope is kept low (2-3kv) to reduce surface
charging caused by the low electrical conductivity of
the specimens.

Such material may collapse after a

time in the SEM as a result of desiccation.

Heslop -

Harrison (1970) found that leaves of pinguicula grandiflora collapsed after 4 - 5 minutes in the vacuum
whereas stem apices and leaf primordia of Tropaeolutfl
majus took 15 minutes (Falk et al., 1971) and leaves
and petals of Pelargonium zonale took a similar period
(Parsons et al., 1974).

Although the use of low voltages permits the study of
fresh material, the resolution of the microscope at
these voltages is poor compared to that at higher
Methods which may be adopted to render the
voltages.
plant tissues more resistant to damage include coating
of the specimen with heavy metals which also increase
the electrical conductivity of the specimen surface so
that higher accelerating voltages may be used with
consequent improvement in resolution.

Parsons et al.

(1974) have tested and described many methods appropriate

for the study of leaf surfaces some of which were
adopted for this investigation (see Appendix A).

providing that sufficient precautions are taken during
examination, fresh untreated material may be used as
a 'standard of excellence' against which other specimen
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Preparations may be judged (Falk et al., 1971); for
this reason, the preliminary descriptions of Acer
pseudoplatanus L. leaves were based on fresh, unprocessed
material.

However, when studying wind damage, it was

sometimes more convenient to use freeze—dried material
(so that samples could be stored before study) or to
use fresh material which was coated to resist collapse
and increase electrical conductivity so that it could
be studied for longer in the microscope without charging.
The features of the fresh unprocessed material were
carefully compared with those of fresh and freeze—
dried material which had been coated with heavy metals,
bearing in mind that artefacts resulting from damage
in the microscope or during preparation might mask
distortions due to wind damage.

As an additional precaution, a light microscope fitted
with incident—light illumination (ILl) was also used.
Distortion of a specimen examined in this manner is
unlikely as no special preparation is necessary and a
beam of light at normal atmospheric pressure will cause
less damage than a high energy electron beam under
vacuum.

The general applications of incident—light

illumination are limited in this work as only a shallow
depth of field (2 - 3 x 10 -6 m)and low magnification
( x 400) were obtainable but it was considered to be
a valuable method of checking the verisimilitude of the
grosser features of the image produced by the SEN.
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The preliminary investigations are described in Appendix A
of this thesis; they comprise investigations of the
effects of preparative treatments for the SEN and for
the light microscope upon the features of leaves which
had not been exposed to wind.

Epicuticular wax

structures are located and the features of leaves of
different ages are described.

The information as to

the most appropriate techniques to be used for the
investigations of the leaf surface, described in Appendix
A, was used in the studies of leaf damage described in
this chapter.

A brief summary of the salient points

of this work is given in 4.3 and the information
derived from the investigations described in the Appendix
was used in the studies of damaged tissues described in
this chapter.

The photomicrographs of both this

Chapter and Appendix A are at the end of the thesis.

4.3 STRUCTURE OF ACER PSEUDOPLATAff[JS L. LEAVES WHICH
HAVE NOT BEEN EXPOSED TO WIND.

(The description given here is derived from the investigations described in Appendix A using both SEM and light
microscopy, the operating conditions and preparative
methods referred to in the titles of the plates are
those described in the appendix.)

The abaxial and adaxial epidermes differ considerably
in their structure.

The abaxial surface (Plate 4.1a,b)

is highly papillose with stomata sunken between papillae.

The surface of each papilla is covered with a fine
reticulate coating of ribbon—like strands of epicuticular
wax and the stomata appear lipped.

The adaxial surface

(Plate 4.2), which has no stomata, is composed of
interlocking domed areas which are coarsely ridged with
These ridges are frequently

cuticular material.

arranged in a radial or parallel pattern on each dome.
Veins, with more elongated epidermal cells, are easily
discernible on both surfaces.

The change in leaf

surface features with age is discussed in the appendix,
this investigation is not relevant here as mature leaves
were used for the investigations of leaf damage.

In transverse section under the light microscope (Plate
4.3a,b) the differences between the two epidermes can
be. plainly seen.

The adaxial epidermal cells possess

a slightly convex, thickened, outer periclinal wall
upon which the cuticular ridges seen in SEN are apparent
(Plate 4.2).

The abaxial epidermal cells show no such

thickening, their papillose projections are thin walled.
The stomata found on the abaxial surface possess locally—
thickened guard cells with a lip projecting to the
exterior (Plate 44).

The veins are surrounded by

collenchyma cells which frequently contain rhomboidal
crystalline bodies that are not found elsewhere in the
leaf tissues (Plate 4.3b, 4.5).

Each papilla and each

dome seen under SEM corresponds to a cell seen in TS
using the light microscope.
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4.4 ALTERATIONS IN LEAF STRUCTURE ATTRIBUTED TO WIND
DAMAGE.

In this section, leaf surface and internal features
will be considered together as they are closely
related.

Materials and methods

The SEM was used to study both material which had been
exposed to wind in the wind tunnel and that which had
been exposed to wind out—of—doors.

That which had

been exposed to artificial wind was taken from plants
soon after they had been exposed to a wind of 3.5 m
(measured in the empty tunnel) for 65h;

it was prepared

according to Appendix A, the samples being taken in
early March from well expanded leaves which had opened
one month previously in the glasshouse.

The samples

which had been exposed to wind out—of—doors were from
those trees described in 3.4, being taken in May from
leaves which had emerged from buds in mid—April.

Both

green and discoloured samples were examined and compared
with glasshouse—grown samples which had not been exposed
to wind.

Preparative details and SEN operating conditions are
given in the captions accompanying the photomicrographs.

The transverse sections, studied by light microscope,
were also taken from plants which had been exposed to
an artificial wind of 3.5 m s'.

The duration of

wind was greater than for the material studied by SEM,
being 20d.

However, the lesions appeared similar at

the macroscopic level to those examined by SEN.
These samples were taken in December from plants which
had been kept actively growing in the glasshouse by
adjustment of daylength and temperature.

Whole samples were studied by incident—light—illumination
to relate discolouration to leaf structure as the fixation
processes necessary for the other light microscopy tended
to bleach the leaves.

For comparison, glasshouse—grown leaves which had been
artificially abraded were also examined.

Light

abrasion was produced by brushing the leaf surface 40
times with an ox hair paint brush.

Results and discussion

A

Leaves exposed to artificial wind

i Damage to the abaxial surface

Damage to the abaxial surface is shown in Plates
4.6 and 4.7.

Plate 4.6a,b are taken from areas of

light brown lesions and Plate 4.7a,b are taken from areas
of dark brown lesions.

Plate 4.6c is of a surface which

had not been exposed to wind.
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The light brown surfaces (Plate 4.6a,b) show considerable damage; the fine epicuticular waxes have completely lost their structure and coalesced forms are apparent
in the lower left hand corner of Plate 4.6a.

Both

papillae and cells overlaying veins appear flattened.
The dark brown surfaces (Plate 4.7a,b) do not differ
substantially in appearance to the controls although a
certain amount of vein disruption may be apparent in
Plate 4.7b.

In transverse section, papillae again appear flattened
(Plate 4.8a) and the spongy mesophyll behind shows
disruption.

Plate 4.8b shows a vein which has been

damaged on its protruding abaxial surface whilst the
surrounding sunken areas do not appear to be damaged.
The extent of damage to this area appears to have been
limited by the cells containing crystalline bodies
(which show up clearly here under phase-contrast) which
are also present in undamaged tissues (Plate 4.3b, 4.5).
These bodies occur frequently around the veins, particular ly along the lower surface and the extent of damage
appeared often to be restricted by their presence.
Despite repeated examinations, guard cells were never
apparent in transverse sections of damaged regions
although the external features of stomata still showed
in surface view.

Slight vein damage is shown in

Plate 4.9a,b, the walls of the epidermal cells having
been compressed, some corrugation of inner cell walls
is apparent in Plate 4.9b.
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ii Damage to the adaxial surface

Damage to the adaxial surface as a result of
exposure to artificial wind is shown in Plate 4.10;
photomicrographs a and b are of light and dark brown
regions respectively and c is of a region which has not
been exposed to wind.

The discoloured surfaces have

become flattened and wrinkled, indicating that some
cellular collapse has occurred.

This is confirmed in TS (Plate 4.11a,b); the anticlinal walls of the epidermal cells are difficult to
discern in collapsed regions but the cuticle, with its
ridges, is still apparent although it appears torn in
4.11b.

The underlying palisade mesophyll cells also

show damage in 4.11b (a section through a light brown
lesion), their anticlinal walls are distorted or absent.
The damaged mesophyll cells have deeply staining globular
or amorphous contents.

Damage may be very localised,

severely damaged adaxial regions overlaying or
adjoining apparently undamaged areas.

iii Discolouration in relation to leaf structure

Plate 4.12a,b of the surfaces of predominantly
light brown discoloured areas of leaves (viewed by ILl)
indicates that the discolouration lies beneath the
epidermes.

Plate 4.12a shows the damaged adaxial

surface with flattened papillae. Plate 4.12b shows
the adaxial surface, with a portion of the epidermis
removed, the discolouration is particularly intense
around a vein region.
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B

Leaves grown in natural wind

Plates 4.13 - 4.16 show the surfaces of leaves grown
out-of-doors.

Apart from Plate 4.14c all are of

discoloured regions.

Abaxial surface

The appearance of the abaxial surface (Plates 4.13 4.15), grown out-of--doors in an exposed situation
differs from that grown in the glasshouse (Plate 4.6c),
even when no discolouration was present (Plate 4.14c).
Papillae showed collapse and in some cases (Plates
4.13c,d, Plate 4.14c) the surfaces of the epicuticular
waxes was smoothed, whereas in others (Plates 4.14a,b)
the papillae are lacking a covering of coalesced wax
structures (the elongated structures in these two
photomicrographs are leaf hairs).

In Plate 4.14a,b

the epicuticular waxes appear quite intact despite the
wrinkling of the leaf surface.

In Plate 4.14a, a

stoma which has been partially occluded by collapsed
papillae is visible in the lower left-hand corner.
From the distribution of stomata shown in undamaged
leaves (Plate 41a,b) it is probable that many stomata
lie beneath the collapsed papillae in these areas.
Where stomata were visible, the lip of the guard cells
was sometimes enlarged (Plate 4.13c,d), possibly as a
result of the deposition of wax from surrounding areas
during abrasion.

Adaxial surface

The green adaxial surface of out—door grown leaves did
not appreciably differ from that of glasshouse grown
leaves; however, deep folds were apparent in some
discoloured regions (Plate 4.15a,b).

The cuticular

ridges have a more roughened surface than the material
which became discoloured in the wind tunnel (Plate
4.lOa,b).

Artificial abrasion

Plate +.17a,b shows the effects of artificial abrasion
(using a brush) on the abaxial surface of a glasshouse
grown leaf.

This damage, which did not produce

discolouration, appears less severe than that produced
by wind which lead to discolouration, but has similar
characteristics.

The disruption of wax structures

that has occurred bears similarities to that shown in
Plate 4.14c which is of a green area on a leaf taken
from a tree growing out—of—doors.

The adaxial surface was unmarked by this treatment.

4.5

DISCUSSION: ENVIRONMENTAL EFFECTS ON EPIOUTICUI.AR

WAX STRUCTURE AND THE FEATURES OF WIND DAMAGE

Considerable differences exist between the two series of
leaves described in 4.4. The leaves which were exposed
to artificial wind had been glasshouse grown under
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relatively stable conditions from seed of a specific
tree, while those which had been exposed to natural
wind were subject to considerable fluctuations in
their environment and were from a tree of different
parentage.

It is well known that growing conditions may considerably affect the nature of the wax deposit.

Its

chemical composition, extent and configuration may all
be affected by a variety of environmental factors including
light intensity, temperature, leaf-air vapour pressure
difference, soil moisture and photo- and thermo-periods
(DorschnerandBuchholtz, 1956;

Riefma, 1956;

Troughton

and Hall, 1967; Baker, 1974; Jeffree, 1974a; Giese,
1975;

Hull et al., 1975).

Furthermore, quite large

differences exist within a species, even between siblings
(Denna, 1970).

The results of these and many other authors suggest
that considerable differences could have existed between
the surfaces of glasshouse and outdoor grown specimens of
Acer pseudoplatanus L. and hence the two series of studies
may not be strictly comparable.

However, there is some

evidence to suggest that environmentally induced changes
in wax structure, particularly those related to temperature
and humidity, occur more readily when several of the wax
constituents are present in similar proportions than
when a single component is dominant (Whitecross and
Armstrong, 1972; Hunt et al.,1976).

The analyses by

Holloway (1967) indicate that the wax of A. pseudoplatanus
contains considerable quantitites of an alkyl ester,
with an alkane as a secondary constituent and traces
of 10 and 2 ° aiôohols together with several unidentified
substances.

By comparison, the wax structures of

Brassica oleracea and Clarkia elegans which are susceptible
to environmental influence (Baker, 1974

Hunt et al., 1976)

both contain a wider range of constituents in more equal
proportions.

Analysis of the wax structures of Picea

sitchensis (Bong.) Carr. (which are little influenced
by the environment) showed that a 20 alcohol was the
principal constituent, with aldehydes and other substances
also present (jeffree,1974a).

From this information it is not clear whether the environment would exert an influence on the development of wax
structures of Acer pseudoplatanus;

the proportions of

their components lie between P. sitchensis (with one
major constituent) and B. oleracea (with several constituents in similar proportions) in complexity.

The exposed

situation of the outdoor-grown samples meant that they
were all likely to be damaged by abrasive contact and
so slight environmental and genetic effects could not
be determined.

However, the apparently intact structures

shown in Plate 4.15a, b on outdoor-grown material appear
similar to those grown in the glasshouse (Plate 4.1,A.8)
although the distance which they extend into the interpapillal spaces may be shorter than on glasshouse-grown
plants.
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The effects of wind upon epicuticular wax development
have been little studied, however Martin and Juniper

(1970) reported that the surfaces of leaves of Pisum
sativurn var. Alaska grown in a wind of 11.2 m
possessed a much denser epicuticular wax layer than
those growing in still conditions.

Despite the possible environmental influences on
epicuticular wax development, it seems likely that
many of the features observed in wind-grown material
may be directly attributable to the effects of wind.
The principal features which could be attributed to wind
damage were the coalescence or removal of epicuticular
wax structures and the collapse and folding of underlying cells.

On the abaxial side of the leaf dis-

coloured areas were associated with surface damage although
slight surface damage could occur without macroscopic
discolouration.

On the adaxial surface, discolouration

appeared to be more closely associated with internal
than with surface damage.

The absence of wax structures over large areas on some
surfaces (Plate 4.14a,b) indicates that these surfaces
were damaged before the epicuticular waxes had developed
and that their development was permanently arrested.
Waxes normally appear first during the early stages of
cell expansion (Schieferstein and Loomis, 1956;

Hull

et al., 1975) and can usually be regenerated throughout
cell expansion (Martin and Juniper,

1970).

The lack of

M
.

wax structures on these leaves and the collapsed appearance of their papillae suggests that the epidermal cells
have been killed and so are incapable of wax regeneration.

The features of wind damage to A. pseudoplatanus bear
similarities to those of Festuca arundinacea Schreb.
and strawberry plants described by Thompson (1974) and
NacKerron (1976).

Like A. pseudoplatanus, cells from

areas with lesions appeared less turgid than usual and
the form of the wax deposits was altered.

Coalescence

of wax, observed on A. pseudoplatanus,was also observed
by NacKerron (1976); the fine reticulum of epicuticular
wax, present on an undamaged surface, became sheets of
wax after damage, which were cracked and flaked along
the lines of the anticlinal epidermal walls.

Some

waxes were smoothed and exposed cells broken in F.
arundinacea (Thompson, 1974).

Like A. pseudoplatanus, one leaf surface was more damaged
than the other in both these species.

MacKerron (1976)

found that the abaxial surface of strawberry was the
more severely damaged but gives no reason for the difference between the two surfaces, however, the lamina of
a strawberry leaflet forms a 'V' about its midrib which
would tend to protect the adaxial surface.

The leaves

of F. arundinacea were more severely damaged on their
adaxial surface which Thompson (1974) attributed to the
tendency of the edges of mature leaves to curl abaxially
and so shelter the adaxial surface from abrasion.

Although the topography of the two surfaces of A.
pseudo1atanus (discussed in 3.3) would appear to provide
more protection for the abaxial than the adaxial surface,
the abaxial surface sustained more damage.

In 4.4 and

A.1.2 it was shown that this surface was more readily
damaged by artificial means than the adaxial surface
and this also appears to be the case under natural
conditions despite the apparently protective topographic
features.

The importance of the protruding strengthened

tissues surrounding the veins in providing protection
for the remainder of the leaf from abaxial surface abrasion
is clearly shown in Plate 4.8b, without these strengthened
'ribs' the abaxial epidermis and underlying mesophyll
would be extremely vulnerable to abrasion.

Although

no direct evidence can be provided, the crystals in the
cells surrounding the veins appear to be of importance
in limiting the extent of the damage; the cells containing crystals were frequently found at the edge of wind—
damaged tissue, suggesting that they are an important
component in the resistant vein structure.

Although the adaxial surface appears less damaged,
examination of transverse sections indicated that considerable damage occurred to the cells beneath it, probably
as a result of impaction.

The implications of adaxial

and abaxial surface damage will be discussed in 4.6.

The damage which occurred on outdoor—grown material as
a result of natural winds was essentially similar to
that of glasshouse—grown material treated with artificial
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wind although the surface of the outdoor—grown material
became more corrugated.

Plants which were treated with

artificial wind were only exposed to it for a brief
period, when the leaves which were to be sampled were
fully expanded, whereas the sample leaves of those plants
which were exposed to natural wind had been exposed to
it throughout their development.

The outdoor—grown

leaves were examined quite early in the season; it
would be interesting to determine the extent of damage
a few months later.

4.6

IMPLICATIONS OF WITfl) DAMAGE TO LEAVES

The leaf surface constitutes the principal interface
between the plant and the atmosphere.

Heat, water

vapour and carbon dioxide are all exchanged at its
surface which also provides a niche for the microorganisms of the phylloplane and is an important site
of attack by insects and pathogens.

The results

presented in this chapter show that wind damage may
alter the form of the epicut -icular wax structures on
the abaxial surface, produce collapse of epidermal
cells, and damage the mesophyll. Some areas of the leaf
may be worn away, while others remain but seem dead.

Wind damage may affect the rates of exchange of water,
carbon dioxide and heat; a simplified view of their
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diffusion pathways is shown in Pig. 4.2*.

The only

resistance to the diffusion of heat is r, the boundary
layer resistance.

Both the diffusion pathways of 1120

away from the leaf and CO 2 into the leaf encounter
resistances at the boundary layer (r and r ° 2,) the
0
stomata (r and r 2) and the cuticle (r and r ° 2).
There is an additional resistance to the diffusion of
carbon dioxide, r CO2, the mesophyll or residual resistance.

The resistances of the stomata and cuticle are

in parallel with each other and are in series with those
of the mesophyll and the boundary layer. Stomatal resistance is variable, according to stomatal aperture; when
the stomata are open, their resistance is much lower
than that of the cuticle and consequently the bulk of
1120 and CO

exchange takes place through them, when

stomata are closed their resistance is increased and
exchange is correspondingly reduced.

The effects of wind damage upon the diffusion pathways
and other effects of damage will be considered in the
following 4 sections.

Either resistances or conductances can be used to
*
describe the ease with which water and carbon dioxide
can pass along a particular part of the diffusion pathThe use of resistway (resistance = 1/conductance).
ances has the advantage that when they are in series
they can be simply added together to describe the
resistance of the whole pathway, as resistors in an
On the other hand, conductances
electrical current.
are proportional to fluxes and so are better used in
some circumstances.

CO

II

atmosphere
leaf surface

3

Heat

]epidermis

H2 0

Fig. 1..2
Diffusion pathways of water, carbcn dioxide and heat between a Leaf and the
atmositiere..
r.. . boundary layer resistance
cuticular resistance
rc
r. stomata[ resistance
14• r

mesophyll or residual resistance
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Effects of wind damage upon the boundary

4.6.1

layer resistance of leaves

The boundary layer surrounding the leaf is the zone of
air adjacent to its surface in which wind velocity is
reduced compared with that further away from the leaf.
The permeability of this layer governs the rate of
diffusive exchange of water vapour and carbon dioxide
and the rate of convective exchange of heat between
the leaf surface and the atmosphere.

Its permeability

is determined by the thickness of the boundary layer
and the type of air flow (laminar or turbulent) within
it (Slatyer, 1967;

Monteith, 1973).

Both boundary

layer thickness and the type of air flow may be affected
by wind damage.

Boundary layer resistance to the diffusion of water
vapour, r (a cm -1 ), may be expressed in terms of
the wind velocity upstream of the leaf, u (cm _l),
and the dimension of the leaf in the downwind direction,
d (cm).

W

- 1.3 (d/u) 05 (Monteith, 1965)

Hence r

decreases as d decreases and as u increases.

Corresponding values of r ° 2 and r may be obtained
using conversion factors calculated from their respective diffusion coefficients e,g.

73
e.
W

K

0.66
= 0.93

-

a

D

(Grace, 1977)

H2 0

(K is the molecular diffusion coefficient for heat,
DH0 is the molecular diffusion coefficient for water
2
vapour.)

Within the boundary layer there are two zones of air
flow. Adjacent to the leaf is a sub—layer in which
air flow is laminar (Slatyer, 1967) and in the remainder
of the boundary layer, flow may be laminar or turbulent.
When the air flow is laminar, mass and energy exchange
between the leaf and the atmosphere can only occur by
molecular diffusion; when it is turbulent the rate of
exchange is increased by eddies of fresh air that are
brought close to the leaf surface.

Turbulence is

induced when, the Reynolds number (Re) reaches a critical
value which is higher for smooth surfaces than for rough
surfaces.

Re = u.d / kinematic viscosity of air

Boundary layers over leaves have been shown to be more
turbulent than over flat plates presumably as a result
of the greater surface roughness of leaves (Perrier
et al., 1973;

Grace and Wilson, 1976).
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Wind damage may affect the boundary layer resistance of
a leaf in two ways; by reducing the dimension of the
leaf and hence altering ra = 1.3 (d/u) 05 , and by
changing the surface characteristics of the leaf which
could alter the amount of turbulent exchange induced by
surface roughness.

The effects of a reduction in the dimensions of a leaf
due to the wearing away of its margins by wind upon
are shown in Table 4.1.

A reduction in down-

wind leaf dimension (d) of 3 cm was used in these
calculations to represent the amount of wind damage
which commonly occurs in nature.

From Table 4.1 it can

be seen that the percentage reduction in r

depends upon

the initial value of d but is little affected by wind—
speed in the range 0.1 - 4.0 m s.
(14 and 22% of the r

These reductions,

of leaves measuring 10.5 and 7.5 cm

respectively), will produce a direct increase in the rate
of diffusive heat exchange between the leaf and the
atmosphere as r

is the only resistance in the pathway.

The effects upon the diffusion pathways of water and
carbon dioxide will depend upon the magnitude of their
other resistances to diffusion.

The effects of a reduction in r w of 20% upon the rate
of evaporation of water from a leaf surface will be
considered as an illustration of the effects of leaf
damage upon a plant.

TABLE 4.1

The effect upon boundary layer resistance (r) of
a 3 cm reduction in the downwind leaf dimension of a
b) 7.5 cm
leaf which was initially a) 10.5 cm
in length, over a range of windspeeds.

values derived from

= 1.3 (d/u) 05 (Monteith, 1965)
cm -1

T

initial

= 1 S

T

= ii a cm

final r

INITIAL LEAF DIMENSION (CM)

I

.10.5

u(m s_1 )

reduction

7.5

i

ii

reduction

0.1

1.33

1.12

15.8

11.12

0.87

223

0.2

0.94

0.80

14.9

0.80

0.62

22.5

0.6

0.54

0.46

14.8

0.46

0.36

21.7

1.0

0.42

0.36

14.3

0.36

0.28

22.2

4.0

0.21

0.18

14.3

0.18

0.14

22.2
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= (x - Xa ) / E
(x

and

(Landsberg and Ludlow, 1970)

are the water vapour concentrations at the

liquid/air interface at the leaf surface and in the
ambient air respectively, E is the evaporation rate from
the leaf surface)

assuming a reduction in r

of 20%, then

0.8 =

E

= 1/0.8 =

1.25

i.e. E is increased by 25% when r

is reduced by 20%,

providing that everything else remains constant.
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Changes in leaf shape arising from tearing and abrasion
in wind could also considerably affect the boundary
layer.

Vogel (1970) measured the dissipation of heat

from variously shaped copper plates of the same area
and found that irregular shapes, like those of the
lobed sun and shade leaves of the white oak lost heat
more rapidly than regular stellate shapes, stellate and
lobed plates had a considerably lower resistance to
convective heat loss than a round plate even when this
had serrations 5 mm deep at its margin.

Taylor and

Sexton (1972) measured the temperatures of large leaves
belonging to members of the Musaceae, which tear readily
in exposed sites.

When they were in sunlight, torn

leaves were several degrees cooler than intact leaves..

Acer pseudoplatanus L. leaves can achieve a considerable
size, dimensions of 18 x 26 cm were not uncommon on
locally grown, sheltered trees.

Although each leaf is

divided into 5 segments, each of these may be large.
Wind damage could considerably reduce the high boundary
layer resistance engendered by their dimensions and shape.

The effects of wind—induced changes in leaf surface
topography upon the boundary layer are harder to assess.
Wind damage to Acer pseudoplatanus L. leaves increases
the prominence of veins on the abaxial surface, smooths
epicuticular waxes and causes collapse of papillae.
Additionally, where leaf margin tissues have died, a
curled edge is produced.
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Grace and Wilson (1976) found that considerable boundary
layer turbulence was associated with irregularities such
as the main veins in the surfaces of normal Populus x
eurarnericafla Guinier leaves and Grace (1975) suggested
that considerable boundary layer turbulence could be
precipitated by the eddies forming downstream of individual serrations of the leaf margins of Populus.
Increased prominence of the veins and deformed margins
arising from wind damage could therefore enhance the
turbulence of the boundary layer, reducing the boundary
layer resistance.

4.6.2

Effects of wind damage upon the cuticular and

stomatal resistances of leaves

Alterations in the cuticular and stomatal resistances
of the leaf may affect the rates of exchange of carbon
dioxide and water.

Cuticular resistance is usually

much greater than that of the stomata and it is a common
assumption that "the resistance of the cuticle is
usually so much larger than the stomatal resistance that
its role in water vapour and 002 transfer can generally
be ignored" (Monteith, 1973).

Levels of stomatal and cuticular conductance to water
vapour vary considerably between species and a single
species will also exhibit a range of conductances
according to its age and the conditions of growth.
Jarvis and Jarvis (1963) recorded ratios of stomatal/

Cuticular water loss for Populus tremula L., Betula
verrucosa Ehrh., Pinus sylvestris L. and Picea aMes L.
of 2.78, 4.35, 10.0 and 52.5 respectively, the rate of
cuticular water loss from P. tremula equalled the rate
of stomatal water loss from P. sylvestris.

Although

rates of cuticular water loss 'are smaller than those of
open stomata, anything that causes an, increase in
cuticular loss will increase the total rate of water
loss of the plant unless stomatal compensation occurs.
Such an increase could be of importance when only a
limited amount of water is available to the plant.

The majority of early investigations of cuticular
conductance to gases indicated that when carbon dioxide
was present in air in normal concentrations the only
route by which it could pass into the leaf in any
quantity was via the stomata and that cuticular conductance was negligible (literature reviews by Thomas,
and Martin and Juniper, 1970).

1965

However, some evidence

suggests that the cuticles of at least some plants are
permeable to carbon dioxide under normal atmospheric
conditions (Freeland, 1948;

Dorokhov, 1963;

Jarvis

and Jarvis, 1963) although rates of net photosynthesis
through surfaces lacking stomata are low (0 - 0.1 mg
CO

dmh) compared with surfaces having stomata

(4 - 14 mg 002 dm 2 h) (Holmgren et al., 1965).
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Leaf surface damage described in 4.4 principally consisted
Of smoothing of epicuticular waxes and flattening of the
underlying cells.

Experiments have indicated that the

wax constituents of the cuticle are important in its role
of limiting the extent of gas and vapour exchange.
Horrocks (1964), using hot chloroform as a wax solvent,
found that the removal of cuticular wax from apple fruit
cuticles increased cuticular permeability to water by
between 30 and 70 times according to the variety of fruit.
Similarly, Radler (1965) demonstrated that the drying rate
of sultana grapes was dependent upon the amount of 'soft
wax' which was removed from the cuticle by petroleum
ether vapour.

Subsequent peeling of the fruit to remove

the remaining cuticle and the whole epidermal layer lead
to only a small increase in the drying rate, indicating
that the wax constituents of the cuticle are of prime
importance in determining cuticular transpiration.
Schbnher (1976) determined the permeability coefficients
for the diffusion of tritiated water across isolated
astomatous cuticular membranes of Citrus aurantium L. and
yrus communis L. leaves and Allium cepa L. bulb scales.
He found that the extraction of cuticular waxes from
the membranes increased their permeability to water
by 300 - 500 times and showed that their permeability
was completely determined by their wax constituents
However, these experiments do not distinguish between
the cuticular and epicuticular waxes which may differ
in function.

The observations of damage to Acer

pseudoplatanus leaves described in this chapter did not

in-corporate studies of cuticular waxes but there is no
evidence to suggest that these waxes would be damaged
so long as the cuticle remains intact.

Evidence of the role of epicuticular waxes in water
conservation is conflicting; Schieferstein and Loomis
(1956) contended that as they had not found a clear-cut

correlation between surface wax and xeromorphic adaptation,
the presence of epicuticular waxes was of doubtful
survival value in this context.

t

Sitte and Renner

(1963) also found no correlation between cuticular
thickness and cuticular transpiration.

However, accord-

ing to Dewey et al., (1956), Riefma (1956) found that
increasing moisture content of the soil was negatively
correlated with epicuticular wax formation on peas.
Daly (1964) obtained similar results for Poa colensol
plants.

Direct experiment has also been used to investigate the
role of epicuticular waxes.

Chambers and Possingham

(1963) reported that rubbing the surface of sultana
grapes (Vitis vinifera var. sultana) with lens tissue
caused the epicuticular waxes to be pushed into heaps
and .that this treatment had little influence on the
rate of water loss.

These findings differ from those

of other workers, however, Pieniazec (1944) found that
the permeability of the surface of apple fruits was
increased by wiping them with cheesecloth until they
were shiny.

Hall and Jones (1961) simulated the

natural weathering of epicuticular waxes of Trifoliurn
repens by brushing them with a camel-hair brush.
This reduced the contact angle of a water droplet,
indicating that the structure of the epicuticular
waxes had been disturbed, and increased the cuticular
phase of transpiration (determined by the method of
Hygen, 1951).

Hall (1966) found that the polishing

of apple fruits, which removed some wax and redistributed
the rest, considerably increased water loss, a single
polish of a Granny Smith apple increased its transpiration
by 20 %.

Denna (1970) adopted a different approach to the subject,
considering that brushing might disturb underlying
continuous layers.

The transpiration rates of genetic-

cally glaucous and non-glaucous sibling lines of
Brassica oleracea, grown under similar conditions were
compared.

Some were also rubbed so as to provide a

comparison with the experiments described previously.
In every case, non-glaucous plants lost more water
through cuticular (night-time) transpiration than their
glaucous siblings; their stomatal transpiration rates
were not significantly different at the 5% level.
Rubbing of the leaf surfaces with cheesecloth significantly increased cuticular transpiration of both glaucous
and non-glaucous plants, however stomatal transpiration
was also increased, indicating that rubbing had more
extensive effects.

No close correlation between the

quantity of epicuticular wax per unit area of leaf and
the rate of cuticular transpiration was found.

It is interesting to note that artificial abrasion,
which is allied to the natural abrasion associated
with wind damage, apparently causes increases in both
cuticular and stomatal transpiration.

Most of the evidence presented here suggests that
epicuticular as well as cuticular waxes are important
in limiting cuticular transpiration.

Lack of correl-

ation between quantity of wax and cuticular permeability
may be explained by the model experiments of Gincarevic
and Radler (1967) who demonstrated that some of the
chemical constituents of cuticular waxes were more
effective in reducing water loss through a plastic
membrane than others.

This indicates that the chemical

constituents of a cuticular wax are of more importance
in determining rates of cuticular transpiration than
its bulk.

This evidence suggests that the distortion of epicuticular
waxes shown by wind-damaged leaves of A. pseudoplatanus L.
may lead to an increase in cuticular conductance to
water vapour.

It is not knownwhether waxes were actually

removed as a result of wind action but their redistribution
over the leaf surface is evident from the plates.

Cuticular conductivity will also be affected by breaks
in the cuticle.

Generally, the surface appeared intact

even when the underlying cells had been damaged.

However,

where the leaf is abraded to such an extent that a hole

NN

is formed, there will be a period prior to its formation

when no cuticular protection is afforded to the underlying epidermis and subsequently the damaged edges of
both epidermal and mesophyll cells will be exposed to
the air.

Such damage is likely to lead to consider-

able water loss for a period.

Brun (1961) found that

there was considerable water loss from fresh tears in
banana leaves.

That exposed epidermal and mesophyll

cells were not observed under the microscope suggests
that once such damage has occurred the affected area
of the leaf rapidly degenerates and a hole is formed.

Although it is likely that cuticular damage to Acer
pseudoplatanus L. will lead to increased water loss
by transpiration it is possible that when damage is
severe the transpiration pathway is blocked and water
loss is prevented. This is suggested by the brittleness
of the light brown lesions which indicates that these
areas of the leaf have completely dried out and are
not receiving further supplies of water.

Dark brown

lesions are not brittle and are presumably still in
receipt of water.

The factors governing cuticular exchange of carbon
dioxide have not been elucidated but species in which
permeability has been demonstrated "have relatively
thin cuticles, supported on thin cell walls" (Martin
and Juniper, 1970).

Distortion of epicuticular waxes

through wind damage could alter the length of the

diffusion pathway of carbon dioxide and rupture of
the cuticle would remove its constraint upon gaseous
diffusion.

The function of the cuticle is to provide a barrier
between the plant and the atmosphere, which is of
particular importance in restricting water loss from
plant tissues.

The greater part of water loss is

normally regulated by the stomata which also facilitate
carbon dioxide exchange between the leaf and the
atmosphere.

Under conditions of water stress stomata

generally close, thereby limiting transpiration. In
these circumstances increased cuticular transpiration
(arising from cuticular damage) may be undesireable
for the plant, heightening the effect of drought.
Stomatal closure due to water stress will also reduce
the rate of carbon dioxide uptake (although this
reduction will be proportionately less than the reduction
in the rate of water loss, Zelitch (1971) p 237)

This

could limit the rate of photosynthesis and under these
circumstances increased cuticular conductance of carbon
dioxide may lead to an increased rate of photosynthesis.
However the benefits of such an increase in photosynthesis must be weighed against the detrimental
effects on the plant of enhanced water loss under drought
conditions.

Under normal circumstances, when water

supply is not influencing stomatal aperture, the
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increased rates of cuticular diffusion of water vapour
and carbon dioxide will probably be negligible compared
with the rates of diffusion via the stomata.

Stomatal resistance may itself be affected by wind
damage.

When papillae collapse over stomata (Plate

4.14a) an additional resistance will be introduced in
the pathway of stomatal exchange of CO
reducing their rates of exchange.

and 1120 thereby

However, it is

also possible that a reduction in stomatal resistance
may also occur as a result of wind damage, for Heath
(1938) demonstrated that puncturing of epidermal cells

in Cyclamen, using a needle, led to a passive opening
of stomata.

Mechanical abrasion of leaves in wind also

brings about collapse and loss of turgor of epidermal
cells and so passive opening of stomata may occur as
a result of wind damage to the epidermis.

Altered boundary layer and stomatal resistances may
have complex effects upon the plant, although these
effects are likely to depend very much upon the environment.

The rates of exchange of CO

and 1120 will be

increased by a simple reduction in boundary layer
resistance, however cooling of the leaf arising from
the enhanced conduction of heat away from it and latent
heat loss through evaporation will reduce the concentration gradient of water between the leaf and the atmosphere
and hence reduce exchange rates.

Cooling of the leaf

may also have a direct effect in slowing down its

EIR
metabolic processes.

The effects of altered boundary

layer and stomatal resistances upon transpiration and
photosynthesis will depend upon the magnitude of these
resistances in relation to the other resistances in the
pathway.

For instance, Slatyer and Bierhuizen (1964a)

found that the transpiration rate of cotton leaves was
only dependent upon boundary layer resistance at very
low windspeeds and when the plants were brightly
illuminated.

At lower light intensities and higher

windspeeds stomatal resistance was dominant. The
relative importance of boundary layer and stomatal
resistances will be discussed in Chapter 5.

4.6.3

Effects of cellular damage upon the pathways

of water within the leaf

The pathways of water in the leaf may be affected by
damage to the 'epidermal and mesophyll cells.

There is

continuous loss of water from the leaf by evaporation,
this normally being replenished by supplies transported
from the roots in the xylem.

Within the leaf, water

is transported in the xylem and passes to its site of
evaporation from the leaf surface via other tissues.

It is unlikely that supplies were restricted by damage
to the xylem in the leaves.

The surgical experiments

of Wylie (1938) and Mer (1940) indicated that leaves are
endowed with a superabundance of veins for the supply of
water; the severance of all main veins had little
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effect upon the rate of transpiration.

Additionally,

serious damage to vein conducting tissue was not
observed in section although it must have occurred on
occasions such as when holes were worn through the leaf.

Two possible pathways are available for the movement
of water through leaf tissues once it has left the
xylem.

It can flow along cell walls in their inter-

micellar spaces or it can move from vacuole to vacuole
by osmosis across cell membranes (weatherley,

1965).

The calculation of Tyree (1969) indicate that the bulk
of the flow occurs along cell walls, a view that is
also held by Weatherley (1965, 1970).

Much experimental

evidence supports this theory, including that of Gaff
et al. (1964) who introduced colloidal gold into the
transpiration stream and, after a suitable time interval,
investigated its distribution microscopically.

Crowdy

and Tanton (1970) found that lead—EDTA chelate introduced into the transpiration stream and subsequently
precipitated with hydrogen sulphide was also located
in the cell walls.

The principal tissues of the leaf through which water
may flow to its sites of evaporation, once it has left
the xylem, are the mesophyll and the epidermis.

The

classical view of the route of water from the xylem has
been that water moves from the vein directly to a site
of evaporation at the surfaces of the mesophyll cell
walls.

The intercellular air spaces of the mesophyll
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become saturated with water vapour which escapes to the
atmosphere via the stomatal pores. A large proportion
of water is lost in this way, with a little being lost
Meidner, 1975).

through the cuticle (Weatherley, 1965;
This view is illustrated in Fig. 4.3a.

However, recent evidence suggests that the epidermis
has an important role both as a means of water transport
and as a site for evaporation of water.

Gaff et al. (1964)

found that more gold aol accumulated in the epidermis
than in the mesophyll of Helxine soleirolii and Crowdy
and Tanton (1970) and Tanton and Crowdy (1972) found
that lead cheläte accumulated in the periclinal walls
of the epidermis immediately below the cuticle, the
trichomes and the walls of the guard cells of young
Burbano et al. (1976) also found that
wheat seedlings.
F 4 [Fe(CN)] 3
, appeared in the epidermis of cotton before
a tracer,
it appeared in the mesophyll.

The location of these

tracers indicates that the epidermis is a more important
site for the evaporation of water than the mesophyll.
Additionally, Sheriff and Meidner (1974, 1975) showed
that the epidermal tissue of Tradescantia virginiana L.
leaves had a significantly higher water conduction
efficiency than the mesophyll.

Meidner (1975) pointed

out that in many leaves there is little direct contact
between the epidermis and the rnesophyll, so that a large
number of epidermal cells, particularly those over the
substomatal cavities could not obtain their water
supplies direct from the mesophyll.

The principal
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supply of water to the mesophyll passes first through
the epidermis although some will pass directly along
the less conductive vein—mesophyll pathway.

This

alternative view is illustrated in Fig. 4.3b.

Wind damage has been shown to cause epidermal and
mesophyll collapse.

Severely damaged areas on young

leaves associated with this collapse appeared 'water
s oaked? (3.2) at first, later becoming dry and brittle
as they turned light brown.

Light brown lesions on

older leaves were also brittle whereas dark brown
lesions retained the texture of the undamaged leaf.
These observations suggest that newly damaged areas on
young leaves readily lost water to the atmosphere for
some time (such increased water loss through the
epidermis is illustrated in Fig. 4.3c), the brittle
nature of light brown lesions suggests that their water
content is low and, therefore, that the lesions have
become sealed off from the rest of the leaf.

The sealing—off of areas of the epidermis and portions
of the underlying mesophyll could be an important means
of controlling excessive water loss through damaged
tissues, however it also has implications for the
transport of water from the xylem to the guard cells
and for stomatal aperture.

The pathway of water supply

will inevitably become longer when a lesion is interposed between the stoma and the vein, this may cause
passive stomatal opening.

Furthermore, damaged areas

will tend to shrink as they desiccate which will also
tend to cause stomatal opening.

A restriction of

water flow through the epidermis could cause local
water stress in the mesophyll underlying the damaged
area although transport could still occur via the veininesophyll pathway.

4.6.4

Other effects of wind damage

The leaf surface is not only important for the exchange
of heat, water vapour and carbon dioxide but, as was
mentioned in 4.2.1, the epidermis and cuticle may
protect the leaf from insect and pathogen attack,
govern leaf wettability and may also possess other
specialised adaptations in some plants related to
such factors as light reflectance and insect trapping.

It would be the subject of another thesis to determine
the effects of wind damage to leaves of Acer pseudoplatanus
upon such aspects as these, however some speculation
about the effects may be made.

The most notable effects of wind damage upon the leaf
surface were the disruption of epicuticular waxes and
the collapse of papillae on the abaxial surface, and
the alteration of adaxial surface contours associated
with the collapse of the underlying cells.

It has

been demonstrated that disruption of epicuticular wax
will reduce the contact angle between a water droplet

and the leaf surface, thereby increasing leaf surface
wettability (Mueller et al., 1954;

Hall and Jones, 1961).

For Acer pseudoplatanus, Holloway (1970) showed that on
the abaxial side of the leaf, the papillose surface is
the dominant factor governing leaf wettability.

It

may be assumed therefore that the wettability of the
adaxial and abaxial surfaces will be increased by wind
damage.

It is probable that such increased wettability

will exert a selective influence upon the microorganisms
of the phylloplane and the colonisation by moisture—
loving pathogens could be encouraged, Berry (1959)
showed that resistance to mildew by onions would be
lost if the surface could be made to retain moisture.
Increased water retention of the surfaces of damaged
leaves may also render them more susceptible to frost
damage (G-rose, 1960) and may also increase the loss of
substances from the leaves through leaching (Martin and
Juniper, 1970).

4.7 SUMMARY

In this chapter, the extent and nature of microscopic
wind damage to leaves of Acer pseudoplatanus L. was
investigated.

The surface and internal structure of

undamaged leaves was established in conjunction with
Appendix A using light and scanning electron microscopy
(4.3) and the structure of leaves exposed to wind was

studied (4.4).
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The two epidermes differed in structure (4.3; Appendix A):
the adaxial epidermal cells possessed thickened outer
periclinal walls and a ridged cuticle without epicuticular
waxes whereas the abaxial epidermal cells were thin—walled
and papillose, the outer periclinal wall being covered
Stomata were

with fine epicuticular wax structures.
present on the abaxial surface only.

Veins were

surrounded by collenchyma cells which frequently contained
rhomboidal crystalline bodies.

Investigations of leaves exposed to wind in the wind
tunnel (4.4) showed that areas of light brown lesion
were associated with more severe damage than those of
dark brown lesion and that damage to the abaxial surface
was more extensive than to the adaxial surface.

On

the abaxial surface, areas of light brown lesion were
associated with crushing of epidermal papillae and the
cells overlaying veins and changes in epicuticular wax
structure.

The adaxial surface itself showed little

damage but epidermal cells were crushed.

Disruption

of the mesophyll was associated with damage to either
surface.

Microscopic studies of leaves exposed to wind out—ofdoors (4.4) indicated that surface damage was far more
general than on wind tunnel leaves, presumably due to
their prolonged exposure to wind and other elements.
On the abaxial surface, large areas of flattened
epidermal papillae were found, which could occlude
stomata.
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In discussion, 4.5, the features of wind damage to
Acer pseudoplatanus L. leaves were found to be
essentially similar to those described by other authors
for other species.

Despite the observations in 3.3

that the topographic structure appeared to provide
more protection for the abaxial surface, microscopic
studies indicated that the abaxial surface actually
sustained more damage than the adaxial.

Artificial

abrasion (4.4) showed that the abaxial surface was
far more easily damaged than the adaxial which suggests
that the topographic features of the leaf are very
important in protecting the most vulnerable parts
from damage.

In 4.6, the implications of such damage to leaves are
discussed; changes in structure of the pathways of
diffusive exchange and reduction in leaf size may
affect the rates of diffusive exchange of CO 2,H 2 0 and
heat.
Damage may also render the plant more liable
to insect and pathogen attack.

CHAPTER 5. LITERATURE REVIEW; PHYSIOLOGICAL RESPONS ES
OF PLANTS TO WI N D.

INTRODUCTION.

5.1

Crops are affected by wind in a diversity of ways, the
In addition
effects of which are largely interlin-ked.
to causing mechanical damage, which has already been
discussed in Chapters 3 and 4, wind can also affect the
Some physiological
physiological behaviour of plants.
effects are associated with alterations in the micro—
climate induced by wind.

Six aspects of the effects of wind are discussed in
this chapter, namely;
- - effects of windspeed upon microclimate and leaf
temperature (5.2)
- theoretical considerations of the effects of wind—
speed upon transpiration and photosynthesis as a
result of effects upon the microclimate (5.3)
- experimental investigations of the effects of wind—
speed upon transpiration (5.4), photosynthesis (5.5),
(5.7).
respiration (5.6), and growth and yield

5.2

EFFECTS OF WINDSPEED UPON MICROCLIMATE AND LEAP

TEMPERATURE.

Windspeed,VaPOur pressure, temperature and radiation
are the 4 parameters of the aerial microclimate of
They determine the rate of energy exchange
plants.
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between the plant and the atmosphere, which affects leaf
temperature which, in turn, governs the rate of energy—
consuming plant processes.

The effects of wind upon leaf temperature depend upon
a variety of factors, which may be summarised by the
heat balance equation (Gates, 1962) viz.
R +?E + G- + C + S + P = 0
where R is the net gain of heat from radiation, A is
the latent heat of evaporation of water, E is the
evaporation rate from the leaf, G is the heat flux by
conduction, C is the heat flux by convection, S is a
term for storing or giving up energy over short periods
of time and P is the radiant energy converted into
In practice, G, S
chemical energy by photosynthesis.
and P are negligible for most leaves (Grace, 1977).

Windspeed affects C andAE and, indirectly R, by its
This
effects upon the boundary layer resistance ra.
resistance, which is that of the sheath of air close
to the leaf surface where windspeed is locally reduced
(Grace and Wilson, 1976), also depends upon leaf size.
The boundary layer resistance to the diffusion of water
vapour (r s cm 1 ) may be expressed as
= 1.3 (d/u)05 (Ivlonteith, 1965)
where d is the downwind dimension of the leaf (cm) and
U

is the windspeed (cm _1),

The boundary layer

diffusion resistance to heat r equals r/0.93.

These resistances are greatest at low windspeeds and
for large leaves, this is demonstrated in Pig. 5.1 which
shows data calculated by Grace (1975) for r from the
above equation, see also 4.6.1.

At very low windspeeds,

when leaf surface temperatures depart from the ambient
temperature, heat loss occurs by convection which is
affected by d (Gates and Papian, 1971) see Pig. 5.2.

The idea that leaf flutter, which commonly occurs in
wind, could alter

T

was examined experimentally by

Parlange et al. (1971).

They found that the r

of a

rectangular portion of leaf which was made to flap
regularly in one plane did not differ significantly
from that of a still leaf.

This confirmed the work

of Raschke (1956) and Parkhurst et al. (1968).

Leaf

surface roughness caused by protruding veins may encourage the development of a turbulent boundary layer
(Grace and Wilson, 1976) which may be expected to lead
[low—
to enhanced exchange through the boundary layer.
ever a laminar sub—layer which may also be affected by
surface feature may remain to restrict diffusive exchange.

Windspeed may also affect leaf temperature when leaf
posture is altered by movement in wind which reduces
the effective leaf area available for the absorption of
radiation and in doing so will lessen leaf temperatures.
The effect is illustrated in Pig. 5.3 derived from
calculations of Gates and Papian (1971).
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Benefits of shelter from wind will vary according to
In the lea of a windbreak the temperature

the climate.

of large leaves will tend to differ from air temperature
and will depend upon the amounts of radiation absorbed.
Generally, when radiation is low (e.g. at night) leaf
temperature will be lower in a sheltered area than in a
windy area.

When radiation is high (e.g. during the

day) the temperature of a sheltered leaf will be higher
than that of an exposed leaf.

The effects of these

temperature changes on plants will depend upon their
optimum temperature for growth; shelter may or may not
be beneficial to plants.

5.3

THEORETICAL CONSIDERATIONS OF THE EFFECTS OF WIND

UPON TRANSPIRATION AND PHOTOSYNTHESIS.

Increasing windspeeds will decrease the boundary layer
resistance and hence increase the rates of diffusive
exchange of CO

and 1120 and decrease leaf temperature.

The effects of changed

I

upon transpiration and photo-

synthesis will depend upon the magnitude of the other
diffusion resistances* with which it is in series (4.6)
The pathways for the diffusion of carbon dioxide, water
vapour and heat are shown in Pig. 4.2.

*
Resistances rather than conductances are used here
to facilitate the discussion of diffusion paths in terms
of their analogous electrical currents.
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5.3.1

Transpiration

Transpiration is only limited by ra when this is of the
same order of magnitude as the other diffusion resistances
with which it is in series.

Transpiration takes place

chiefly through stomata when they are open as this pathway then offers less resistance to diffusion than the
cuticular pathway, the resistance being related to
Minimum values for stomatal resist-

stomatal aperture.

ance, r, (when they are fully open) vary from 0.3 s cm
(Helianthus annuus) to 9.2 s cm 1 (Circaea lutetiana)
H. annuus commonly has
(reviewed by Grace, 1975).
leaves that are 7 - 10 cm wide; reference to Pig. 5.1
indicates that the transpiration of such leaves will be
limited by r 5 at windapeeds from zero to in excess of
The leaves of C. lutetiana are narrower,
1.5 m s.
circa 2.5 cm wide, r

would only limit transpiration of

these leaves at windspeeds of less than 0.1 m s 1 .

Not only will increased windspeed reduce leaf temperature
through a reduction in r, but the increase in transpiration which may also occur as r is reduced will also
produce cooling (2454J are required for the evaporation
ç

cr 2O°C

of lg of water,).

The effects of transpiration upon

leaf temperature are shown in Pig. 5.4, redrawn from
Gates, 1964).
These reductions in leaf temperature will tend to reduce
the transpiration rate as it is a temperature-dependent
process, being driven by the gradient of the water vapour
pressure between the evaporating surface in the leaf and
the ambient air.
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5.3.2

Photosynthesis

into leaves is, like that of H 2 0
vapour from leaves, governed by its concentration
The diffusion of CO

gradient between the atmosphere and the leaf, and by the
boundary layer resistance r ° 2.

Unlike that of water,

the concentration gradient of 002 is little affected by
temperature (Gaastra, 1963) and so will not be altered
by changes in leaf temperature due to wind.

Photo-

synthetic activity has also been said to be relatively
unaffected by changing leaf temperatures (G-aastra, 1963)
although other workers (reviewed by Grace, 1977) have
found that photosynthesis is temperature sensitive.

Like transpiration, photosynthesis will only be limited
by r

when this resistance is greater than any of the

others with which it is in series.

The diffusion path-

way of 002 is similar to that of H 2 0 (Pig. 4.2) but
contains the 'mesophyll' or 'residual' resistance as an
additional resistance to diffusion.

This resistance

commonly has values in the range 0.5 - 10 s cm 1
(Jarvis, 1971).

The values quoted for minimal r in

5.3.1 (0.3 - 9.2 a cm -1 ) are equivalent to values of
0.5 - 14.4 s cm

for r ° 2 when the ratio of the two

diffusion coefficients
DH 0/D00 = 1.57 (Meidner and Mansfield, 1968)
2
2
This indicates that r ° 2
is taken into consideration.
may limit the diffusion of 002 within leaves, depending
0
upon the condition of the plant, and that r 2 will
seldom limit photosynthesis.

100
5.4 EXPERIMENTAL INVESTIGATIONS OF THE EFFECTS OF
WINDSPEED UPON TRANSPIRATION.

5.4.1

Introduction

Experimental investigations of this subject have been
pursued for a number of years.

To minimise confounding

by other experimental factors most investigations have
been in the laboratory or glasshouse using air movement
generated by a fan.

Nevertheless, a considerable

variation in response has been found even under controlled
environments as some species are more susceptible to wind
than others.

In some cases, the effects of wind have

been found to depend upon the conditions under which
the plant has been previously grown.

5.4.2

Observed effects of windspeed upon transpiration

Martin and Clements (1935) reviewed early literature upon
transpiration in -response to wind; both increases and
decreases were reported in a number of different experiments.
Their own work on Heli-anthuS annuus grown beside a fan in a
greenhouse showed that both day and night-time transpiration
per unit area of leaf increased with wind velocity in
the range 0.3 - 7.2 m a-1.

However the total leaf area

of wind-grown plants was smaller than the controls, and
the transpiration rate per plant decreased with increasing
windspeed.

In contrast, the transpiration rate of

Setaria italica was doubled by wind of 4.9 m s 1 (Rao, 1938).
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Kalma and Kuiper (1966), working with an upward stream
of air from a fan in an air-conditioned room, found the
total water usage of Phaseolus vulgaris L. grown in wind
decreased with increasing wind speed from 1.0 - 1.6 m

S_i ,

an effect closely related to the reduced leaf areas of
plants grown at higher windspeeds.

Tranquillini

(1969, 1970) measured the effects of windspeed upon the
transpiration of 3 species, Larx decidua, Pinus cembra
and Rhododendron ferrugineum which are to be found growing in exposed regions in the Tyrol.

Wind velocity

was increased in a stepwise manner from almost still air
to 15 - 20 m s

and a considerable variation in response

was recorded between the species.

The transpiration

rate of L. decidua increased with windapeed from
0 - 4 m s

(when transpiration was 10% greater than in

calm conditions), it declined at higher windapeeds but
was always greater than that recorded in calm conditions. P.cernbra
showed a steady rate of decrease until 10 m s

so that

transpiration at 10 m s was 70% of that in calm
conditions, the rate of decrease was reduced at higher
windspeeds.

R. ferrugineum showed a more curved response

of transpiration to wind, decreasing rapidly until about
4 m s and then more gradually at higher windspeeds.
At 10 in s

the transpiration of R. ferrugineum was 40%

of that in calm conditions.

These experiments do not, however, take into consideration
the effects that increased wind may have upon exchange
processes (5.2., 5.3.1.), although in some instances
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differences in leaf temperature were noted (Rao, 1938;
Kalma and Kuiper 1966).

Satoo (1951) found that the influence of wind upon the
transpiration of cut tree—shoots of Cryptomeria japonica
and Quercus myrsinaefolia was modified by the leaf and
needle temperatures, which were determined by the
temperature of the water in which the stem was immersed.
Coolingr.educed the vapour pressure difference between
the.leaf and the air and lowered transpiration, but
increased windspeed reduced the boundary layer resistance
and so increased transpiration.

Mellor et al. (1964)

found that transpiration was reduced by increased wind
velocity at constant air temperature, this being paralleled
by a reduction in leaf temperature so that it came
closer to air temperature.

The effects of wind upon transpiration of Xanthium
strumarium L. were also shown to be dependent upon air
temperature; when this was below 350 the temperature of
the leaves, which were brightly illuminated, exceeded it
by an amount which varied with wind velocity, decreasing
as wind velocity increased.

Transpiration decreased

with leaf temperature as wind velocity increased.

At

air temperatures above 3500 however, leaves were cooler
than the ambient air and transpiration increased as
increasing wind caused convection to add energy to the
leaf (Drake et al., 1970).
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In 1972, Haseba and Takechi simulated the heat budget
of a leaf and interpreted the relationship between
transpiration and windspeed.

They calculated that

there were 3 types of variation of transpiration with
windspeed, viz.

1

transpiration rate increases with wind.

2

transpiration rate increases with wind up to a

certain windapeed and then decreases or remains constant
with further increases in wind.

3

transpiration rate decreases with increased windspeed.

Type (1) occurred when the air was warm and dry, there
was low insolation and considerable stoniatal opening.
Type(3)occurred under the opposite conditions, and type(2)
under intermediate conditions.

These types are like

those forecasted by Gates and Papian (1971).
Experiments with citrus, sweet potato and paddy rice
gave results that were similar to the predictions.

5.4.3

Effects of wind upon stomatal aperture

Stomatal response to wind has been the subject of several
investigations, the results of these are presented in
Table 5.1 together with the changes in transpiration
which occurred.

Stomatal aperture was determined by

a variety of methods such an infiltration (Caldwell, 1970)

TABLE 5.].

EFFECTS OF WINDSPEEDS ON STOMATAL APERTURES AND TRANSPIRATION
fl A rT n C,

r. -r,

r7flrA, -rn,r,.,--flfl-r-nrt

SPECIES

a.

WINDSPEED STOMATAIL TRANSPIRATION AUTHOR
(tn s)
APERTURE
RATE

Rhododendron
fei'rugineum

1-15

reduced

reduced

reduced

reduced

slightly
reduced

slightly
reduced

slightly
reduced

unchanged

—

unchanged

i

II.

b.

Acer
saccharum

0.6-2.7

C.

Pinus
cenibra L.

d.

Picea
0.1-4.0
sitchensis
Bong- ,(Carr)

e.

Pinus
resinosa

0.6-2.7

f.

Praxinus
excelsior

0.6-2.7

slow
reduction

increased

ii

g.

Juglans
nigra

0.1-2.8

unchanged

increased

iv

1-15

AUTHORS:
I

Caldwell., 1970

ii

Davies et al., 1974

iii

Grace et al., 1975

iv

Heiligmann and Schneider, 1974

I
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diffusion porometry (Davies et al., 1974), measurements
taken from leaf surface impressions (Heligmann and
Schneider, 1974) and from determinations of leaf resistances, assuming that cuticular resistance remains unchanged (G-race et al., 1975).

The species named in Table 5.1 all exhibited either a
reduction or no change in stomatal aperture when they
were exposed to wind. There was no consistent wind
effect upon transpiration rate.

Comparison of these results is difficult as a range of
experimental conditions were used, which themselves might
affect stomatal behaviour. - 'Stomatal resistance is
a function of many environmental and physiological
properties including previous history and current levels
of irradiation, temperature, carbon dioxide concentration,
vapour pressure deficit, photoperiod, leaf water status,
age and general physiological condition' (Jarvis, 1971).
It is therefore likely that the stomatal reaction of a
plant to wind will be variable, depending upon its past
history and current energy balance.

The duration of

wind treatment could also be of importance in governing
stomatal response as accelerated water loss can lead to
a reduction of leaf turgor when there is an inadequate
supply of water to the plant, and thence to stotnatal
closure (Gregory et al., 1950;

Hygens, 1954).

A

reduction in the boundary layer resistance, r, may
lead to a reduction in ambient vapour pressure at the
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leaf surface, this in itself could induce stomatal
closure (Grace et al., 1975).

5.4.4.

Effects of wind upon transpiration when

macroscopic damage is produced by leaf abrasion.

Macroscopic leaf damage due to abrasion in wind has
been reported by some authors notably Waister (1972b),
Grace and Thompson (1973) Grace (1974), Thompson (1974)
and MacKerron (1976); see 3.6.

Maki (1974) has

reported similar damage on citrus fruits.

Changes in leaf resistance accompanying this damage have
been investigated and a variety of responses found.
Grace and Thompson (1973) and Grace (1974) measured the
transpiration rates of wind-damaged grasses in a controlled
environment wind-tunnel and found that both day and nighttime transpiration rates of Pestuca arundinacea, P pratense,
Lolium rnultiflorum and Dactylis glomerata increased when
the windspeed was increased from 1 to 3.5 m Er'.

Further

investigations showed that this increased transpiration
rate could be attributed to reduced stomatal and cuticular
resistances in the higher wind.

Differing results were obtained by NacKerron (1975) who
measured the gas exchange of strawberry plants that had
been wind-damaged in the field and found that the
stomatal resistance of the damaged plants was greater
than that of the undamaged plants.
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5.4.5.

Other ways in which wind may affect water loss.

It has sometimes been suggested that wind affects
transpiration through causing leaf flutter.

The bending

and flexing of the leaves that results may 'pump' air
into and out of the leaf, increasing transpiration
(Daubenmire, 1959;

Wadsworth, 1964).

Wooley (1961)

tested 3 mechanisms by which wind might increase transpiration, viz., by causing a decrease in air pressure
On the lee of the leaf, by increased ventilation of
amphistomatous leaves and by pumping action as leaves
flexed in the wind.

Zea leaves were used and the

effects found were insignificant.

5.4.6.

Influence of previous treatment upon subsequent

plant response to wind.

It has been shown that wind can have considerable effects
upon transpirationby changing the energy balance of the
plant.

The plant itself may respond to wind by adjusting

its stomatal aperture which may counteract some of the
effects of changed energy balance.

The effects of wind may also depend upon the previous
history of the plant.

Plants which have been grown in

wind commonly differ structurally to those which have
been grown in calm conditions and appear to be more
able to withstand subsequent wind.

Whitehead and Luti

(1962) found that Zea Nays grown at 14.8 m s

(a rather
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extreme windspeed) had a higher root

shoot ratio and

was sturdier, with shorter, thicker stems and shorter,
broader, thicker leaves than plants grown in calm
conditions.

The wind—grown leaves also had thicker

cuticles and more sclerenchyma. The vascular system
was also affected and contained more xylem vessels and
phloem. Similar results were obtained with Helianthus
annuus (Whitehead, 1962).

Wind—grown plants of both

species transpired less per unit area in subsequent
wind than the controls indicating that the structural
changes improved the ability of the plants to withstand
wind,

plants grown under conditions of low soil

moisture also showed reduced growth and were more able
to withstand high wind than those grown with more
available soil water, losing less water per unit area
(Whitehead,1963).

Grace and Russell (1977) have

found that wind—grown plants of Pestuca arundinacea
were anatomically similar to those that were grown in
calm conditions under drought.

The wind—grown plants

were not under water stress and so their anatomical
changes could not be associated with this factor.

Whiteheäd (1963) has suggested that wind affects growth
through changes in the balance of hormones within the
plant. He found that growth of H. annuus in wind could
be improved by treatment with gibberellic acid.
Additionally, plants treated with gibberellic acid grew
better under conditions of low soil moisture than their
controls.
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Changes in structure of wind—grown plants has also been
noted in other species, yenning (1948) studied cohenchyma formation in the petioles of 2 groups of celery
One group was grown in the

growing in a glasshouse.

draught from a fan and developed larger bundles of
collenchyma, each cell having thicker walls and a greater
diameter than the material which was grown remote from
the fan.

The structure of trees may also be changed by wind.
Burton and Smith (1972) reported upon a 4 year study in
which specimen trees of Pinus taeda were prevented from
swaying in the wind by guying at intervals up the trunk.
Radial growth was less in the part of the trunk which
was immobilised and growth in th upper, freely—
swaying part was enhanced.

The structure of the

wood in the immobilised part was also affected, having
lower numbers of early and late tracheids, less compression
wood and a lower specific gravity than wood in unrestrained
trunks.

That differences in structure of wind—grown plants may
be of adaptive value, enabling the plant to withstand
further wind, is well illustrated by forestry practice.
Thinning at margins of forest stands is normally
performed with great care as the-newly exposed trees are
more prone to wind—throw than the ones which originally
grew at the margins.

Once wind—throw occurs in a

forest, the area of damaged trees is likely to become
enlarged as none of the newly exposed trees is adapted to
wind (Palmer, 1968).

5.5 EXPERIMENTAL INVESTIGATIONS OF THE EFFECTS OF
WINDSPEED UPON PHOTOSYNTHESIS

5.5.1.

Introduction

The similarity between effects of wind on photosynthesis
and transpiration will depend upon whether the two
processes are being limited by the same diffusion resistance.

Some of the work discussed in this section has

already been referred to in 5.4 as transpiration and
photosynthesis are frequently measured together.

5.5.2.

Observed effects of windspeed upon photosynthesis

The limitation of photosynthesis by r ° 2 was demonstrated
by Deneke (1931), whose data

were

re—interpreted by

Warren Wilson and Wadsworth (1958) who found that the
rates of assimilation of several plant species increased
linearly with windspeed over the range of velocities
used (0 - 1 m _1)•

Similarly, Heinicke and Hoffman

(1933) found that the assimilation rate of apple leaves
increased with windspeeds from 0.0005 - 0.9 m s.

Yabuki and Miyagawa (1970) measured rates of photosynthesis
at different windspeeds of Cucurnis sativis 1., grown in
liquid culture.

They found an optimum windspeed for

photosynthesis at 0.5 - 0.6 in s when the air temperature
was 25 ° C, the leaf—air vpd was 2060 Pa and the irradiance
was 418.6 W m 2 .

This optimum was at a lower windspeed
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than that which would be expected if r
and was attributable to r 5 .

was limiting

When the leaf—air vpd was

decreased, the maximum rate of photosynthesis increased
and occurred at a higher windspeed.

This may have been

a result of a stomatal response to a leaf water deficit
or to a high vpd.

The effects of windspeed upon photosynthesis will,
inevitably, be closely linked to its effects on
transpiration as the two processes follow similar
diffusion pathways.
is limiting CO

The effects will diverge when
diffusion, when changes in air

temperature alter the leaf—air vpd for water, or when
the rate of photosynthesis is being limited by some
other factor in its cellular pathway.

Trancluillifli (1970) simultaneously measured the effects
of increasing windapeeds on the photosynthesis and
transpiration of Larix decidua, Pinus cembra and
Rhododendron ferrugineUlfl (see also 5.4.2).

Rates

of net photosynthesis of L. decidua were increased by
wind of up to 4 m s when it was 8% greater than in
calm conditions.

Rate of photosynthesis decreased at

higher windspeeds and was less than that recorded in
calm conditions when the wind velocity was above 12 m s.
Photosynthesis of R. ferrugineum showed a rapid reduction
in rate to zero at 15 iii s.

p.cembra showed an

intermediate response, photosynthesis increased in winds
of up to 4 m s when it was 10% greater than that in
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calm conditions, it decreased at higher windspeeds,
being less than that recorded in calm conditions at
7 m s.

Rate of photosynthesis at 20 m s was 75%

of that in calm conditions.

The order of sensitivity

of photosynthetic response to wind for these 3 species
was the same at high windspeeds as that for transpiration.
At low windspeeds the responses of P. cem'bra differed.

Caldwell (1970) in criticising Tranquillini's work,
suggested that the use of stepwise increases in windspeed meant that plants which were exposed to high
windspeeds had already been exposed to lesser winds for
a considerable length of time, which might alter their
response.

Accordingly, Caldwell exposed plants of

Pinus cenibra and Rhododendron ferrugineum first to wind
at 0.5 m s

for 6 - 10 h and then increased the wind—

speed rapidly to 15 in s

for 24 h.

The transfer to

high wind caused stomatal closure in R. ferrugineum,
which commenced as soon as the windspeed was increased
and continued for 8 - 12 h until an equilibrium value
was reached.

Photosynthesis was also reduced.

The

stomata of P. cenibra were virtually unaffected by 24 h
exposure to the high wind, however photosynthesis was
considerably reduced due to changes in needle display
in relation to the available light.

These two sets of results are not incompatible.
Caldwell interprets the difference in stomatal response
of the two species in terms of their natural habitats.
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Both species are found at high altitudes but R. ferrugineum
grows in ravines and depressions where high windspeeds
would not normally be encountered whereas P. cembra
grows on wind—swept ridges.

Apart from experiments in which wind treatment led to
leaf damage, which will be dealt with in 5.5.3, further
literature on the effects of wind upon photosynthesis
is sparse.

However the effects of wind upon growth

and yield have been extensively investigated and will
he discussed in 5.7.

Indirectly, growth and yield

provide a measure of net photosynthesis over extended
periods of time.

5.5.3.

Effects of wind—induced macroscopic damage

- upon photosynthesis

The effects of windapeeds, which produced macroscopic
damage, upon photosynthesis of Festuca arundinacea
and strawberry have been investigated by Grace and
Thompson (1973) and MacKerron (1975) respectively.
The effects of wind and wind blown sand treatments (the
latter caused more macroscopic damage)upon Triticurn
aestivum have been investigated by Armbrust et al.,

(1974).

Grace and Thompson (1973) measured the- after effects
of wind treatment upon photosynthesis of glasshouse—
m _1)
The wind (3.5
grown Festuca arundinacea Schreb.
treatment caused leaf damage and net photosynthesis at
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high irradiance* was reduced in plants treated in this
way so that the irradiance at which light saturation
occurred was changed.

Measurements were made after

2 - 9 d of exposure to wind and duration of wind
treatment had no significant effect upon the degree of
reduction in photosynthesis.

Stomatal resistance was

lower in wind—treated plants but r2 was increased.

Similarly, MacKerrofl (1975) found that the photosynthesis
of wind—damaged strawberry plants, which had been field
grown, was also reduced at moderate to high irradiance,
Unlike Grace

affecting the level of light saturation.

and Thompson, he found that stomatal resistance was
increased in the wind—damaged plants.

Changes in

r ° 2 were considered to be the cause of the altered
photosynthetic rate.
.Axmbrust et al. (1974) compared the effects of wind and
wind—blown sand upon the photosynthesis of winter
wheat (Triticum aestivurn L. em Thell). plants were
exposed to a wind of 13.4 m a

for 20 minutes with

The 'wind
0, 5, 10 or 15 kg of sand placed upstream.
only' treatment produced slight damage to leaf tips,
'wind plus sand' killed large areas of the leaf.
The rates of photosynthesis were calculated in two
ways, per pot and one a live—leaf area basis.

The

rate per pot was reduced by 8 - 52 % on damaged plants,

*

calculated on a total leaf area basis.

but when recalculated on a live-leaf-area basis the 114
rate increased for all treatments except 'wind only'.
The reduction in leaf area by wind and sand damage was
simulated by the artificial removal of

or j- of the
total leaf area, the rate of photosynthesis (live-leafarea) increased when -- of the leaf area was removed and
slightly decreased when * the leaf area was removed.
The increase in rate of photosynthesis (live-leaf-area)
was accompanied by an increase in chlorophyll content
(per gram fresh weight) when leaf damage was between
11 and 26%.
They found that ribulose -1, 5 - diphosophate
(RUDIP) carboxylase activity was reduced per pot of sandblasted Winter wheat and attributed this to Wind-induced
drought.

The importance of carboxlating enzymes in governing rates
of photosynthesis has been demonstrated by Wareing et al.,
(1968) who found that artificial defoliation of Phaseolus
plants lead to a higher rate of photosynthesis on a
per unit area basis of the remaining leaves which was
accompanied by an increase in level of carhoxylating
enzymes.

5.6

EFFECTS OF WIND UPON RESPIRATION

Respiration and other physiological processes are
closely interdependent (Gaastra, 1963), consequently
the effects of wind upon respiration may be complex.
Some of the ways in which rates of respiration could
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be affected by wind are as follows -

a

Respiration rate increases with increasing temperature

(G-aastra, 1963).

Reduction in leaf temperature due to

wind may therefore lead to a reduction in respiration.

b

It is affected by water stress (Slatyer, 1967) which

may be heightened by wind treatment when this leads to
excessive transpiration. Overall, respiration rate is
reduced by water stress but an increase may first occur
if water stress is imposed suddenly.

C

It may be increased by wind—induced mechanical

damage to leaves.

The elevation of respiration rates

by wounding has been frequently reported (Eberhardt, 1960).

Pew measurements have been made of the effects of wind
upon respiration.

Todd et al. (1972) measured the effect

of wind upon 9 plant species and found that in each case
wind of velocity greater than 3.6 m s

increased dark

respiration of both shoots and intact plants. When the
51, respiration was increased by
windspeed was 7.2 m
20

- 40 %.

The effect was reversible and repeatable,

cessation of high windapeeds soon led to a resumption
of normal respiration rates, further periods of high
wind interspersed with calm were accompanied by periods
of high and low respiration rates.

Respiration increased

irrespective of whether leaves were allowed to flutter in
wind or were restrained by wire mesh.

One species,
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Magnolia grandiflora L. was exposed to a wind of 7.1 m
for 220 minutes, the respiration rate initially increased
by 25 %of its original value and then declined gradually.
When the wind treatment was stopped, the respiration
rate decreased to 90 % of its original value, which could
have been due to a depletion of readily available
substrates.

MacKerron (1975) measured the dark respiration of
strawberry leaves, some of which had been wind—damaged.
Damaged leaves showed a consistently higher rate of
respiration than intact leaves at temperatures ranging
from 10 - 40 0 0.

Respiration rate increased linearly

with temperature and the two lines of respiration
response were approximately parallel, so that damage
had a far greater effect proportionally on respiration
at low temperatures than at high temperatures.

For

example, the respiration of damaged leaves was 80 %
greater than that of undamaged leaves at 10 ° C, but only
23 % greater at 30 0 C.

Dark respiration was also measured in the experiment
by Armbrust et al. (1974) described in 5.5.3.

When

dark respiration rate was calculated on a 'per pot'
basis no consistent response to wind was found but when
it was recalculated in terms of the live—leaf—area it
was found to have increased by amounts which ranged
from 28 - 90 %.

117
5.7

EFFECTS OF WIND UPON GROWTH RATE AND YIELD

The effects of wind upon growth rate may result from the
effects of wind upon rates of net photosynthesis which
are, in turn, related to the effects of wind upon
respiration.

Wind may not only affect overall growth

rates but may affect other aspects of plant growth such
as flowering or fruit set which result in a change in the
yield of fruit or seed produced.

Crop yields are commonly reduced in windy areas.

A

literature review by Waister (1972a) showed that low
yields could be attributed to wind in a wide range of
horticultural crops, including apples, pears, plums,
raspberries, strawberries, tomatoes, French beans,
cucumbers and lettuce.

The reductions in yield were

said to be due to the inhibition by wind of certain

aspects of plant growth which included flower formation,
fruit set, leaf area, shoot number and crown size.
Similarly, cereal crops and trees frequently grow less
well in exposed sites (Caborn, 1957).

However, general-

isations cannot be made about susceptibility to wind as
some species and cültivars are far more resistant to
wind than others (Waister, 1972a).

Reduced growth in wind has also been shown in laboratory
studies which have been mentioned elsewhere in this chapter.
The growth rates of Helianthus annuus (Martin and Clements,
1935; Whitehead, 1962), Setaria italics (Rae, 1938) and
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1962) were all reduced
when the plants were grown in windy conditions.

Similar results have also been obtained under less
extreme wind conditions.

Kalas and Kuiper (1966) found

at the growth of Phaseolus vulgaris L. at 1 - 1.6 m s
was less than at 0 m s.

however, when windpeeds below I m s
thay

have been used,

have often been found to be beneficial to growth in

cosparison with growth in the absence of wind.

In 1959,

Wadsworth experimenting with Brassica napus over a wide
range of windspeeds found that the relative growth rate
of plants grown at 0.3 m s was greater than at any
other windspeed.

An optimum value at a higher windspeed

was obtained when the plants were grown in air which was
almost saturated with water.

Beneficial effects of

saturated air were also observed by Whitehead (1963) who
found that the reduction in growth of H. annuus due to
wind was less when the plants were sprayed with water.

The existence of an optimum value for growth points to
the effect of windspeed upon diffusive resistances.

At

very low windspeeds, assimilation was limited by r and
increased with windspeed until r was no longer limiting.
At higher windspeeds, assimilation was reduced when
stomata closed as a result of water deficits developing
within the leaf.

The optimum value was higher, and

growth was reduced less in saturated air because of the
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reduction in vapour pressure difference between the leaf
and the air, leading to conservation of water by the plant.

This suggestion that water deficits might be the cause
of stomatal closure and hence restriction of growth at
high windspeeds was supported by subsequent work by
Wadsworth (1960) in which plants were grown in water
culture at a range of windapeeds.

Unlike previous

experiments, in which plants were grown in soil or sand,
no significant change in relative growth rate or net
assimilation rate occurred, which indicated that
abundant water supply could ameliorate the adverse effects
of wind.

The importance of adequate water supplies has

also been indicated in experiments with sand and soilblasted plants, Woodruff (1956) found that soil-blasted
Winter wheat plants showed better recovery of growth rate
if they were watered after damage, and Armbrust et al.
(1969) found that increased soil moisture before or
after wind treatment improved the growth of sand blasted
tomato seedlings.

Macroscopic damage in the absence of wind can also cause
a reduction in yield.

lorch (1958) found that the yields

of banana plants were increased by shelter.

Banana

leaves are very susceptible to wind damage due to their
large size and weak structure.

Artificial damage to

leaves in the absence of wind reduced the yield of bananas
to about half that which would normally be expected in
sheltered areas.

It is probable that this reduction in
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yield was related to increased water stress of the plants
as Brun (1961) showed that a fresh tear of 10 cm in
length - in a Nusa acurninata L. var. Holt. Gras. Michel
leaf lost as much water as was transpired by an intact
area of leaf measuring 10 cm 2 .

Effects upon growth may also be associated with the
effects of reduced temperature upon photosynthesis
referred to in 5.3.2 and the effects of shaking which
Neel and Harris (1971) demonstrated reduced height
growth and induced dormancy.

5.8

SUMMARY

Wind can affect plant growth and behaviour in a variety
of ways.

The responses of plants to wind depend upon

other environmental factors and vary according to species
and the past growth history of the plant.

The rates of exchange of water, carbon dioxide and heat
between theleaf and the atmosphere are affected by wind—
speed which alters the resistance of the boundary layer,
This is greatest at low windapeeds and for large
ra.
leaves and may limit transpiration and photosynthesis
when it is of the same order of magnitude as the other
diffusion resistances within the leaf, with which it is
in series.

However, the effects of windspeed upon

plants cannot be determined from a knowledge of the ra
alone as effects are interlinked.

For instance, an
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increase in the rate of water loss through a reduction
in r produces a drop in leaf temperature through the
loss of latent heat.

This reduction in leaf temperature

is independent of that arising as a result of the reduction
in r which would accompany the reduction in r.

As

transpiration is itself a temperature-dependent process
the increase in rate as a result of the initial reduction
in r 1 may be less than anticipated.

The energy-balance

equation sums up the inter-relationships between different
types of energy gain and loss (5.2, 5.3).

In practice, a variety of wind effects upon transpiration
have been found (5.4).

Much of the early work cannot

be interpreted because of a lack of information about
other environmental factors but these are taken into
account in some of the more recent work which has
demonstrated that transpiration rates of some species are
affected by wind in the manner predicted from the energy
balance of the;plant.

Stomatal closure in response to

wind has been recorded in several species, this may result
from a reduction in leaf turger or in ambient vapour
pressure at the leaf surface or from a number of other
factors (5.4.3).

When macroscopic damage has occurred

(5.4.4) both increases and decreases in stoniatal aperture

have been recorded and cuticular resistance has been
found to decrease.

The structure of plants that are grown in wind is frequently different to those which are grown in calm conditions
(5.4.6) and the transpiration rate of wind-grown plants
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expressed either on a 'per plant' basis or a 'per unit
leaf area' basis may be lower than that of calm—grown
plants. Wind may affect growth through changes in the
balance of hormones in the plant.

Effects of wind upon photosynthesis (5.5.2) may be
similar to its effects upon transpiration when the two
processes are limited by the same part of the diffusion
pathway and., like transpiration, both increases and
decreases in the rate of photosynthesis have been
recorded.

When macroscopic damage has occurred (5.5.3),

increases in the rate of photosynthesis have been found
to be associated with changes in the mesophyll resistance,
chlorophyll content and levels of carboxylating enzymes.

Pew measurements have been made of the effects of wind
upon respiration (5.6), however, increases have been
recorded which may be a result of wounding.

Generally, crop yields tend to be reduced in windy areas
(5.7) although very low windspeeds inhibit growth through

their effect upon ra.

Yield reductions in wind have

been associated with the effects of wind already described,
especially the induction of water stress, reducing plant
productivity and other effects, such as shaking, which
may inhibit growth.
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CHAPTER 6. EXPERIMENTAL INVESTIGATIONS OF SOME OF THE
EFFECTS OF WIND UPON PHYSIOLOGICAL BEHAVIOUR 1.
TRANSPIRATION.

6.1

INTRODUCTION

The :review in Chapter 5 of experimental investigations
into the effects of windspeed upon physiological behaviour
indicates, by the variation in response recorded, that
further work in this field is desirable.

This series

of investigations was planned to determine the response
of Acer pseudoplatanus L. seedlings to wind in the
controlled-environment wind tunnel.

Windspeed,

ambient temperature and vapour pressure are readily and
ccurate1y controllable so obviating the fluctuations
encountered in glasshouse and field experiments.

The effects of wind upon transpiration were investigated
in 6 experiments enumerated in 6.2 below.

6.2 OUTLINE OF THE EXPERIMENTS

All experiments were done to investigate the effect of
several days of continuous wind upon transpiration rates
of glasshouse-grown plants.

(Photosynthesis was also

measured in 3 of these experiments, this aspect will be
discussed in Chapter 7)
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The windspeed selected was sufficient to produce leaf
movement similar to that observed out of doors on windy
days.

The plants were first acclimatised to a standard

daylength, ambient temperature and vapour pressure in
a controlled—environment growth room (2.2.2) and then
kept for a few days in calm conditions in the wind
tunnel to complete the acclimatisation process.
were then wind treated.

They

Behaviour during a subsequent

calm period in the wind tunnel was also recorded in
order to determine whether or not the effects of wind
were reversible.

The decision to use several days of continuous wind was
- made during Expt. A when it was found that effects of
wind on transpiration increased as the duration of the
wind treatment was increased.

Detailed plans of the experiments are given in Pig. 6.1.
A brief outline is given below.

EXPT.A: Day and night—time transpiration rates were
measured throughout the calm—wind—calm sequence of wind
tunnel treatments.

The extent of wind—induced leaf

damage was determined at the end of the experiment

EXPT.B: This was essentially a repeat of Expt0 A with
additional measurements of cuticular conductance to
water vapour (k) and xylem water potential
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Plans of Experiments A - F [continued overleaf
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PIG. 6.1 CONTINUED
EXPERIMENTAL CONDITIONS
A

B

D

C
21 June 1976

Date of commencement

20 Nov 1974

3 Apr 1975

Hours of light

0900-2200 h

0900-2200h 0900-2100 h

E

P

27 June 1975

19 Aug 1975 16 Oct 1975

0600-2400 h

0600-2400 h 0600-2400h

Mean air tempeature
( 0)

200

20.0

20.3

20.0

20.0

20.0

Mean ambient vapour
pressure (Pa)

1430

1440

1470

1410

1410

1410

Period of day—time
transpiration
Period of night—time
transpiration
Soil water (%)
Number of plants

0930-2130 h

0930-2130h 1000-2000 h

0900-1700 h

0900-1900 h 0900-1700h

2245-0830 h

2230-0830h 2200-0800 h

1700_0900*h

1700_0900*h 1700-0900h

50

33

35

31

16

12

6

9

12

6

6

6

* residual transpiration rather than night—time transpiration.
KEY
i.
A
D
C
p

*

'day and night—time transpiration determined gravimetrically.
measurement of leaf area per plant.
measurement of leaf damage per plant.
measurement of cuticular conductivity by Hygen 1 s method.
measurement of leaf water potential.
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Uoethey with more frequent measur em, ent of loaf damage.

:;cme experimental conditions were altered slightly;
:3011

water was decreased to minimise leakage from pots
--

-------------

-

ieie wc one unevoidabfo dif±€nice

tnd B.

Uween iLxpte. A

Expt. A was done late in 1974 whereas Expt. B

followed early in the growing season of 1975 (see Pig. 6.1)
using younger plants.

Leaves of the plants used in

ixpt. B appeared 'softer' than those used in Expt. A and
consequently a lower windspeed was used in the second
e:periment to prevent excessive damage to the younger
leaves (see 3.5.2).

A period of higher windspeed was given at the end of
Expt. B in order to determine whether the previously
recorded response to wind was repeatable.

EXPT.C: The chief aim of this experiment was to determine whether plants grown in normal glasshouse conditions
responded to wind in the same way as plants grown in
identical conditions but with the addition of an artificial
wind of sufficient velocity to produce slight leaf damage.
Transpiration rates and leaf damage were measured in the
wind tunnel.

EXPTSO D, E AND F: Rates of transpiration and photosynthesis were measured in these three experiments which
were done with a range of soil water levels.

The
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transpiration rate was determined, as before, by
The measurements of photo-

gravimetric methods.

synthesis will be described in Chapter 7.

The soil water level in Expt. D was similar to that
used in Expt. B (see Pig. 6.1), lower levels were used
in Expts. E and P.

Adjustments to the soil water

regime were made during the acclimatisation period in
the growth—room and the first few days in the wind
tunnel (see 2.2.2).

6.3

METHODS

The origin of the plants, their cultivation and their
preparation for the experiments are described in
Chapter 2.2.

Determination of leaf area and leaf

damage are described in Chapter 2.3.

Other relevant

methods are given here.

6.3.1 Measurement of boundary layer conductance

Estimates of the boundary layer conductance to water
_1), of leaves in the wind tunnel were
vapour k (cm
obtained from measurements of the rate of water loss
from model leaves.

Two identical 'leaves' of approp-

riate shape and average size were constructed from 1 mm
thick aluminium sheeting and a crocodile clip was soldered
to the 'petiole'.

"Whatman no. 1" filter paper was

attached to the leaf surfaces with its smooth side
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uppermost, using water-insoluble glue.

Four copper-

constantan thermocouples (42 S.W.G.)were attached

to a

single surface of one of the leaves with varnish; one
thermocouple was placed at the leaf tip and the other
three were placed across the broadest part of the leaf,
one at the 'midrib' and the other two midway between the
'midrib' and the margin.

The two'leaves' were then set up horizontally side-byside in the wind tunnel, perpendicular to the airstream,
with the thermocouples on the abaxial surface.

To

prevent radiant heating, the lightsin the wind tunnel
were not used.

The thermocouples were connected to a

Kent Mk 4 thermocouple chart recorder.

The 'leaves'

were then dampened with de-ionised water (applied with
a paint brush)and the rate of water loss from the 'leaf'
without thermocouples was determined by weighing.

This

procedure was followed at a range of windspeeds from
0.1 - 5.2 m s.

The time intervals between weighings

varied according to windspeed, from 0.1 - 0.5 m
15 minutes were taken, the interval diminished to 3
minutes at 5 in

S -1 0

Ambient vapour pressure was measured in the wind tunnel
using a continuously recording Assman psychrometer.

The method of calculation of boundary layer conductance
is given below. Pig. 6.2 shows the relationship found
between boundary layer conductance k, resistance r and
windspeed.
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6
windspeed Em s 1 )

Fig. 6.2
Boundary layer diffusion resistance, r'. and conductance, k', to water pour
of a model Acer pseudoplatanus L. leaf over a range of windspeeds. Evaporation
expressed in terms of the area of both sides of the' leaf •
'Leaf' width 12 cm. Values determined experimentally -, calculated from Grace, 1977,0
for a leaf 12 cm wide.

128

e5

=

saturated VP at mean 'leaf' surface temperature (Pa)

ea

=

ambient vp (Pa)

E

=

rate of water loss from 'leaf' (g cm-2 _1)

=

conversion factor, Pa to g cm 3
(e8 - ea) x.X_
E
1

a

=

kW
a

As may be seen from Pig. 6.2, the values determined using
the model leaf appear to follow a slightly different
shaped curve to those values derived theoretically from
Grace 1977 p 52; this may be due to the irregular leaf
shape (Vogel, 1970).

6.3.2

Giavimetric determination of transpiration rates

and calculation of leaf conductance

This method was used to determine the transpiration rate
of whole plants.

The pots of the experimental plants were sealed in
polythene as described in 2.2.2 so that any change in
weight of the combined plant, rooting medium and pot was
due to the transpiration of the shoot (assuming that
growth and respiration during the interval between two
measurements were negligible).

129
The plants were weighed when they were transferred to
the wind tunnel and this weight, together with an
identifying character, was indelibly marked on the
polythene covering the pot.

In Expts. A, B and C,

the plants were watered daily to maintain this recorded
weight and hence a standard soil-water regime throughout
each experiment.

In Expts. D, E and F, watering was

delayed for a few days after the plants were introduced
into the wind tunnel until an appropriate (lower) level
of soil water was reached (see Fig. 6.7).

Plants were weighed on a top-loading balance 4 times a
-

day, 30 minutes before and after onset of light and
darkness.

In this way, day-time and night-time weight

losses could be determined.

Leaf area was also assessed

(2.3.2) so that the transpiration rate could be expressed
in terms of leaf area.

Copper-constantan (42 S.W.G.)

thermocouples were attached (using adhesive tape) to
the abaxial surface of leaves at different heights on
plants in the wind tunnel and leaf temperature was recorded on a Kent Mk. 4 chart recorder. Wind tunnel air
temperature and vapour pressure were continuously
monitored.

Leaf conductance to water vapour could be

calculated when the boundary layer conductance was also
known.

The transpiration rate of each plant was expressed as
E g cm- 2 s l, the leaf area used was the total abaxial
surface area of each plant.

The abaxial surface area
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was used as A. pseudoplatanus leaves are astomatous,
possessing stomata only on the abaxial surface.

Hence

most evaporation will take place from this surface.
Leaf area was measured at intervals during each experiment
so that growth or leaf loss could be taken into account
in these experiments.

Leaf conductance to water vapour was calculated from the
transpiration rate thus,

E

=

transpiration rate of each plant (g cm-2 S-1 )

e5

=

saturated VP at mean leaf surface temperature (Pa)

ea

=

ambient vp (Pa)

=

total conductance to water vapour (cm s)

=

leaf conductance to water vapour (cm s)

=

boundary layer conductance to water vapour (cm s)

=

conversion factor Pa to g cm 3

I.

E

kW=

(e5 - ea) x

1

=

1

—1

The values of k actually used in these calculations
were based on the mean leaf size and the mean windspeed
recorded and calculated using the relationship described
by Grace, 1977 p 52.

(see over)
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d
DSh

a

Sh = 0.6 Re °5
u d
Re v

wh e r e
d

= downwind leaf dimension (cm)

D

= diffusion coefficient of water vapour in air (cm 2 s)

U.

= free-stream wind velocity (cm _1)

v

= coefficient of kinematic viscosity of air (cm 2 s)

Sh = Sherwood number
Re = Reynolds number

Although the values obtained in this manner appeared to
be slightly different to those obtained by experiment
(6.3.1), the errors associated with their use are likely
to be small.

The gravimetric method of determining water loss from a
plant has a considerable advantage over other methods in
investigations of this type.

Air movement about the

leaves is not restricted by any measuring devices and the
method is non-destructive and requires no calibration.
Its drawbacks are that measurements can only be made on
the whole plant and investigations of the transpirational
behaviour of a single leaf or part of a leaf cannot be
made so that the effects of damage on leaves of different
ages cannot be determined.
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6.3.3 Measurement of cuticular transpiration (Expt. B)

Cuticular transpiration was measured by the method first
described by Hygen in 1951.

The method was slightly

modified so that the cuticular transpiration rates of
the two leaf surfaces could be distinguished.

Measure-

ments were made in a.room which showed little variation
in ambient vapour pressure.

The leaves which were used were of the 3rd or 4th pair up
from the base of the plant and were selected at random
from the experimental plants, 6 leaves were used on each
day of measurement.

They were cut from the plant at

the proximal end of the petiole and a fine hook was
inserted in the petiole so that the leaf could be suspended from a line.

The cut surfaces and the area around the

hook were covered with petroleum jelly to prevent water
loss from the damaged surfaces.

The leaf was then

weighed and weighings were repeated at 30 minute intervals until the rate of weight loss remained steady for
3 consecutive readings.

The abaxial (stomatal) surface

was then covered using a sheet of thin polythene smeared
with petroleum jelly and the measurements were repeated.

Ambient vapour pressure was determined with an Assman
psychrometer at 15 minute intervals and leaf surface
temperature was determined by means of a thermocouple
attached with adhesive tape to the centre of the adaxial
surface of a single leaf and wired up to a Kent Mk. 4
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thermocouple chart recorder with its own internal reference unit (so avoiding the need for external reference
thermocouples).

At the end of the experiment, the area

of each leaf was determined from its outline on a sheet
of paper and damage to the adaxial surface occurring as
a result of wind tunnel treatment was assessed as in
2.3.2.

A model leaf of appropriate size was used to

determine boundary layer conductance and cuticular
conductance was calculated in the following manner -

rate of steady weight loss ( g cm —2 s)
=
E
(the leaf area used in the calculation of E was the total
exposed leaf area)
leaf temperature (Pa)

e3

=

saturated vp at

ea

=

mean ambient VP (Pa)

=

total conductance to water vapour (cm _1)

= boundary layer conductance to water vapour (cm s)
=
k =
=

leaf conductance to water vapour (cm _l)
cuticular conductance to water vapour (cm s)
conversion factor Pa to g cm 3
E
cm S -1
- e a ) x
a

kW
a
i
w
In this experiment k 1 = k wc
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6.3.4

Determination of leaf water potential,

'f

Leaf water potential was measured using a pressure
Leaves of the 6th

chamber (Scholander et al., 1965).

pair from the 'base of the plant were used, they were
fully expanded and taken at random from the experimental
plarLts.

i

pressure was built up in the chamber, the

cut ena of the petiole was observed with a magnifying
glass for the first signs of sap exudation.

The gas

pressure (Pa) at which this occurred was recorded.

6.3.5

Determination of % soil water

Percentage soil water was determined at the end of each
experiment from core samples of soil taken from each
pot.

Two samples were taken from each pot (6 - 8 h

after watering)to a depth of 12 cm, these were placed in
weighed foil trays, reweighed and dried at 105 ° C to
constant weight.

The calculation of % soil water was as follows;

w1 = weight of soil before drying
w2 = weight of soil after drying

% soil water = w 1 - w 2 x 100 %
Wi

Purvis et al., 1964
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6.3.6

Windspeed

Windspeeds during experiments in the wind tunnel were
measured with a small heated thermistor anemometer
(Davimeter), 10 cm upstream of each plant at mid-plant
height.

Ten readings were taken at each location.

Except where otherwise stated in the text, windspeed
values given are the mean values for all locations in
the wind tunnel.

6.3.7

Discussion

A problem associated with this work was the use of a
'control' experiment.
2.1.1.

This matter is also discussed in

Ideally, each time one of the experiments

- described in this chapter was run, a parallel experiment
using similar plants and experimental conditions would
also have been run; the only difference between the
two experiments being that the plants were kept at a
low windapeed throughout in one of them.

However, this was not possible: there is only one wind
tunnel.

As an alternative, a growth room could have

been used, however it was felt that its use as a 'control'
posed difficulties for the illumination and quality of
temperature and humidity control differed to that in the
wind tunnel.

Furthermore, i-

Wo

not always avail-

able simultaneously with the wind tunnel. An alternative
would have been to run a separate 'control' experiment in
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the wind tunnel before and after the main experiment
using different windspeeds.

However it was felt that this

was undesirable as it introduced a time—lag between the
'experiment' and the 'control'.

As the experiments

described in this chapter demonstrate, such a time—lag
could considerably affect a plant's response to wind, for
transpirational behaviour was found to be affected by
leaf age.

Due to these difficulties, the experiments were designed
so that a period of high wind treatment was sandwiched
between two periods of low wind.

If plant behaviour

under calm conditions was consistent and differed to that
found in high wind then it was felt that the effects of
windspeed could be described despite the absence of a
parallel control experiment.

6.4

EXPERIMENT A

6.4.1 Measurements

Effects of wind treatment upon day and night—time transpiration rates were investigated.

Plants were treated

with 4 d of calm conditions (0.8 m s _1), followed by 9 d
of wind (3.3 m _1) and 14 d of calm (0.8 m s -1 )
(Pig. 6.1).

Leaf area was measured at intervals and

damage was assessed at the end of the experiment.
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6.4.2

Results

Day and night time values of leaf conductance

4

(day),

(night)) were calculated from the transpiration rates

determined during the experiment (6.3.2).
of

(4

4

The values

are given in Pig. 6.3.

During the first 6 d of wind treatment there was a
air1y constant daily increment in

4

(day) and

4

(night),

the rate of increase tended to lessen during the last
3 Lk (day) increased by 80 % and k1 (night) by 330 %
during the period of wind exposure.

k, gradually

decreased during the subsequent calm period, rates of
decrease of

4

4

(day) tended to lessen after 9 d and of

(night) after 7 d.

- period

4

At the end of the second calm

(day) was 46 % higher than it had been on

day 4 before wind treatment comrnencedand

4

(night) was

170 % higher (Pig. 6.2).

To increase statistical sensitivity, effects of wind
were tested with the paired—sample t test (Parker, 1973),
using self pairing.

This test may be used because each

set of measuremeritswas made on the same group of plants.
Using this test, values obtained at the end of the
different wind periods could be compared with each other
(Table 6.1).

4

Wind significantly increased

4

(day) and

(night), and although their values decreased in the

second calm period they remained significantly greater
than those recorded in the first calm period.
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Expt. A : Effects of windspeed upon day 0 and night • values of leaf conductance to water
of Acer pseudoptatanus L. seedlings in the wind tunnel
cm
vapour
Ekr. s-i.
Calm = 08 m
Wind =33 m s 1 .
6 plants used 95% confidence limits shown.
For other experimental details see Fig. 6.1.

TABLE 6.1

THE DIFFERENCE BETWEEN VALUES OF k (DAY) AND k (NIGHT)
OBTAINED IN EXPT. A DURING PERIODS OF WIND TREATMENT
(BY PAIRED-SAMPLE t TEST, PARKER (1973))

4(day),(night) last measurements made during first calm period
(0.8 to s -1 )
13(day),(night) last measurements made during wind period
1)
(3.3 m
26(day),27(night) last measurements made during second
(0.8 m _1)

calm period

13(day)

26(day)

4(day)

*

*

13(day)

-

r.s.

4(night)

13(night)

n. s. p>0.05
*

p = 0.002 - 0.001
p<O.001

13(night)

27(night)

-

-
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At the end of the experiment, mean macroscopic leaf
damage per plant was 18 % of its total adaxial leaf
surface of which equal parts were dark brown and light
brown discolouration.

6.5

EXPERIMENT B

6.5.1

Measurements

Cuticular conductance (k'), day and night—time leaf
conductance k (day, night) and xylem water potential
were determined and frequent measurements of leaf
damage and area were made.

plants were treated with

5 d of calm conditions (0.7 m s — ), followed by 9 d of
wind (2.3 m s_1), 12 d of calm and 4 d of a higher wind

(5.5 m s-1 ).

6.5.2

For further details see Pig. 6.1.

Results

Day and night—time values of leaf conductance, k, are
shown in Fig. 6.4.

Unfortunately, some values during

the first calm period are missingdue to defective weighing equipment.

The significance of difference between

values, calculated by paired—sample t test (Parker, 1973)
is shown in Table 6.2.

Unlike Expt. A, k' (day) did not change significantly
during this experiment.

However, k (night) increased

significantly during wind and was approximately 140 %
greater on day 14 than on day 5 (Pig. 6.4, Table 6.2).

TABLE 6.2

THE DIFFERENCES BETWEEN VALUES OF k(DAY) AND k(NIGHT)
OBTAINED IN EXPT. B DURING PERIODS OF WIND TREATMENT
(BY PAIRED-SAMPLE t TEST, PARKER (1973))

5(day),5(night) last measurements made during first calm
period
(0.7 m s -1 )
6(day) first measurement made during first wind period
(2.3 in S -1 )
14(day),14(night) last measurements made during first
wind period
(2.3 m _1)
26(day),26(night) last measurements made during second
calm period
(0.7 in s-1 )
28(day),30(night) last measurements made during second
wind period
(55 in s)

6

5
day

(day)
26
14

28

n.s. n.s. n.s. n.s.
n.s. n.s.

14

(night)
26
30

-

-

-

-

-

-

-

-

-

n. S .

14 n.s.

-

26

-

-

-

n.s.

5

-

-

-

-

**

-

-

-

-

-

night 14
26

-

n. s. p>0.05
*

p = 0.05 - 0.02

**

p = 0.002 - 0.001

*** p<0000l
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Fig. 6.4
Expt.: Effects of wndspeed upon day and night values of leaf conductance to water vapour
cm s 1 ) of Acer pseudolatanus L. seedlings k the wind tunnel.

k7,

Calm 07m s 1 ,Wind = 23m s, High vnd= 55 ms*
9 plants used, 95 % confidence limits shown.
For other experimental details, see Fig. 6.1.

owe
The fluctuations in k (day) could not be linked either
to any changes in ambient conditions or to disturbance
associated with other measurements.

Strong wind treatment at the end of the experiment
produced a greater effect upon k (night) than the
previous wind treatment.

After 4 days of wind at 5.5 m s 1

k (night) was 280 % greater than it had been on night 5.
Unlike Expt. A, k (night) at the end of the second calm
period did not differ significantly from that before the
first wind treatment.

The values of cuticular conductance ki determined by
Hygen's method (6.3.3) were plotted against the % area
of the adaxial surface which was damaged (Pig. 6.5 a,b).
Regression analysis showed that there was a significant
linear relationship between k and the % damage (p <0.001,
31 d.f.).

k of both leaf surfaces was doubled when

14.6 % of the adaxial surface showed macroscopic damage
and k of the adaxial surface was doubled when 20 % of
its surface was damaged.

At the end of the experiment, 17 % of the adaxial leaf
surface showed macroscopic damage (compared with 18 %
in Expt. A).

However, the proportions of the types of

damage differed, 1 % being dark brown and 16 % light brown.

Values of

did not change significantly during the

experiment, the mean value of 18 readings was (-1.8±03) x
10

Pa.
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Expt. B: Relationship between cuticular conductance to water vapour
[k. cm s 1 ] and % surface area of Acer pseudopbtanus L. Leaves
showing lesions as a result of wind action.
a] k of both Leaf surfaces.. bi k of adaxial surface.
Day 5.,14x.26+,270,28•.
regression line y = 0000286x + 00042BB
I.

y = 0000248x 0005048

95% confidence limits shown.

p.<o.oOl .31 d. f.
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6.6

EXPERIMENT C

6.6.1

Introduction

The purpose of this experiment was to determine whether
plants which had been propagated in windy conditions
responded to subsequent wind treatment in the wind
tunnel in the same way as plants which had developed in
tsi1m

rnntHtiOflS.

The wind treatment during development

was sufficient to produce slight leaf damage (approximately 2 %) in the glasshouse. k and % damage were assessed
Plants were treated in the
for both groups of plants.

wind tunnel to 6 d of calm (0.7 m _l), followed by 10 d
and 2 d of calm (0.7 m s _1) (Pig. 6.1).

of wind (3.1 m

6.6.2

Results

k (day) and (night) were calculated for both groups of
plants from the transpiration rates determined during
the experiment (Fig. 6.6).

The significance of differ-

ences between values is shown in Table 6.3.

Analysis of variance showed that there was no significant
difference in initial values between the wind-grown and
the calm-grown plants and, overall, the responses to
wind appeared to be similar.

Neither wind-grown nor

calm-grown plants showed any significant difference between
the values of

4

(day) on the last day of the initial

calm period and the last day of the subsequent wind period

-40
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Fig. 6.6
Expt. C : Effects of windspeed upon day ED 0 le day] and night 12J..
k'' night I values of leaf conductance to water vapour of wind 1 0 0]
Acer pseudoplatanus L. plants in the wind
and calm grown 1 0 0
tunnel.
calm = 07 m s, wind = 31 m s 1
6 wind grown and 6 calm grown plants used. 95% confidence limits
shown.
For other experimental details see Fig. 6.1.

T ABLE 6.3

THE DIFFERENCES BETWEEN VALUES OF k

(DAY) AND k (NIGHT)

OBTAINED IN EXPT. C DURING PERIODS OF WIND TREATMENT
(BY PAIRED-SAMPLE t TEST PARKER, 1973)

6(day),6(night) last measurements made during first calm
period
(0.7 m s)
7(day) first measurement made during wind period
(3.1 m _l)
16(day),16(night) last measurements made during wind period
(3.1 m _l)

calm-grown plants

wind-grown plants

7(day) 16(day) 16(night) 7(day) 16(day) 16(night)

**
6(day)
7(day)

-

nos.
-

6(night)

nos. p> 0.05
*

p = 0.05 - 0.02

**

p = 0.01 - 0.002

**

**
-

-

nos.
nos.

-
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although k (night) of both groups of plants was
significantly increased (by approximately 130 %) over
the same period.

Wind-grown plants showed a significant

reduction of k (day) when the windspeed was increased
(day 6-7) whereas the calm-grown plants did not.

The values of k recorded were approximately double
those in Expts.A and B.

The total amount of leaf damage at the end of the second
calm period was similar to that recorded in previous
experiments and the amount of damage sustained by windgrown and calm-grown plants did not differ significantly,
being 21 % and 20 %respectively.

The wind-grown

plants showed 7 % dark brown and 14 % light brown damage
and the calm-grown plants 11 % dark brown and 9 % light
brown damage.

The results of this experiment suggest that pre-treatment
with wind had no significant effect upon the subsequent
behaviour of plants in wind.

6.7

ExPERIMENTS D, E AND P

6.7.1 Measurements

Rates of transpiration and photosynthesis were recorded
in these three experiments which were similar excepting
the levels of soil water which were used (see Pig. 6.1).
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In the wind tunnel, plants were treated with 8 - 9 d of
calm conditions (0.8 m s ) followed by 5 ci of moderate
_1) and 6 d
wind (5.5 m _1), 2 d of high wind (6.5 m
Leaf area and

of calm (0.8 m _1)•

were measured at

intervals.

The soil-water level in Experiment D was similar to that
in Experiment B and was progressively reduced in Experiments E and P, the values were 31, 16 and 12 % respectively.

6.7.2 Results
The measurements of photosynthesis are discussed separately
in Chapter 7.

Day and night-time values of leaf conductance, k, measureed in each experiment are shown in Pig.

67.

It must be

stressed that in these three experiments k (night) is
not a true measure of

4

in darkness as it also encompasses

a period of daylight (see Pig. 6.1).

The significance

of differences between values, calculated by paired-sample
t test (Parker, 1973) is shown in Table 6.4;

'4

(night)'

values were not tested.

The responses of the plants to wind in the three experiments differed (Pig. 6.7., Table 6.4).

In Expt. D,

4

(day) was increased significantly by wind, as it had been
in Expt. A.

Initial values of

4

(day) were similar to

those recorded in Expt. A and 5 days of wind increased them
by 54 % ( compared with 47 % in Expt. A).

The high wind
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Expts. D, E, F : Effects of windspeed upon day

[0

k', day] and

night [ • k' night] values of leaf conductance to voter vapour of
Acer pseudoplatanus L. plants in the wind tunnel at 3 different
Levels of soil water.
Calm = OS m s. Wind =5-5m s 1 . High wind = 65 m s6 plants per experiment ,95 % confidence limits shown.
V vctering commenced to maintain appropriate soil voter levels.

TABLE 6.4
THE DIFFERENCES BETWEEN VALUES OF k (DAY) OBTAINED IN
EXPTS. D, E AND F DURING- PERIODS OF WIND TREATMENT LEYPAIRED-SAMPLE t TEST, PARKER (1973)

r:ud during first cal period
(0.8 m s)
15(ds:y) 1Li TIe iuYeeUetT Tnede during first wind period
(5.5 m s)
lest seeser eeceets nde dui leg seoed wind period
(6.5 m
rc:t:

E3(da7) issi

;ed Our trig

est eee-; e

20 , 21 ( dsi)

EXPT.. E
8 (day)

EXPT. B
8 (day)
-

13(day)
**

15(day)
20,21(day)

I:

econd calm period
(O.B m S -1 )

EXPT. F
8 (day)

n.s.

n.s.

n.s.

**

n.s.

*

n.s. p<O.O5

*

p =0.05 - 0.02

**

p = 0.002 - 0.001

***

p >0.001

TABLE 6.5
MEAN VALUES (WTIH 95 % CONFIDENCE LIMITS) OF XYLEM WATER
RECORDED DURING EXIPTS. D, E AND F.
POTENTIAL, )
-

EXIPT.

'1'i

(Pa) (mean of 6 values)

D

(_2.4±1.0) x 10

E

(_2.9±0.7) x 10

F

(_10.3±3.8) x 10

treatment produced some perturbation in values of
(day) which declined gradually in the succeeding calm
period.

No significant changes in k (day) due to wind were
recorded in Expt. E, initial values were approximately
50 % of those recorded in Expt. D.

In Expt. P, the high wind treatment produced a significant
increase in

4

(day) which was maintained during the

subsequent calm period.

Initial values were approx-

imately 23 % of those recorded in Expt. D.

(In Pig. 6.7, the values obtained prior to the day marked
7 1 are the values obtained before the soil water levels
were stabilised, see 2.2.2)

Values ofpi recorded during these experiments are shown
in Table 6.5, the values for Expts. D and E were very
similar whilst those recorded during Expt. P (which had
the lowest soil water level) were significantly more
negative.

6.8

DISCUSSION

6.8.1 Presenc.e or absence of effects of wind.

It is important to discuss why similar effects of wind
upon k were not found in all experiments,

significant
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increases in k, concomitant with the wind treatment
occurred in Expt. A

(4

day and night), Expts. B and C

night only), and Expts D and F

ments of

As

(4

4

(4

day - no measure-

night).

4 was not measured directly in the experiments but

was calculated from the rate of water loss, the boundary
layer conductance and the difference between the vapour
pressure at the leaf surface and in the ambient air
(6.3.2), there is the possibility that errors arose in
the determinations of these values and produced falsely
elevated values of

4

during periods of wind treatment.

However, where wind effects were recorded, they occurred
gradually over a pe±iod of several days and so any errors
would also have had to be made, and to have increased,
consistently over several days.

The only measurement

that was made daily was water loss per plant, which was
re—expressed in terms of leaf area using a value extrapolated
from the measurements of leaf area made at intervals during
the experiments.

It is extremely unlikely that an error

of the type necessary could arise in these measurements
and thus where wind effects upon

4 were found, they were

real.

Could errors in measurement have masked the effects of
wind in other experiments? As before, if there was no
significant change in

4 during the period of wind,

then errors in measurement would have had to be made
daily, and to have increased consistently throughout the
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wind period.

Previous discussion has shown this to be

an extremely unlikely event.

However, if k1 was shown

to decrease significantly on the first day of wind
(compared with the previous day) and then to increase
significantly during the rest of the wind period
(compared with the first day of wind), it is possible
that an error was made in the determination of the
vapour pressure difference (vpd) between the leaf and the
air or in the determination of the boundary layer conductance during a particular treatment period.

Single values

of vpd and kw were used for each period of treatment in
the wind tunnel and so any error would be consistent
throughout the period.

In Expt. C, k (day) on the first day of wind was
significantly lower than on the previous day for both
wind—grown and calm—grown plants but only the wind—
grown plants showed a significant increase in k (day)
during the wind period (Table 6.3).

In Expt. B,

(day) appeared to decrease on the first day of wind,
but this apparent decrease was not significant.

There

was no significant increase over the wind period (Table
6.2).

No significant changes were found in Expt. E

(Table 6.4).

Thus it is possible that in Expt. C there was an effect
w
of wind upon k1 (day) of wind—grown plants but otherwise the effects of wind were as described in the first
paragraph of this discussion.
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What other factors could have lead to this disparity in
results? Using the experiments in which there was no
water stress (which could have its own effects), Table
6.6 was constructed to show the differences between
experiments.

It is notable that the effects of wind

upon k (day) were found in experiments where the leaves
were fully expanded and no new leaves were being produced.
Pre—wind values of k (day) were lower in these experiments than in the experiments with more actively growing
plants (Table 6.6, column 4).

6.8.2 Effects of wind upon k 0 and k5

According to Weatherley (1965), transpiration water loss
is usually controlled by the diffusive conductance of the
stomatal pores, except when a marked reduction in internal
conductance develops through wilting of the plant or in
extreme atmosphere or soil moisture conditions.

The

conductance of the stomatal pores is in parallel with that
of the cuticle (Fig. 5.4), which under normal conditions
remains unchanged.

However, in these experiments

macroscopic leaf damage, which has been shown to incorporate
cuticular and cellular disruption (Chapter 4), occurred
during the period of wind treatment.

Consequently,

changes in both k and k 5 should be considered in these
experiments.

Increase in k 1 during wind treatment could have arisen
from an increase in k or k 0 , or both.

The gradual

TABLE 6.6'

DIFFERENCES BETWEEN TREATMENTS IN EXPERIMENTS A, B, C AND
D AND THE RESPONSE OF PLANTS TO WIND IN THESE EXPERIMENTS

1

23

4

567

8

9

Expt.A

11/1974

+

+

0.095

b

7

50

18

3.3

Expt.B

4/1975

o

+

0.157

a

4

33

17

2.3, 5.5

Expt.O(w)

6/1976

?

+

0.280

a

6

35

20

3.1

(c)

6/1976

o

+

0.280

a

6

35

20

3.1

6/1975

+

-

0.090

b

4

31

-

5.5, 6.5

Expt.D

column no 1
2

3
4
5
6
7
8
9

w
+
a
b

=
=
=
=
=

date of experiment
effect of wind upon k 1 (day)
effect of wind upon kw (night)
w
pre—wind values of Ic 1 (day) (cm a
leaf expansion
months from seed
% soil water
% macroscopic damage
windspeed (m _1)

wind—grown, c = calm—grown plants
effect recorded, o = no effect recorded,
no data
leaf expansion in progress
leaf expansion complete
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change of Ic 1 in wind indicates that the effects of wind
are cumulative. The apparent stabilisation in values
which usually occurred towards the end of the wind period
suggests either that there is a limit to the extent of
change in k 0 or k 5 that wind can cause, or that a secondary compensating process develops and masks further
changes in kc or k8 .

The gradual reduction in value

of k1 during the succeeding calm period indicates either
that the original change was reversed in the absence of
wind or that a compensating process, which may be the
same as that suggested previously, wae in action.

Ic1 (day) and k (night) would increase in wind if some
or all of the stomata showed an increased tendency to
be open. k (day) and k (night) would probably increase
if the structure of the cuticular and epicuticular layers
which inhibit water loss (4.6.2) was disrupted.

Leaf

damage is particularly implicated as a cause of increased
in wind as, like this increase, leaf damage developed
gradually during the wind period.

Such damage may alter

kW in addition to k as it has been suggested (4.6.2) that
leaf damage could lead to a reduction in epidermal turgor
and thereby cause passive stomatal opening.

In Experiment B, Hygen's technique was used to determine
values of k of leaves taken from the experimental plants
between day 5 and day 28 of the experiment. Increased
was associated with damaged leaves even when the
measurements were made at the end of the second calm
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period, indicating that wind damage produced permanent
changes in k' (Pig. 6.4 a,b).

The k of undamaged

leaves was approximately 0.004 cm s whereas k (night)
of the whole plant was 0.011 cm s.

This could indicate

either that leaves of different ages such as are found on
a single plant stem have different values of k or that
there is normally a degree of stotnatal opening at night.
The occurrence of night-time stomatal opening is indicated
by Experiments D, E and P.

As the soil became drier

(D-E---*P) values of k (day) and 'k (night)'were gradually
reduced until, in Experiment F, they were not significantly
different which indicates a total lack of stotnatal
activity.

The values for the whole plant, however, re-

mained higher than for the detached leaves in Experiment B.
The gradual reduction in k (night) after wind treatment
also indicates that there is stomatal activity at night
in compensation for the permanent cuticular damage.

If it is assumed that the values of k

determined by

Hygen's method in Experiment B are representative of the
whole plant in this and other experiments, then calculations
of stomatal conductance can be made using the equation
k9 = k1 - k

(all units are in cm

taking into account the changes in k
leaf damage.

which occur with

Values of k 6 in Experiments A, B and C were

calculated in this manner and are presented in Pig. 6.8,
paired-sample t tests were used to assess the significance
of the changes recorded, the results are presented in
Table 6.7.
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TABLE 6.7

BETWEEN PERIODS ± AND ii

THE SIG-NIFICAJ'JCE OF CHANGES IN k

(SEE FIG. 6.7), DETERMINED BY PAIRED—SAMPLE t TESTS OF
THE RESULTS FROM THE LAST DAY OF PERIOD i AND THE LAST
DAY OF PERIOD ii

k (day)
Experiment

d.f.

A

5

B

8

0(w)

5

C (c)

5

*** p <0.001
** p = 0.01 - 0.001
*

p = 0.05 - 0.01

increased

decreased

k: (night)
increased

decreased
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The different behaviour of the plants in Experiment A,
discussed in 6.8.1 appears to be related to distinct
differences in stomatal behaviour so that k' (day) was
increased during wind in Experiment A but decreased or
unaltered during wind in Experiments B and C.

In all

the experiments k (night) was increased by wind.

The evidence suggests that wind action can not only
change k but also k.

The nature of the overall

response (k) depends upon the state of development of
the leaves.

To summarise, plants which were still

increasing in leaf area normally had high values of
(day) and wind action only affected k (night): during
the day-time in wind

was reduced (compared with its

pre-wind values) and compensated for the increase in k 0

.

Older plants with fully expanded leaves had lower initial
values of k (day) and both kw and k
increased by wind.

w

appeared to be

All changes in k 5 appeared to be at

least partially reversible upon resumption of calm
conditions.

Thus the effect of wind upon water loss by Acer
pseudoplatanus L. leaves seems to depend upon leaf age
which affects the nature of the stomatal response.

The

k1 (day) of young plants, which was already high, was
not increased further by wind, but when k was lower
(at night and in older plants) it was increased by wind
action.

OWHI
6.8.3 Relationships between macroscopic leaf damage
and stomatal and leaf conductances

In Expt. B (6.5) a significant positive correlation was
found between k c and macroscopic leaf damage.

Using the

values of k which were determined in 6.8.2 from appropriate
values of k c derived from 6.5, correlation coefficients
were calculated from the relationship between the %
increase in k5 (compared with the last value in the initial
calm period) and the macroscopic leaf damage during the
different periods of treatment in each experiment.
Correlation coefficients were also calculated for the %
increase in k 1 and the % leaf damage.

The results are

presented in Table 6.8 a,b.

In Expt. A (which was the only experiment in which k (day)
was significantly increased during wind), there was a
negative correlation between the % increase and the %
damage so that the most damaged plants show the least
increase in stomatal conductance. As k' (day) makes up

4

(day) in the equation
a high proportion of
w (day) + kw0 (day)
w (day)
k8
k1
there is a similar negative correlation for k (day)
(Table 6.8).

Although k (day) was significantly

decreased during wind in Expts. B and C (w), the changes
could not be correlated with leaf damage.

k' (night) was significantly increased during wind in all
experiments (Table 6.7) but these increases were not

TABLE 6.8

CORRELATION COEFFICIENTS FOR VISIBLE LEAP DAMAGE AND
a)

THE

'o)

INCREASE IN k

THE % INCREASE IN k

(COMPARED WITH THE LAST VALUES IN THE INITIAL CALM PERIOD).

Correlation coefficient for
the period

a)

16

A

B

25

0(w)

16

(w)
(c)

16

(c)

i

k

EXPERIMENT d.f.

—0.6833 **

k8 (day)

ji

iii

—0.8379

-

k5 (night)

nos.

nos.

-

k5 (day)

nos.

nos.

nos.

k5 (night)

nos.

nos.

nos.

k(day)

nos.

-

-

k5 (night)

nos.

-

-

k5 (day)

nos.

-

k5 (night)

nos.

-

- -

b)
16

A

25

B

k1 (day)

—0.6188 **

k(night)

nos.

nos.

-

k1 (day)

nos.

nos.

nos.

nos.

nos.

-

-

-

-

k1 (night)
0(w)

16

(c)

+0.4194 *

k1 (day)

n.e.

k1 (night)

(w)
16

(c)

—0.8083

+0.6111

k1 (day)

nos.
+0.6503

k1 (night)

--**

p <0.001

1

last 3 days of first wind period

**

p = 0.005 - 0.001

ii

last 3 days of second calm period

*

p = 0.05 - 0.01

iii last day of second wind period
(w) wind—grown
(c) calm—grown

nos.

not significant
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correlated with the % of macroscopic damage sustained.
Where changes in k

(night) were positively correlated

with leaf damage (Expts. B, C(w) and C(c)) this must
therefore be attributable to the changes in the k that
occurred.

6.8.4 Relationships between day and night-time leaf
conductance

An additional observation was made about k (day) and
k (night) during these experiments.

In Expt. A, when wind treatment was accompanied by an
increase in both these values, there was a positive and
highly significant correlation between k (day) and kw
(night) when the data from individual periods of wind
and calm were considered separately and together, see
No such correlations were found in Expts. B

Pig. 6.9.
and C.

(Expts. D - P were not considered as 'k night'

incorporated as a period of illumination).

This suggests that wind effects upon k (day) are associated
with a particular pattern of stomatal behaviour when increases in

4

(night), which are probably connected with

(reversible) increases in stomatal aperture, are complemented by similar increases in

4

(day) which will also be

largely due to changes in stomatal aperture.

k (day) is

unaffected by wind when there is no such correlation
between day and night-time stomatal behaviour.

Correlated

Fig. 6.9
Expt. A: Relationship between day and night values of leaf conductance

I
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Correlation coefficient 0-879, p-<0-001
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day and night time behaviour appears to be associated
with mature leaves.

This observation appears to substantiate the changes in
kW in wind calculated in 6.8.2.
S

6.8.5

General discussion

Previously, variation in response to wind has been
recorded between species and under different environmental conditions within species (5.4).

Effects of

leaf age upon transpiration have only been noted by
Satoo 1948 who, contrary to the findings of this
chapter, found that the transpiration rates of young
leaves of 4 tree species were increased more by wind
- than those of older leaves.

In 5.4.3 investigations were described in which stomatal
aperture of 7 tree species was either reduced or unaffected by wind; where there was an effect of wind upon
A. pseudoplatanus L., stomatal aperture appears to have
been increased.

Increase in transpiration rate per unit

leaf area appears to a certain extent balanced by a
reduction in LRG-R (3.5.4) so that the area of leaf
through which water may be lost is not increased so
rapidly.

The observations of Haseba and Takechi (1972),

and others, suggest that the effects of wind vary according to the environmental conditions and the response of
A. pseudoplatanus should therefore be investigated under
a range of conditions.
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6.9

SUMMARY

1

The effects of wind upon leaf conductance to water

vapour (kr ) of Acer pseudoplatanus L. were measured
during 6 experiments in the wind tunnel.

Conditions

(apart from soil water) were kept as standard as possible
throughout but plant age varied unavoidably.

2

There were two patterns of response of k to wind

at high levels of soil water, which could not be attributed
to errors either in measurement or calculation.

In

Experiments A and B, k (day) was increased during wind,
whereas in Experiments B and C wind had no effect upon
k1 (day).

k (night),when measured (Experiments A, B, C),

was always increased by wind.

3

(6.4 - 6.7).

The wind effects upon k were always at least

partially reversible in a subsequent calm period.

4

When differences in conditions between the experiments

were considered in order to determine whether they provided
a cause for the contrasting patterns of response, it was
found that the leaves of the plants in Experiments A and
D (in which wind increased k day) were fully expanded
whereas those in Experiments B and C (in which wind had
no effect upon

4

day) were still expanding.

suggests that wind only increases
(6.8.1).

4

This

day of mature leaves.
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The peroscOpC 1ea

5

darnae

which was produced by

conductance
..rind lead to permanent increases in cuticular
in relation
to water vapour k, which however, were small
There was a linear relationto the total value of k.
1
ship between k and % leaf damage. (6.5).
Calculations suggested that wind increased stomatal

6

conductance to water vapour k (day, night) of plants
with fully expanded leaves. When leaves were not fully
w (night)
w
expanded k 5 (day) was decreased by wind and k 3
was increased.
vl

In Expt. A, where wind incrcaed both k (day)

7
and k (night), a significant positive correlation was
found between these two values which did not exist in
other experiments where these two values were measured
This suggests that wind only affects k (day)
(A—C).
of Acer pseudoplatafluS when a particular pattern of
stomatal behaviour is found which is associated with
mature leaves.

8

(6.8.4)

Reduction in the amount of soil water available

was accompanied by reductions in stomatal aperture and
in k (day and night).

The percentage increase in

associated with wind treatment was considerably reduced
at low levels of soil water, when xylem water potential
became more negative.

(6.7)
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CHAPTER 7 EXPERIMENTAL INVESTIGATIONS OF SOME OF THE
EFFECTS OF WIND UPON PHYSIOLOGICAL BEHAVIOUR
2. PHOTOSYNTHESIS.

7.1 INTRODUCTION

A review of the effects of wind treatment upon the
photosynthetic activity of some plant species was
presented in Chapter 5.

The variety of effects of

windspeed and wind—damage that have been found suggest
that the photosynthetic response of a particular plant
species to wind could be an important factor in its
ability to survive in exposed areas.

Hence the effects

of wind treatment upon the photosynthesis of Acer
pseudoplatanus L. were examined.

7.2 OUTLINE OF EXPERIMENTS

The plants used for these measurements were those from
Experiments D, E and F which have already been described
in Chapter 6.

The after—effects of wind treatment

upon the rates .of net photosynthesis and transpiration
of individual, attached leaves were determined, each
plant being removed from the wind—tunnel for the duration
of the measurements.

The same leaves were used for

the measurements before, during and after the periods
of wind treatment, which are outlined in Pig. 7.1.
The rates of photosynthesis and transpiration were
determined at a range of light intensities from

ExPT.
O8m

O8ms
VV

D

V V soil water 3l%
15leaves

27 JUNE 1975

OSm s

O8ms

vv

v

vv

I I I

I I

V

soil water 16%
1

5 leaves

19 AUG 1975

U8m s 1

OBm

vv
Il

I

I

I

1
3
5
16 OCT 1975

I

I

7

I

VV

1

9

17

S -1 --4

V Vsoit water 12%
1 6leaves
19 21 Days

For further experimental details see Fig. 6.1
KEY
day and night time transpiration determined gravimetricaLly in the
wind tunnel.
V

plants removed from the wind tunnel individually for measurements
of photosynthesis and leaf conductance to water vapour.

Fig. 7.1
Experimental plans for the measurement of photosynthesis.
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light—saturation to darkness and total areas and the area
of wind—damage to each leaf was assessed.

The rate of net photosynthesis was expressed in terms
of the net flux density of 002, F (mg 002 cm-2

S -1

) and

transpiration in terms of leaf conductance to water
vapour, k (cm _1)

The experiments differed from each other in the amount of
soil water that was available, being 31, 16 and 12% of
the weight of the wet soil in Experiments D, E and F
respectively.

7.3 METHODS

Rates of net photosynthesis and the corresponding values
of leaf conductance to water vapour were determined using
This incorporates an

the system outlined in Pig. 7.2.

infra—red gas analyser (IRGA) to measure changes in 002
concentration in air and a wet and dry—bulb thermocouple
psychrometer to measure changes in ambient humidity due
to the transpiration of the leaf.

An open gas exchange

system was used so that steady state observations of
photosynthesis could be made.

The information provided

in estk, Oatsk and Jarvis (1971) was extensively used
in the construction of this sytem.

The components of the system are described in the following
subsections.

C

7a

Fig. 7.2
System used to determine rates of photosynthesis and Leaf conductance
to water vapour of individual attached leaves of Acer pseudopkitan.s L.
air intake from outside building.
diaphragm pumps.
flow meters.
L. 2 tower drying series Eanh. CaC(2).1 air conditioning unit
humidifier.
ftostat.
7ab. psychrometer.
B. assimilation chamber
a 3 tower drying series anh. CaCL 2 and anh. Mg(CIO) 2 ].
10. IRGA.
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7.3.1

Air transport system

Air was drawn in from outside the bulding, four floors
above ground level and away from air exhausts or other
obvious local sources of atmospheric pollution.
Nylon and glass tubing were used throughout as they
are of low permeability to atmospheric 002s

A diaphragm pump(Pig. 7.2 no. 2) was used as these do
not contaminate the air passing through them.

It was

situated as far upstream as possible to produce a
positive pressure throughout the system and prevent
laboratory air from entering at any point.

The pump

itself and the upstream point of attachment of tubing
to pump were carefully checked for leaks.

Downstream

of the air conditioning unit (Pig. 7.2 nos. 4,5), a
flo—stat was installed to adjust air flow and to "iron
Calibrated flow

out" fluctuations in the flow rate.

meters were also installed at points in the system
(Pig. 7.2 no. 3) so that flow rates through the air
conditioner and through the sample and reference streams
were known and could be adjusted.

All readings were

made with the flow meters in the vertical position.

The flow rate through the system could be changed by
altering the voltage supply to the pump and by adjusting the flo—stat and the flow meters.

In this way,

different rates of photosynthesis could be accommodated
so that CO

levels in the assimilation chamber did not
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become so low as to inhibit photosynthesis and adequate
deflections could be obtained on the IRGA voltmeter.
The flow rates were adjusted so that 00 2 depletion
was < 20)il 1 air.

Adequate air conditioning was obtained by mixing two airstreams in appropriate proportions.

One airstream was

dried by passing through two anhydrous calcium chloride,
CaC1 2 .. 0.18 R 2 0, towers in series and the other was
humidified by bubbling through a water—filled conical
flask which was immersed in a thermostatically controlled
water bath.

The single, mixed airstream was then

passed.through the flo—stat and subsequently split into
a sample and a reference stream, each of which were
passed through a flow meter.

The sample airstream was passed through the first part
of the psychrometer unit (Fig. 7.2, no. 7a) (described
in 7.3.3) for determination of the ambient vapour pressure.
It was then passed through the assimilation chamber and
the second part of the psychrometer unit for determination
of changes in the vapour pressure due to water loss by
the leaf in the assimilation chamber.

The air was dried

before being passed into the sample cell of the IRGA
as the absorption spectrum of water vapour interferes
with that of carbon dioxide, two towers of CaCl 2 . 0.18 1120
in series followed by one of anhydrous magnesium perchlorate,
Ng(0104 ) 2 . 0.12 1120, were used.

Glass wool plugs were

used to prevent dust from entering the IRGA.
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The reference airstream was dried and filtered of dust as
described above before passing into the reference cell of
the IRG-A.

7.3.2

Assimilation Chamber

This was hexagonal, having a machined aluminium base and
an aluminium framed lid with a 'Perspex? window.

Bolts

were set in each corner of the base and holes were
bored at the corresponding points in the lid so that
the two could be fastened together with wing—nuts. A
groove, through which a leaf could be inserted was cut
across the top of the wall on one side of the base, and
a rubber ?QI
ring was used as a seal between the base
and lid.
Two counter—rotating fans were set in the
base to eliminate concentration gradients within the
chamber and the air intake and exhaust pipes were Positioned so that eddies of unmixed air were not swept into the
exhaust.
A metal grid was placed above the fans to
support the leaf.

For use, a leaf was placed in the open chamber with
its petiole resting in the groove.

A thermocouple
was attached to the centre of its abaxial surface with
adhesive tape and the wires, with output to a chart
recorder, were run along the petiole.

Plastic putty
was wrapped around the petiole to protect it and to
Provide a seal and the lid was bolted down firmly.
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The chamber stood in a cradle in a thermostatically
controlled water bath beneath the light source which
was a 'Wotan Power star HQI 250W' metal halide lamp
with an aluminium reflector above it.

Approximately

60% of the irradiance of this lamp was PhkR.
leaf was perpendicular to the plane of light.

The
Light

intensity at the leaf chamber was altered by interposing neutral density filters made of cinemoid or
cheesecloth sandwiched between thin 'Perspex' sheet.
The filters and lid of the chamber were kept clean and
unscratched so that their transmission of light was
unaffected.

Short wave radiation at the chamber was determined using
a Kipp solarimeter.

An additional filter (Schott KG2)

was used during these measurements which prevented the
transmission of wavelengths > 800 nm so that approximate
measurements of photosynthetically active radiation
(defined as 400 - 700 nm, Sestk et al. 1971) could be
made.

The absorbtion spectrum of the neutral density

cinemoid filter was also determined using a Unicam SP 800
spectrophotometer; there was almost uniform absorbance
between 400 and 700 nm.

'Perspex' also had almost

uniform absorbance between 400 and 800 nm (estk et al.
1971).

The boundary layer resistance (r) of typical Acer
pseudoplatanus leaves within the assimilation chamber
wasdetermined using model leaves of appropriate sizes.
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These were similar in construction to those described
in 6.3.1.

Filter paper was attached to one surface

only, to which several thermocouples were also attached
Two leaves

for measurement of the surface temperature.

were used, Leaf A measured 11.5 cm at its widest point
and Leaf B, 7.1 cm.

Five thermocouples were attached

to Leaf A and four to Leaf B.

Measurements were made

with the wet surface in both adaxial and abaxial
positions and r was determined from measurements of
leaf temperature.and air vp (measured by the psychrometer).

IITaw

) x A s cm
(e w = ____________
Ta
(e —e a )xJ
1

21
Pa x cm
Pa x cm 3 sI

[

= saturated vp at 'leaf' surface temperature (Pa)
ea = ambient vp (Pa)
e1 = VP downstream of assimilation chamber
ea + vp increase due to leaf (Pa)
A = area of one surface of leaf (cm 2 )
J = flow rate of air (cm 3 s 1 )

The results are shown in Fig. 7.3,adaxial and abaxial
surface readings were not significantly different.
These results suggested that for

r

to be kept to a

minimum a flow rate of >2.5 1 min should be maintained during measurements.

7.3.3

Psychrometer

A thermocouple psychrometer unit based on the design of
Slatyer and Bierhuizen (1964b) was used.

This consists of

.5

2

0

0

1

2

4
5
flow rate [I min1]

3

Fig. 7.3
Boundary layer resistance
s cm 1 1 of model Acer pseudoplatanus L.
Leaves in the assimilation chamber.
Leaf A • 115cm at its widest point = 0
Leaf B 71 cm •. ..
o
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two parallel chambers in a 'Perspex' block with matched
dry bulb and wet bulb thermocouple elements inserted in
each.

The thermocouples were output to a Kent Mark 4

thermocouple chart recorder withits own internal reference unit (so avoiding the need for reference thermoThe rate of water loss from a leaf in the

couples).

assimilation chamber was determined by comparing the
vapour pressure of a sample taken from upstream of the
chamber (Pig. 7.2, no. 7a) with that of a sample taken
from downstream (Pig. 7.2, no. 'Tb).

7.3.4

Infra-red gas analyser (IRG-A)

The IRG-A used was the SB2 model made by Grubb Parsons
and Co. Ltd.

It was arranged with its two absorption

chambers in parallel so that the 002 content of air
which had passed through the assimilation chamber could
be compared with that of air from the same intake but
which had not passed through the chamber.

The deflect-

ions of the IRG-A voltmeter were recorded on a
tServoscrjbet chart recorder.

The calibration of the IRG-A is described in Appendix B.

7.3.5

The apparatus in use

At the start of each experiment, some preliminary measurements of photosynthesis were made so that appropriate
air flow rates could be used.

Also a single leaf was
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selected on each plant for the photosynthesis measurements.

Each leaf used was one of the pair of youngest

fully expanded leaves on the plant and apparently
healthy.

Its area was determined from its outline on

a sheet of paper.

The following stages were taken each time that measurements were made;

1

The system was run so that all electronic equipment

was warmed up and the ambient vapour pressure ea and
air flow rate were correct. Equipment calibrations
were checked.
2

The selected plant was removed from the wind tunnel

and placed on an adjustable stand so that the experimental
leaf could be easily introduced into the assimilation
chamber.
3

A thermocouple with output to a chart recorder was

attached to the centre of the abaxial leaf surface with
adhesive tape.

The thermocouple wires were run along

the petiole.
4

The leaf was then placed in the assimilation

chamber with the petiole resting in the chamber groove
and protected with putty. The lid of the chamber was
screwed down and the chamber fans run.

5

The Wotan lamp was then switched on and the water

surrounding the assimilation chamber was cooled to
maintain the leaf temperature at 20 ° C.

The output of

the IRG-A was followed until it was steady, showing that
a maximum level of assimilation was reached, this
commonly took

- h.
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The leaf-air vpd was maintained at 500 ± 300 Pa.
6

When all the experimental conditions were appropriate-

ly adjusted and stable and the IRGA output was steady,
readings of leaf temperature, ambient vapour pressure
(ea), vapour pressure downstream of the leaf, air flow
Tate and IRA deflection were taken.
7

The least dense neutral filter was then interposed

between the assimilation chamber and the light and the
water bath - was warmed slightly to maintain leaf
temperature at 20 ° C.

When the IRGA output had stabil-

ised the appropriate readings were taken.
8

Further filters were interposed in order of increas-

ing density and readings taken.

The final readings

were taken in total darkness.
9

The leaf was then taken out of the chamber and

described in 2.3.2 before returning the plant to the
wind tunnel. Further measurements on the same leaf
were made at the same time of day to accommodate any
diurnal fluctuations in behaviour.

7.3.6

a

Calculations

Leaf conductance to water vapour

e 5 = saturated vp at the leaf surface temperature
ea = ambient vp (Pa)
e 1 = VP downstream of assimilation chamber
= ea + VP increase due to leaf (Pa)
J = air flow rate (cm3 _l)
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A = total area of one side of leaf (cm 2 )
kW= total conductance to water vapour (cm s)
= boundary layer resistance (a cm)
kw = leaf conductance to water vapour (cm s_1)

3
kW = (ei_ea)xJ ctns

zkw= axcm
Pa x cm

(e - e 2 ) x A
a

=

I

Ik

Net photosynthesis

From the differential mode calibration of the IRGA
(Appendix B), a deflection of 0.006 v is equivalent to
a change in 002 concentration LCO 2 of the air of 1 vpm
at or near 310 vpm.

002 16.9 vpm

.. 0.100 v deflection

mI lair, a 0.100 v deflection

E

16.9 x 10 6 1 CO

at 2000, 1 1 002 weighs 1.842 g
.'. 0.100 v

E

L\ 002 31.13 x lO

mg l

air

let P = net photosynthesis rate (mg 00 2 cm-2 1)
J = air flow rate (1 _l)
A = leaf area (cm 2)
C = deflection of IRGA scale from ambient air value (v)
P

=

Cx31.l3xicm —2 5—1
A
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c

Residual resistance(r 0 2), residual conductance 1c °2

r 00 2

= LJ 0 2(DH 2 O)
(Dco 2 )

[rCO2

=

(s cm-1 ) (estk, atsk and
Jarvis, 1971)

0a - c l
P'+R j
1/r ° 2 cm s -1

k °2

Where Ca and 0 are the concentrations of CO 2 in the
ambient air and at the carboxylation sites respectively.
For these calculatiohs Ca is taken to be 310 p1 1-1
and C is assumed to be zero (which implicitly puts the
concentration of 002 at the carboxylation sites into
the values of x and km)•

- and P = net photosynthesis rate' ?l 002 cm-2 S
R = respiratory efflux of 002 in the dark /.tl 002 s cm 2
DH 2 0 =

1.65

D002
total resistance to water vapour s em

d

Photosynthetic efficiency

photosynthetic efficiency =
increase in rate of photosynthesis from O-lOO W
100 W
= x mg CO 2 dm-2 h
l w-1J -1
100 J s m
= x
3660

mgCO 2 JPhAR

M-2

PhAR
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RESULTS

7.4

The after-effects of wind treatment upon rates of photosynthesis expressed as F, net flux density of 002 in
Experiments D, E and F are shown in Fig. 7.4, and the
corresponding values of leaf conductance to water vapour
(kw) (also recorded in the assimilation chamber) are
shown in Fig. 7.5.

These results were calculated in

terms of two different areas of leaf; the open circles
'o' represent the rates of net photosynthesis calculated
in terms of the whole leaf area and the closed circles
.' represent the rates of net photosynthesis in terms
of the green (macroscopically undamaged) leaf area.
During the first calm period these two leaf areas were
identical as the plants had not yet been exposed to a
damaging windspeed.

The percentage of the leaf area

which was macroscopically undamaged in each experiment
is shown in Pig. 7.6.

In Experiment F, the areas of

leaf damage had little effect upon the calculations of
the values of

and the two points (o and •) have only

been shown where they are not superimposed upon each
other.

The 95 % confidence limits for some of the data points
in Pigs. 7.4 and 7.5 are shown.

The paired-sample t

test was used as in 6.4 in order to assess the significance
of changes in rates of net photosynthesis and values of
which occurred as an after-effect of the different
wind treatments in each experiment.

In each case the
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values of p shown are for the comparison between the
rate during a particular period of wind-treatment and
the rate during the initial calm period, values at all
levels of illumination were tested.

Values of mesophyll conductance and photosynthetic
efficiency are shown in Fig. 7.7 and Table 7.1 respectively.

As can be seen from Fig. 7.4 there was a considerable
difference in the initial rates of net photosynthesis
at light saturation (300 W m- 2 ) in the three experiments,
so that the rate in Expt. D> E> P.

The corresponding

values of leaf conductance to water vapour (Pig. 7.5)
and the values of photosynthetic efficiency (Table 7.1)
were also in the order Expt. B> E> F.

This order is

the same as that of the % soil water and the leaf conductance to water vapour in the wind tunnel (see Chapter 6.7).

In Experiment D, wind treatment significantly increased
the rate of net photosynthesis at levels of light above
50 W m 2 PhAR (paired-sample t test) when the rates of
photosynthesis were calculated in terms of the green
leaf area.

This effect was temporary: the rates of

photosynthesis during the second calm period only differed
significantly from those before wind treatment in one
case (at 100 W m - 2 ).

No significant increases in the

rates of net photosynthesis were recorded at any level
of irradiance in Experiments E and F.

There was,

however, a significant decrease at the end of Expt. E.
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TABLE 7.1

After—effect of wind treatment upon the photosynthetic
efficiency of leaves of Acer pseudoplatanus L. in
Experiments D, E and F.

(Values shown are based on

the green leaf area).

mean photosynthetic efficiency
mg CO 2 J 1 PbAR
EXPERIMENT

D

E

F

calm

0.00256 ABB'

0.00178

0.00125

1st wind

0.00345 A

0.00165

0.00111

2nd wind

0.00330 B

0.00172

0.00116

calm

0.00318 B?

0.00143

0.00138

A represents p

0.02 - 0.01 )

B,B' represents p =

0.05 - 0.02

3_

paired sample t test
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Dark respiration was unaffected by wind and by the
availability of water totheplant.

No significant increases in leaf conductance to water
vapour (Pig. 7.5) were recorded at light saturation in
any of the experiments.

However, in Expt D there were

significant increases at some lower irradiances during
the first wind period.

Significant increases in photosynthetic efficiency
(Table 7.1) occurred in Expt. D in both wind periods and
in the second calm period, compared with the intial values.

Residual (mesophyll) conductance did not differ significantly between experiments (Pig. 7.7) and no consistent changes
were observed in response to wind.

However, there was

a significant increase in k ° 2 in Expt. D between the first
and second calm periods when the calculations were based on
the area of leaf that was green.

In Pig. 7.8 net photosynthesis at light saturation has
been plotted against the corresponding values of leaf
conductance to water vapour during the different wind
periods of each of the three experiments. As can be
seen the results from each experiment bear a distinct
relationship to each other so that the data from the
three experiments appears to be continuous.
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7.5

DISCUSSION

The overall values of F and

4

recorded in the leaf

chamber at light saturation and the photosynthetic
w
efficiency follow the same pattern as values of k 1 for
the whole plant which were measured in the wind tunnel
during these experiments (Fig. 6.18) viz; F, photosynthetic efficiency and

4

in Expt. D>E>F. This

order is also that of decreasing soil water in the
three experiments.

The residual conductance, k ° 2, did not differ significantly between experiments (Pig. 7.7) and so cannot have been
the cause of differences in rates of net photosynthesis
at light saturation between or during experiments.
F is plotted against

4

When

at light saturation for each of

the three experiments (Fig. 7.8) a curvilinear relationship is apparent which suggests that, despite leaf
damage, 002 and water vapour follow the same pathway the conductance calculated from water vapour losses is
shown to regulate the CO

flux.

The value of

4

is

regulated by the amount of soil water affecting stomatal
aperture at light saturation.

However, although

4

generally appears to have a limiting

effect on F, the effect of wind upon P at light saturation
in Expt. D cannot be explained by a corresponding effect
upon

4

as this did not increase significantly at light

saturation during wind although increases at lower
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irradiances were recorded.
300 W

(The down-swing in k at

compared with 150 W m- 2 suggests that an error

in oeasurementmay have occurred, possibly through condensation
in the leaf chamber, although no condensation or other cause
of error was detected.

Stomatal closure at 300 W

in Expt. D is unexpected as the plants were well watered.
The closure was not a transitory reflexat onset of bright
light for measurements were prolonged so as to exclude
such reflexes.)

Photosynthetic efficiency at irradiances below light
saturation were also increased during Expt. D.

Increase in net photosynthesis has sometimes been recorded
as an effect of wind damage (5.5.3) although reductions
have also been measured and attributed to reduced mesophyll
conductance (Grace and Thompson, 1973;

MacKerron, 1975).

Unlike Grace and Thompson (1973) no difference in the
level of irradiance required for light saturation was
found in this work.

Armbrust et al. (1974) found increased rates of photosynthesis per unit of live leaf area of winter wheat
seedlings which had been sand-blasted or artificially
defoliated to simulate the loss of leaf area caused by
sand-blasting (these increased rates were accompanied
by an increase in chlorophyll content.) Plants damaged
by wind only showed no increase in photosynthesis per
unit of live leaf area.

Ribulose -1, 5- diphosphate
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carboxylose activity was reduced in all except the
'wind only' treatment.

These results are somewhat at

variance with those of Wareing et al. (1968) who found
that rates of photosynthesis per unit of live leaf area
in Phaseolus vulgaris were increased by artificial
defoliation and were accompanied by an increase in
carboxylating enzymes.

In these experiments, neither wind nor soil water availability had any detectable effect upon dark respiration,
although previous workers, Todd et al. (1972), Armbrust
et al. (1974) and NacKerron (1975) have all recorded
increased dark respiration as a result of wind treatment.
In this series of experiments dark respiration was
measured as a part of the light response curve of
photosynthesis with the IRGA on a relatively insensitive
setting to accommodate the changes in CO
anticipated at high irradiances.

concentration

It is possible that

with the IRGA on this setting, small changes in dark
respiration would not be detected.

In these three experiments the availability of soil
water generally appears to have a greater effect upon
the plant than does wind.

Thus, when calculations were

based on leaf area, net photosynthesis, leaf conductance
to water vapour and photosynthetic efficiency all
decreased with decreasing soil water although residual
conductance and dark respiration were unaffected by the
availability of soil water.

Wind only exerts an effect
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when ample soil water is available, when photosynthesis
at light saturation and photosynthetic efficiency are
increased.

For these experiments, the plants, which were grown in
a glasshouse, were transferred to a growth room for
acclimatisation to daylength, temperature and ambient
vapour pressure before being transferred to the wind
tunnel. kcclimatisation was not made in the wind tunnel
as this restricted its availability for other work.
During their transfer from glasshouse to wind tunnel,
the plants underwent two changes in irradiance, from
normal glasshouse illumination to artificial light of
68 W m 2 in the growth room and then to artificial light
2
of approximately 56 W m- in the wind tunnel (see
Chapter 2).

It has been suggested that, as many plants are known to
adapt their rates of photosynthesis to the levels of
ambient lighting (e.g. G-aastra, 1969), the experimental
plants may have been adapting to the low levels of irradiance
in the wind tunnel during the period when rates of photosynthesis were being measured.

Consequently, the measure-

ments of photosynthesis may reflect some aspect of this acclimatisation rather than the effects of wind.

In 2.1.1 the evidence of the effects of irradiance upon
photosynthesis in Acer pseudoplatanus was shown to be
conflicting, different rates of photosynthesis may or
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may not be found at different ambient levels of irradiance
(Wassink et al. 1956;

Starzecki, 1974).

However, even

if a period of -acclimatisation to a new lighting regime
is necessary, its duration may be brief; G-ubar et al.
(1977) showed that cucumber plants only took 3 days to
adapt photosynthetically to a new lighting regime.
The experimental plants were in the wind tunnel for at
least 7 days before measurements of photosynthesis were
made which suggests that any acclimatisation to the low
levels of light in the wind tunnel would have taken place
by this time.

The measurements of photosynthesis made in the assimilation
chamber showed that light saturation occurred at approximately 150 W m 2 and that at 64 w m 2 (the tunnel
irradiance) the plants were well below their potential
maximum photosynthesis.
This does not necessarily imply
ta
that adaption to tunnel conditions was incomplete as
Wassink et al. (1956) also found that the saturating
irradiance was higher than that at which the plants were
grown.

Woolhouse (1968) found that the rate of photosynthesis
of a Perilla leaf declined gradually after it had reached
full expansion and that this was related to a decrease
in k °2.

This poses the question of whether ageing

of plants during an experiment has affected the results
described in this experiment and highlights the problem
of a lack of control environment.

However, except where

175
effects could be related to wind treatment there has
generally been little change during experiments and these
No

changes do not affect interpretation of the data.
significant changes in k 00 2 were found.

7.6

SUMMARY

1

The overall values of net photosynthesis(F),

leaf conductance to water vapour (k) and photosynthetic
efficiency recorded during Expts. D, E and P in the leaf
chamber followed the same pattern as k recorded in the
wind tunnel during these experiments; viz. P,
photosynthetic efficiency in Expt. D>E>P.

4

and

This order

is also that of the decreasing soil water in the 3
experiments.

2

Residual conductance (r ° 2) and dark respiration

did not differ significantly between experiments.

3

In Expt. D, P at

50 W m 2 PhkR was significantly

increased by wind when values were calculated in terms
of the green (undamaged) leaf area.

4

There is a curvilinear relationship between P and

w at light saturation and the data for the 3 experiments
k1
appear continuous.

This suggests that stomatal conduct-

ance normally regulates the CO

flux.

Stomatal aperture

is probably governed by the amount of soil water.
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5

The effect of wind upon F at light saturation

in Expt. D cannot be explained by a corresponding
effect upon

or upon k02.
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CHAPTER 8.

SUIFTMkRY AND GENERAL DISCUSSION

This thesis has demonstrated some of the effects of
wind upon young Acer pseudoplatanus L. trees. In
particular, the nature of wind damage to the leaves is
documented and some investigations of the consequences
and H 2 0 exchange are described.
The main findings are listed below.
of this damage for CO

a

Macroscopic Damage

1

Leaves of A. pseudoplatanus L. developed lesions when they

were exposed to wind; these lesions were caused by
abrasion (3.2).

2

Three main types of lesion were identified by their

colour and were related to leaf age and to the severity
of damage (3.2).

3

The areas of the leaf that were particularly

susceptible to wind damage changed as the leaf expanded
from the bud; this was a result of changes in leaf
topography (3.3).

4

The extent of wind—induced leaf damage on two trees

growing outside in an exposed situation increased from
bud—break in April—May until June, when 50-60% of the
leaf area was necrotic or absent (3.4).

No significant
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increase in damage was found after June despite further
periods of high wind and the continued production of
leaves (3.4).

5

Wind tunnel experiments showed that young, expanding

leaves were more easily damaged than older leaves.
This was a confirmation of field observations.

6

In the wind tunnel,a linear relationship was found

between % leaf damage and windspeeds in the range investigated
(1-6,3 m s -1 ), indicating that leaf damage was related
to the number of fhitst received (3.5).

7

Onset of a high windspeed in the wind tunnel was

found to be accompanied by a reduction in the mean leaf
relative growth rate which did not recover immediately
when windspeed was subsequently reduced (3.5).

b

Microscopic Damage

1

Observations of leaf anatomy at the microscopic

level showed that the two epidermes differed in structure.
The adaxial epidermal cells possessed thickened outer
periclinal walls and a ridged cuticle lacking epicuticular
waxes, whereas the abaxial epidermal cells were thin—
walled and papillose, the outer periclinal wall being
covered with fine epicuticular wax structures.
were present only on the abaxial surface.

Stomata

Veins were

surrounded by collenchyma cells which frequently
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contained rhomboidal crystalline bodies (4.3; Appendix A).

Wind damage to the abaxial surface resulted in

2

crushing of epidermal papillae and changes of epicuticulni
wax structure.

When the adaxial surface was damaged, its

epidermal cells collapsed and the leaf surface became
wrinkled, but the cuticular ridges remained intact.
Disruption of the mesophyll cells was a common occurrence,
associated with damage to either surface.

The brown

discolouration of the lesions was located in the mesophyll
(4.4).

3

Despite the observations in 3.3 that the topographic

structure appeared to provide protection for the abaxial
surface, microscopic studies indicated that the abaxial
surface actually sustained more damage than the adaxial.
It was shown by artificial abrasion that the abaxial
surface was far more easily damaged than the adaxial
which suggests that the topographic features of the leaf
are very important in protecting it most vulnerable
parts from damage (4.4).

C

Physiological studies

1

The effects of wind upon CO

and 1120 exchange

depended upon the state of plant development and the
availability of soil water.

2

At high levels of soil water there were two

patterns of response of leaf conductance to water
When leaves were fully expand-

vapour (kw) to wind.

ed, k (day) was gradually increased by wind over a
period of several days.

However, when leaves were

still expanding, k (day) was unaffected by wind.
Wind increased k (night) irrespective of the state of
leaf development (Chapter 6).

3

At lower levels of soil water k (day) and k w

(night) were both smaller than in the experiments
described in 2 above and changes in their values in
response to wind diminished as soil water decreased.
Leaf water potential became more negative (Chapter 6).

4

Where there were wind effects upon k, they were

always at least partially reversible in a subsequent
calm period (Chapter 6).

5

There was a linear relationship between the %

macroscopic leaf damage and cuticular conductance of
water vapour k.

These increases were permanent but

were of little consequence compared with the much
larger increases in k' associated with wind (when these
occurred).

Increases in

4

incorporated a stomatal

component (Chapter 6).

6

Photosynthesis was only affected by wind at high

levels of soil water.

When leaves of plants at high

levels of soil water were damaged by wind, the rate of
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photosynthesis (F) of the remaining leaf area increased
significantly at light intensities >50 W m PIiAR,
compensating for the loss of green (photosynthetic)
leaf area.

This effect was temporary and did not

persist when the plants were subsequently exposed to
lower windspeeds (Chapter 7).

7

At lower levels of soil water,F and k (recorded

in the leaf chamber) were considerably decreased and
no response to wind was recorded (Chapter 7).

8

When F was plotted against k at light saturation

for each of the three experiments at different levels
of soil water, a curvilinear relationshipwas found which
suggests that stomatal aperture exerted an overiding
influence on the rate of photosynthesis (Chapter 7).

9

Like k

and F (at light saturation),photosynthetic

efficiency in Expt. D>E>F.

It was increased as a

result of wind treatment in Expt. D.

10 No significant consistent changes in mesophyll
conductance or dark respiration were found to occur
in these experiments in response to wind and they were
also unaffected by the availability of soil water.
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Acer pseudoplatanus L. is said to be a wind tolerant
tree species and is recommended for planting in exposed
situations (Caborn, 1965).

Its wide distribution of

planting in Britain, from city gardens to upland
shelterbelts and exposed coastal situations (where
salt is an additional hazard to plants), testifies to
its ability to tolerate a wide range of climatic
conditions.

Nevertheless, this thesis has demonstrated

that it is not unaffected by wind; considerable structural
damage can occur and in some situations there may be
changes in physiological behaviour.

The key to the

ability of this species to survive in exposed situations
may lie in the modification of its physiological
response according to the availability of water to the
plant.

Stomatal control is such that when enhanced

water loss from the plant could be deleterious
when soil water is in short supply, transpiration is
restricted and unaffected by wind.

However, when there

is abundant soil water, stomatal aperture is increased
by wind and the accompanying increase in photosynthesis
may enable the plant to compensate for the damage that
it has sustained.

Leaf anatomy could also be import-

ant in restricting the amount of damage caused by wind.

Wind—induced leaf damage could be considered as a type
of defoliation, similar to that experienced by a plant
grazed by animals.

Several studies of grazing (using

artificial defoliation) have shown that some plants
are capable of compensating for considerable losses of
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leaf area and that the final yield may be unaffected
(Jones et al., 1955;
1966).

Carlson, 1966; Grant and Hunter,

In both these situations, the ability of a

species to compensate for its losses enables it to survive
in its habitat.

Further work on Acer pseudoplatanus L. which could explain
its ability to survive in exposed situations should
include the following-

1

Further investigations of the differences found

between the response of young and old leaves to wind.

2

Effects of wind-induced leaf damage; considering

such aspects as pathogen attack at damaged sites and
leaching of nutrients from areas with increased surface
wettability.

3

Elucidation of the mechanism by which wind affects

leaf expansion.

An important corollary for this work could be a comparison
of the performance of a number of tree species in wind,
including species which are of economic importance.
This should include an examination of the response of
a range of species from those that are known to be windsensitive to those that are wind-tolerant and the
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response of several ecotypes of the same species.
An interesting development, following the work of
Thompson (1975) and Bradbury and Malcolm (1977) and
others, would be to examine the effects of nutrition
upon plant response to wind.
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APPENDIX A.

This appendix should be read in conjunction with Chapter 4.

A.l PRELIMINARY STUDIES I: SURFACES OF LEAVES WHICH
HAD NOT BEEN EXPOSED TO WIND.

Adaxial and abaxial surfaces of leaves of Acer pseudoplatanus
L. which had not been exposed to wind were studied to
provide information on the characteristic features of
undamaged leaves.

Fresh—uncoated, fresh—coated and

freeze—dried—Coated samples were used so that the effects
of different preparative treatments could be compared
and any deterioration in the sample due to the effects of
the vacuum in the SEN was noted so that subsequent
examinations of wind—treated material could be correctly
interpreted and utilise the optimum conditions.

Wax

structures were located and tested to determine whether
or not they arose from a continuous superficial wax
layer.

Leaves of different ages were also examined to

determine whether there were any changes in surface
structure accompanying leaf development.

A.l.l

Materials and methods

Plant Material
Samples were taken from healthy glasshouse grown plants
of Acer pseudoplatanus L. (their culture is described
in 2.2).

These plants came from the same batches as

those which were used for wind tunnel studies and had

...
received identical treatment in the glasshouse.

The

leaves from which samples were taken were all similar
in appearance and had recently completed their expansion.
Sampling was standardised to eliminate any variations in
surface structure which might occur over the leaf, all
samples being taken from the bases of primary lobes
(Fig. 3.1), midway between the main vein and the leaf
margin.

Thus any variations in the microscopic image

produced could be attributed more to the effects of
preparative techniques than to initial variations in
tissue structure.

Leaves were picked less than 2h before being prepared
for the microscope ;and were handled carefully, avoiding
contact with sample sites.

Before preparation, the cut

leaves were kept in sealed dishes containing filter
paper dampened with distilled water in which they could
be easily transported.

The curvature of the leaves

prevented the sample sites from making contact with the
paper or the dish.

All samples were cut with fine,

sharp scissors and handled with fine forceps.

Methods

1

Microscopy

a incident—light illumination
The appropriate leaf samples were cut and were
placed on microscopic slides.

Mounting fluid and
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coverslips were not used.

The surfaces of the samples

were examined using a leitz 'Ortholux II' microscope,
fitted with an 'Ultropak' incident—light illuminator,
type UO 32/055.

Samples were photographed using Kodak 'High Speed
Ektachrome' film balanced for tungsten light illumination
(3200 ° K).

b

Scanning electron microscopy

Three types of samples were prepared; fresh—
uncoated, fresh—coated and freeze—dried—coated.

The

combination of preparative steps is summarised in Fig. Al.

i

freeze—drying

Whole leaves were placed on the specimen stage
of an Edwards B5A freeze—drier which had been pre—cooled
to —ü ° .

Drying was completed in 4-5d, the leaves then

being stored in a desiccator until required.

ii sampling and mounting

Samples measuring 5 x 5mm were cut and laid,
appropriate side uppermost, on specimen stubs which
had been covered with double—sided adhesive tape.

The

margins of the samples were firmly attached to the tape
by applying pressure with an orange stick. A fine rim

PIG. A. I.

SUMMARY OF THE PREPARATIVE STEPS FOR THE SCANNING
ELECTRON MICROSCOPE.

freshly picked leaf samples

freeze—dried

specimens mounted on stubs

coated with an electrically
conductive lager
ii

21

examined in the SEM

KEY

1

fresh—uncoated

2

fresh—coated

3

freeze—dried—coated

3

of Acheson 'BAG 915 High Conductivity Paint' was then
applied around the edge of the stub and the margins of
the tape to minimise charging of the stub by earthing
its surface.

iii coating

A thin, electrically, conducting layer was
-2
applied in a vacuum of 1.33 x 10 Pa to the mounted
specimens using an Edwards Pirani Penning 4A vacuum
coater.

20mm of palladium - gold wire (40% Pd, 60% Au),

0.25mm in diameter were evaporated onto the surface of
the stubs from a distance of 12cm.

The stubs were

rotated and tilted during coating.

iv examination

Prepared specimens were examined in a
Cambridge Instruments "Stereoscan" Sla scanning
electron microscope, at an angle of 450, in a vacuum
of 1.33 x 10 Pa.

Accelerating voltages of 3kv and

10kV were used for uncoated material and 5-20kV for
coated material.

Sample margins which might have been

damaged during cutting and mounting were avoided.
Photographs were taken on Ilford FP4 film, using a 40s
scan of the 1000 line raster.

p1

2

Special methods

I Location of wax in surface structures

Wax structures were located by immersing fresh
leaf samples in chloroform at room temperature for
different periods, with intermittent agitation.
Chloroform was used as it is the most effective wax
solvent (Silva Fernandes et al., 1964).

On removal

from the chloroform, the samples were allowed to air—
dry until the remaining chloroform film had evaporated
and were then coated prior to microscopic examination
(SEM).

ii Test to determine whether epicuticular waxes
form a continuous layer over the cuticle.

Epicuticular wax structures may arise directly
from the surface of the cuticle, or from a thin film
of homogenous wax overlaying the cuticle.

Chloroform

immersion might not reveal the presence of a homogenous
film as its surface features would be identical to
those of the cuticle below.

Samples were lightly

abraded with a 42 S.W.G. constantan wire to 'lift , any
superficial structures and were coated before examination
in the SEN.
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Results and Discussion

A.1.2

a Structural features of the leaf surfaces

A cursory examination of fresh—uncoated specimens
of Acer pseudoplatanus L. leaves showed that the abaxial
and adaxial surfaces differed considerably in their
structure.

The abaxial surface (Plate A.la) appeared

highly papillose, with stomata sunken between papillae.
The surface of each papillose projection was covered
with a fine, reticulate coating which was much less
evident between papillae.

The adaxial surface (Plate

A.lb) was composed of interlocking, convex domed areas
rather than papillae, each of these areas was ridged
with coarser material than was found on the papillae
of the abaxial surface.

These ridges were frequently

aligned in a radial or parallel arrangement on each
dome.

Another, broader, ridge was apparent running

along the 'valleys' between domes.

When the waxes in the surface structures were located
by immersion of samples in chloroform it was found
that the degree of protrusion of the finely networked
surface structures was progressively reduced by immersion
for 15 or 30s in chloroform (Plate A.2a,b,c)0

The

structures of the adaxial surface were unaffected by
such immersion (Plate A.3a,b)0

The ridges on this

surface are well within the resolving power of the light
microscope and they were examined further by incident—
light illumination; they were unaffected by 50 minutes
immersion in chloroform.
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These results suggest that the superficial structures
of the two leaf surfaces differ in their constituents,
those of the abaxial surface being composed of wax and
those of the adaxial surface being apparently of
cuticular origin.

Light abrasion with a constantan

wire confirmed this view, the fine structures of the
abaxial surface were considerably disturbed by a single
stroke of the wire (Plate A.4a,b) whereas the adaxial
surface (Plate A.5a) was unaffected.

This suggests

that even a thin film of epicuticular wax was absent
from the adaxial surface.

There is evidence that the

epicuticular wax projections on the abaxial surface
arose from a homogeneous layer of wax overlaying the
cuticle, in Plate A.4a,b the damaged wax appears to be
lifting off in sheets in certain areas that are
The different effects of the wire on these

indicated.

two surfaces suggests that the adaxial surface is more
resistant to damage than the abaxial surface, this
point is discussed in 4.5.

b Different preparative treatments

i

effects of time in the SEN upon the

features of fresh—uncoated samples.

Fresh—uncoated samples of both leaf surfaces
were placed in the SEN and photographed at intervals
to monitor any changes in appearance.
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When the fresh—uncoated abaxial surface was examined
at 3kV no alterations in appearance were noted until
approximately 10 minutes had passed (Plate A.6a—d).
After this period, the tissues showed a propensity to
charge, papillae collapsed, and some of the fine
surface structure was lost (Plate A.6d).

Regions

showing such changes were local, but increasing in
number.

Plate A.6a—c shows the same area of tissue

at increasing magnification over a period of 9 minutes,
no structural collapse is evident.

The adaxial surface was examined at 3 and 10kV.

At

3kV no change in structural appearance was observed
during the first 15 minutes, although some charging
was apparent after 10 minutes. Plate A07a—d shows the
surface at 10kV.

Some charging was apparent after

9 minutes (Plate A.700

Veins were flush with the

remainder of the leaf surface at 3kV but stood proud
at 10kV, presumably due to collapse of the mesophyll.

From these observations it appears that study of the
abaxial surface of fresh—uncoated specimens of Acer
pseudoplatanus leaves at 3kV should be limited to the
10 minutes after they are introduced into the column.
At 3kV, the adaxial surface is more resistant to
damage, observations being limited by the onset of
charging.

Although some damage (mesophyll collapse)

occurs at 10kV this damage does not affect fine surface
features and so this operating voltage appears suitable
for these investigations.
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ii Effects of preparative treatment for SEN
upon the surface appearance of leaves.

Comparable leaf samples were prepared for the SEN by
3 different methods, viz; fresh-coated, fresh-uncoated
and freeze-dried-coated.

(Coating was with Au/Pd).

The indications of the previous section regarding suitable operating conditions and time in the SEN were
observed when fresh-uncoated samples were used.

For

comparison, surfaces were also examined by incidentlight illumination.

The general features of the abaxial leaf surface
(Plate A.8a-c; A.9a-c) remain the same regardless of
the treatment.

The stomata are distributed over the

surface of the interveinal areas which are formed of
papillose projections covered with fine interlocking
ribbon-like epicuticular wax structures.

While the papillose projections are common to all
treatments, their packing and form are variable.

The

papillae are rounded in the fresh-coated tissues (Plates
A08b; A.9b) and more uneven and flattened in shape in
the freeze_dried-coated material (plates A.8c; A.9c).
Flattened areas between papillae are apparent in coated
samples (Plates A.8a 2 c; A.9a,c), being greater in the
fresh-coated material.

In these flattened areas inter-

connecting ridges occur (arrow, Plate A.8a) which form
polygons around the papillose projections.
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The packing and form of the epicuticular wax structures
varies according to the treatment.

The wax crystals

are more protrusive and tightly packed in the coated
(Plate A.9a,c) than in the uncoated material (Plate A.9b).

In all treatments, the veins are raised relative to the
leaf surface as happens with tissues which have not been
prepared for the microscope.

Stomata are absent from adaxial surfaces which are
composed of interlocking convex units lying between
more elongated units of the vein regions.

These units

correspond with the underlying epidermal cells. (A.2.2).

The degree of convexity and definition of these units
varies according to the preparative treatment (Plate
A.lOa—d).

Each is covered with cuticular ridges which

interlock and overlay each other on the dome and run
down to the margins, usually approaching them more or
less perpendicularly.

Ridges are commonly continuous

from one convexity to another in the fresh—coated and
freeze—dried—coated samples (Plate A.lOa,c) but are
generally interrupted in the fresh—uncoated material
(Plate .A.lOb) where the margins of each convexity are
defined by a smoothly rounded band.

(Although

interrupted, the cuticular ridges of one convexity are
commonly in line with those of a neighbouring convexity).
It was found subsequently (A.1.4) that the marginal
band was not associated with the method of preparation,
but was associated with leaf age.
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The finely anastomosing veins are raised relative to the
leaf surface on all these samples (plate A.lOa,b,d); on
leaves which have not been prepared for the microscope
these veins are flush or slightly sunken.

The appearance of both surfaces using incident-light
illumination is shown in plate .k.11a,b.

The limitations

of the shallow depth of field associated with this method
are evident, but may be reduced in practice by continually
adjusting the focus of the microscope.

So far as can

be seen, the abaxial surface (Plate A.11a) is similar in
appearance to that of fresh-uncoated material (Plate A.8b)
seen in the SEN, the papillose projections being rounded
and tightly packed, particularly around the stomata.

The adax± surface under incident-light illumination
(plate k.11b) is similar in appearance to fresh-coated
and freeze-dried-coated material (Plate A.lOa,C)
Fresh-uncoated material has a different appearance which
will be discussed in section A.1.4 where evidence is
presented to suggest that the preparative method was not
linked with these differences.

A.1.3

Discussion; Tissue damage in the SEN

Tissue shrinkage and collapse and epicuticular wax
damage are familiar problems to the scanning electron
m i crosc opist studying plant surfaces (Heslop_Harr1S0fl,
1971;
1970; Baker and Holloway, 1971; Palk et al.,
Parsons et al., 1974).

Methods of preparation have
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been developed to avoid these problems but they may
create their own; epidermal cells commonly collapse
in the vacuum during coating, although wax crystals
are usually unaffected (Rentschler, 1971), whilst
methods which avoid vacuum damage commonly disrupt wax
structures (Parsons et al., 1974). Hence the microscopist
is presented with the dilemma of choosing a suitable
method with which to treat a specimen having more than
one type of structure.

In this instance, the cellular features of the abaxial
leaf surface under incident—light illumination (ILl)
resemble the features of fresh—uncoated specimens soon
after they are introduced into the SEN (the features
of the epicuticular wax structures cannot be compared
as they are not clearly visible under ILl).

Stress

involved in the former method of observation is negligible,
hence tissue distortion should be minimal.

Thus the cells

of fresh—uncoated specimens viewed by SEN are probably
undistorted.

The difference in appearance of the

epidermal cell surfaces of this specimen and those
prepared for the SEM by other methods probably results
from shrinkage, this is indicated by a greater density
of epicuticular wax structures on coated material
(Plate k.9a,c) than on uncoated material (Plate A.9b)
The ridges linked in polygonal forms around papillose
projections have been described for fresh material
(Plate A.8a), and are probably the anticlinal walls of
the epidermal cells.
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The process of shrinkage may be similar to that suggested
in Pig. A.2a,b, surfaces lacking epicuticular wax
structures are concealed when the cells are turgid
(Pig. .A.2a), but are revealed when they shrink (Pig. A.2b),
The papillae are more free to shrink than other parts of
the cells as they are free-standing and not held under
tension by interconnections with walls of other cells.

This hypothesis may be tested in the following manner;

If the periclinal dimensions of the papillose projections
at the leaf surface of uncoated material (see x, Pig. A.2a)
correspond to the distances between opposite ridges forming polygonal structures on fresh-coated material
(polygonal structures are the ends of the anticlinal
walls of the epidermal cells) (see y, Fig. A.2b) then
it is likely that shrinkage of the projections has
occurred during coating.

Measurements of these dimensions were taken from
photomicrographs of fresh-coated and fresh-uncoated
samples.

For this purpose, measurements were only

made on the papillose projections of the cells which
were adjacent to the guard cells as they are more
uniform in appearance than other epidermal cells.
The maximum distance between opposite anticlinal walls
of the papillae was measured in fresh-coated and freshuncoated material.

Maximum ridge-to-ridge distance

was also measured in the fresh-coated material.

In

a]

bi
Fig. A.2
Representation j TS of a proposed mechanism of shrinkage of ahaxiot epidermal cells during
coating with Au/Pd in preparation for the SEM.
a cells turgid as seen by incident Light illumination and in fresh-uncoated specimens by
appears to be covered by
SEM. The we of the external surface [apart from the guard cells I
epicuticulor wax structures.
bi cells as they appear in the SEM after coating. Papillae have shrurk to expose regions
lacking epicutic&ibr wax structures. Wax structures on the shrunken projections are more
densely packed than in [a].
wax structures, 1= external surface Lacking epiclJtiCulcr wax)
I g = guard cell, w = epicuticular
see text for explanation of x and y.

the SEN each specimen was tilted at an agle of 450 from
the horizontal with the specimen facing the viewer; in
a photomicrograph this will distort any measurements of
dimensions apart from those which are taken parallel
with the horizontal plane of the camera lens, consequently
measurements of the long axes were only made when they
lay in this plane.

The results are shown in Fig. A.3.

The similarity between the ridge-to-ridge distance of
fresh-coated material and the distance between the
opposite anticlinal walls of the papillae of freshuncoated material coupled with the reduction in size of
these projections in fresh-coated material (Pig. A.3),
indicates that shrinkage of the papillose projections
of the abaxial surface does occur during coating whereas
the parts of the epidermal cells that are joined to
their neighbours do not shrink.

These results support the view that the difference in
appearance of the abaxial surface when it has been
prepared for examination in the SEM by different methods
may be attributed to shrinkage of the papillose projections of the epidermal cells when the material has been
coated.

The epidermal cells of the adaxial surface do not appear
to have shrunk periclinally during preparation. However, in coated material and fresh-uncoated material
examined at 10kV, the epidermal cells appear sunken in

PIG-. A.3

MEAN DISTANCES BETWEEN OPPOSITE ANTICLINAL WALLS OF
PAPILLAE OF EPIDERMAL CELLS AND MEAN RIDGE—TO—RIDGE
DISTANCESON PREPARATIONS OF ACER PSEUDOPLATANUS L.
LEAVES FROM THE SEN.

n

SOD.

C.L.

a = 23.10x10 6 m

12

8.06

(23.10±4.56)x10 6 m

fresh—coated

a = 13.02x10 6 m

26

2.14

(13 0 02+0.82)x10 6 m

fresh—coated

b = 23.62x10 6 m

18

528

(23.62±2.44)x10 6 m

PREPARATION

MEASUREMENT

fresh—uncoated

a

= mean distance between opposite anticlinal walls

b

= mean ridge—to—ridge distance

n

= number of measurements

S. D. = standard deviation
C.L. = 95% confidence limits
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relation to the veins, whereas they are normally raised.
This indicates that the mesophyll has collapsed in the
anticlinal plane as a result of dehydration under
vacuum.

The abaxial surface wax structures in uncoated material
(Plate A09b) appear to be reduced in size compared with
the other treatments, indicating that they have sustained
damage.

Delicate wax structures are susceptible to

beam damage even when they are coated (Baker and Holloway,
1971) although susceptibility of coated wax structures
is less than that of uncoated wax structures.

The

reduced structures bear similarities to those which had
been immersed in chloroform (Plate A.2b,c).

However, although there are indications that the wax
structures of uncoated material have sustained damage,
it is interesting to note that the uncoated structures
did not change in appearance in the microscope until
they became locally charged and coalesced (Plate A.6a—d).
This suggests that the initial reduction in size, if it
was due to microscope damage, must have occurred during
the first few minutes in the microscope before the
specimen was observed, uniformly over the specimen.
The uniformity of the reduction in wax structure suggests
that it was not due to beam damage.
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It is possible that the epicuticular wax structures of
the abaxial surface sustained damage when they were
It is

uncoated, however the evidence is inconclusive.
possible that the wax structures appear :reduced in
uncoated material due to an imaging effect in the
absence of a metal film.

Thus it appears that the method of preparation considerably affects the appearance of the leaf in SEN, particularly that of the abaxial surface.

The various treatments

can produce shrinkage, collapse of tissues and alterations
of wax structures which may affect the interpretation of
surface features associated with wind—damaged leaves.

The selection of an appropriate preparative method for
- the observation of wind—damaged tissues in the SEN is
difficult as all methods lead to damage either during
preparation or during microscopy.

It is to be anticipated

that wind damage will occur first to the most delicate
and exposed leaf structures - the epicuticular waxes.
These may be damaged if they are not coated and other
complications in interpretation may result from differences in the appearançe of the image. However, if a
coating is used, then cellular shrinkage occurs which
may be confused with cellular collapse or rupture which
could be a secondary feature of wind damage.

These

problems might be resolved by using coated samples to
provide information about epicuticular wax damage and
uncoated samples could be used for studies of cellular
damage.

However it has been found that broken surfaces,
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such as might result from wind action, dehydrated and
collapsed rapidly when used in the fresh—uncoated state
(Falk et al., 1971).

It therefore seems to be most

appropriate to use coated material for studies of wind
damage, bearing in mind that observations of cellular
damage may be restricted by the collapse of cells
during the time taken to coat the specimen.

Coated

material has the additional advantage that it can remain
longer in the microscope without collapsing and higher
accelerating voltages may be used.

Incident light

illumination may also be valuable in the investigations
in order to reinforce SEN observations.

A.1.4

Surface features of leaves of different ages

The surface features of leaves of different ages were
studied as it was thought that any changes in surface
structure which might occur could be important in
relation to the development of wind damage.

Materials and methods

Preliminary work involved material that was examined
by SEM, having been freeze—dried and coated.

Following

the observations of distinct marginal bands on the
adaxial surface of some leaves (described in A.1.2),
further samples were examined by ILl (the SEN was not
available).
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Three ages of leaves were used which may be described
thus;

a

'juvenile' - lamina length about

that of a

mature leaf, a few vernation
folds remaining.

Leaves light

green.

b

'mature'

- lamina recently reached full
expansion, mid—green.

c

'old'

- leaves 5 months old, dark green.

Results and discussion

There were no apparent changes in feature of the
abaxial surface to be associated with maturation of
the leaf either of specimens viewed by SEN (Plate A.12a—c)
or viewed by ILl.

The ageing of the adaxial leaf surface (Plate A.13a—c)
appears to be accompanied by the development of narrow
lateral offshoots to the cuticular ridges (Plate A.13c)0
Further photomicrographs of juvenile samples of this
surface (Plate A.14a,b) show marginal bands which have
been observed previously (Plate A.7).

Marginal bands

were absent from samples of older leaves obtained from
the same plant, suggesting that these bands are a
characteristic of expanding leaves.

The cuticular
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ridges, particularly in the ringed area of Plate A.14a
appear to run across the marginal bands.

A few changes observed in leaf surface appearance
indicate that the majority of changes associated with
leaf development have occurred by the time that the
leaves have reached the' juvenile' state.

The similarity

in appearance between the marginal bands of the juvenile
adaxial surface observed here and those observed elsewhere indicates that immature samples were inadvertently
used on occasions.

It is unlikely that the use of

immature samples will significantly affect the conclusions
to be drawn from these sections.

A.2 PRELIMINARY STUDIES II: INTERNAL STRUCTURE OF
LEAVES WHICH HAD NOT BEEN EXPOSED TO WIN])

The cellular structure of the leaf was determined from
transverse sections, using a light microscope set up
for bright-field or phase-contrast illumination.

Due

to the difficulties encountered in sectioning fresh
material, particularly that which was damaged, it was
necessary to fix and embed all samples before sectioning.
As the processes involved in this preparation commonly
affect the appearance of the specimen (Johansen, 1940;
Purvis et al., 1964), some preliminary investigations
were made in which the images produced by two different
methods of fixation were compared.

Both damaged and

undamaged materials were used in these investigations.
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A.2.1

Effects of different fixation procedures upon

the internal features of leaves.

The two fixatives selected were a formalin—acetoalcohol (FAA) mixture made up according to Johansen
(1940), using 70% ethanol, and a formalin—pyrogaflol
(pp) mixture (Marengo, 1952).

The former is described

as being suitable for most plant materials intended
for anatomical and morphological study, it produces an
'acid' fixation image, fixing cytoplasm as a 'stringy
spongioplasm'.

The latter (PIP) gives a basic fixation

image, fixing the cytoplasm and producing very little
plasmolysis and no vacuolar precipitates.

Glass—house grown leaves were used which had recently
completed their expansion, some of them showed lesions
as a result of artificial wind. They were handled
carefully, avoiding the portions to be fixed.

Small

leaf samples (5x5mrn) were cut to aid rapid penetration
by the fixative.

To reduce bruising during cutting,

the leaf was laid on a few layers of damp filter paper
and cut with a sharp raor blade.

The out samples

were placed immediately in the appropriate fixative,
a vacuum pump being used to accelerate infiltration
when samples floated.

Once fixation was completed,

the samples were dehydrated, cleared, infiltrated,
embedded and sectioned before examination.
preparative steps are outlined in Pig. A.4.

The

FIG-. A.4

OUTLINE OF STEPS OF PREPARATION OF LEAF SAMPLES FOR THE
LIGHT MICROSCOPE USING FORMKLIN-ACETO--ALCOHOL (FAA)
OR PORNALIN-PYROG-ALLOL (FP) AS THE FIXATIVE.

FIXATION
in FP

in FAA

WATER RINSE

DEHYDRATION
ethanol-distilled water series

CLEARING

ethanol-xylene

series

ethanol-chloroform

INFILTRATION
paraffin wax

EMBEDDING

SECTIONING

MOUNTING

_T
STAINING
(if necessary, in safranin 0 and fast green)
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Specimens were fixed for 16h in FAA or for 24h in PP.
After fixation, the FAA specimens were rinsed briefly
in running water.

The method of dehydration was common to both fixatives;
an ethanol—distilled water series was used in which
specimens were immersed for > 0.5h in each of 5, 10,
15, 20, 30, 50% ethanol, and then for >-lh in each of

70, 85, 95%, commercial, absolute, absolute ethanol.

FAA—fixed specimens were then cleared in an ethanolxylene series, with > lh in each of 25, 50, 75, 100,
100% xylene. FP—fixed specimens were cleared in an
ethanol—chloroform series, with > lh in each of 33,
After clearing, 10%

66, 100, 100% chloroform.

chloroform by volume was added to the FAA—fixed specimens
to reduce their buoyancy.

All specimens were infiltrated in paraffin wax (melting
point 52 ° C) in an oven at 35 0 C for 3d and then at 53 ° C
with several changes of wax until the solvents could
no longer be detected.

The specimens were embedded

in paraffin wax blocks cast using 'L' pieces and a metal
sheet.

The trimmed blocks were mounted on wood and

sections were cut using a rotary tnicrotome.

A section

thickness of 6,m was found to be the most suitable.
The section ribbons were floated on warm water, mounted
on clean slides with Haupt's adhesive, and coverslips
were affixed with 'Depex'.

Sections were stained with

safranin 0 and fast green when necessary.

Results and discussion.

At the levels of magnification used (up to

40 objective),

sections from undamaged material which had been fixed
in FAA were similar in appearance to those which had
been fixed in PP.

However, a difference was apparent

in samples which showed surface lesions due to artificial
wind: globules occurred within cells in samples which
had been fixed in PP (Plate A.15a), but not in those
which had been fixed in FAA (Plate A.15b).

These

globules were most commonly found in the palisade
mesophyll and abaxial epidermal cells, they were light
brown when unstained and dark—red when sections were
stained.

Samples fixed in PP were easier to section than those
fixed in FAA, which tended to fragment.

As the difference in fixation image was only apparent
in material showing surface lesions, the globules must
resuLt from the wind damage.

Their absence from

samples fixed in FAA must result from the different
characteristics of that fixative.

Materials fixed by

both methods will be used in descriptions of leaf
anatomy.

A.2.2

Internal structure of undamaged leaves.

The two epidermes differ markedly in their appearance
in transverse section (Plate A016a,b), as they do in
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surface view.

The adaxial epidermal cells possess a

slightly convex, thickened outer periclinal wall upon
which the cuticular ridges, identified by SEM are
apparent (Plate A.16a).

The epidermal cells of the

abaxial surface show-no such thickening, their papillose
projections are thin walled.

Stomata occur frequently

on the abaxial epidermis; under phase contrast (Plate
A.17a,b) the guard cells appear locally thickened with
a lip projecting to the exterior.

The papillose

projections of the neighbouring cells may protrude
bpyond the guard cells or overhang them.

In thin section (Plate A.16b), the palisade mesophyll
cells appear to be arranged in groups above the cells
of the spongy mesophyll; such 'funnel shaped collecting
cells' were said by Haberlandt (1914) to be a characteristic of sun leaves.

The veins are surrounded by

collenchyma cells which frequently contain rhomboidal
crystalline bodies, these may be seen in Plate A.16b
and, more clearly, in Plate A.18.

APPENDIX B

This appendix should be read in conjunction with Chapter 7.

B.l CALIBRATION OF THE IRG-A

Two calibrations were made.

In the first, the IRGA was

operated in the absolute mode (with air purged of 002
in the reference cell), commercial gas mixtures containing a known volume of 002 were fed to the sample cell.
From this calibration, the concentration of CO

in the

ambient air was determined.

In the second calibration, the IRGA was operated in
the differential mode, with ambient air in the reference
cell and an ambient air stream diluted with known
flow rates of air purged of CO

in the sample cell

(the flow rate was accurately measured with a soap—
bubble flow meter (Levy, 1964)).

From this calibration,

the response of the IRGA to small depletions in 002
concentration was determined so that rates of photosynthesis of leaves in the leaf chamber could be found.

All equipment used was the same as that described in
previous section.

B.l.l

Absolute calibration and the determination

of [002) in ambient air

Standard gas cylinders containing 100, 200, 250, 300,
325 and 400 vpm CO 2 were obtained from several sources.
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The concentration of 002 in each was said by the
manufacturers to be ± 5 %,

The advantage of obtaining

cylinders from several sources is that a range of
cylinders obtained from a particular batch number of
a single manufacturer could all have an error in the
same direction if the cylinders had been made up in a
dilution series.

Method

Zero was set on the IRG-A with the system set up as in
Fig. B.la. Air was purged of CO

using towers filled

with indicating soda—lime (a granular mixture of solid
NaOH and Ca (OH )2) and passed through both the sample
and reference cells.

The IRG-A was then set up for calibration as in Pig. B.lb
with gas of known concentration of 002 passing through
the sample cell and air purged of CO
reference cell.

through the

Barometric pressure and ambient

temperature were recorded.

The calibration obtained is given in Fig. B.2.

Ambient air from outside the building was then fed
through the system, continuously, for a week during
which there was considerable variation in weather
The mean [002] was found to be 308 vpm
Purge and drying towers
± 2 vpm over a 24 h period.
conditions.

were renewed at suitable intervals.

air intake
pump
2 soda lime columns

CO

Ternoved,'purg

2 anh. calcium chloride columns

I

1120 removed 'dry'

1 anh. magnesium perchlorate column
flow meter
reference cell
IRGA
sample cell
exhaust

gas of specified
002 concentration
from cylinder

I

flowmeter

I sampie

'dry'
flowrneter AIR

cell reference celli

I

'purge'
t
pump

exhaust

-

p

-1

Calibration of the IRGA in absolute mode:
zero on the IRG-A,

a) setting

b) calibration of the IRGA with

known concentrations of 002 in the sample cell.
(plow rate through sample and reference cells, 2 1 min).

7

400

x

air from outside building

300

//•

boo
/
10:

0

/

100

200

300

400
vpm CO

Fig. B.2
Absolute calibration of the intro-red gas analyser [IRGAI using commercial
cylinders of CO 2*
x Manufacturer 1. batch lO batch 2.

o Manufacturer 2.
Atmospheric air reading 355 mV 308 vpm
Room at 221C. 772-9 mm Hg.
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Differential mode calibration

B.1.2

For this calibration, air which had been purged of CO
was mixed in known proportions with air taken from outside of the building and fed to the sample cell of the
IRGA.

The reference cell was supplied with unpurged

air from outside of the building.

Method

The mixture of diluted air for the reference cell was
obtained by passing purged air through a soap-bubble
flowmeter (Levy, 1964) at a known rate and mixing it
with a stream of unpurged air before passing it through
.
The IRGA deflection
a flostat and flowmeter at 2 1 min -1
was then measured.

This procedure was repeated at

different flow-rates of the purged air. (Pig. B.3)

The [c0 2

1

of the diluted air was calculated as follows,

using a concentration of 308 vpm 002 in undiluted ambient
air:

let x = ml purged air / 2000ml diluted air
then [co 2} in diluted air
- (2000 - x) x 308 vpm
2000
The calibration obtained is shown in Pig. B4, the
equation of the line was calculated
Y = - (6.49 x io) x + 11.00

air intake

air intake from
outside building

diaphragm pump

diaphragm pump

DWI

air pur,

soap bubble

fiowmeter

tiowtneter

drying - series

'F

drying series

sample cell

reference cell

PIG. B.3

Calibration of the IRGA over the range 275 - 308 vpm 002.

will

15

N

C
0

0

1 10

0

05

Ic

00

270

280

290

30

310
vpm CO

Fig. B. 1.
Calibration of the infra-red gas analyser in differential mode using wtside air
diluted with air purged d CO

A change in concentration of CO

by 1 vpm is

accompanied by a deflection of the IRGA of 0.006v.
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A

1

Abaxial surface of Acer pseudoplatanus L. leaves
which had not been exposed to wind.
x 750. (7 kV, fresh-coated).
x 535. (3 kV, fresh-uncoated).

PLATE 4.2
Adaxial surface of Acer pseudoplatanus L. leaves
which had not been exposed to wind.
a)

x 799. (7 kV, fresh-uncoated).

:

: c-•.

*

..

-

it.,i

- -.

4
-

•I.

•

i;•

•..

s-."

)

c_

-

---:
ç

J.--•"_ .. .

W

%
a

42

d•

.
d')L4

r' 4

/ iV

'1I%

;---j,,--.
-

c41
'

Nhs
-

-

- - - • -

-

-'

•
-

-'

---

I

T..

--

.

-

.

--

PLATE 4.3

Transverse sections through Acer pseudoplatanus L.
leaves which had not been exposed to wind.

a)

x 580. (Fixative FAA, bright field).

b)

x 200. (Fixative FP, bright field).
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DI ArPLI A A

Detail of stoma of Acer pseudpplatanus L. leaf,
transverse section, (not exposed to wind).

x 520. (Fixative FP, phase contrast).

PLATE 4.5

Vein of Acer pseudoplatanus L.leaf, in TS and TLS
(not exposed to wind).

x 740. (Fixative FP, phase contrast).
(The cells behind the abaxial epidermis contain
rhomboidal crystalline bodies).
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Wind damage; abaxial surface lesions on Acer
pseudoplatanus L. leaves which had been exposed
to an artificial wind of 3.5 m s 1 for 65 h.
x 690.
x 774.
(samples a and b were taken from light brown
lesions).
x 690. Control, not exposed to wind.
(a, b and c all fresh-coated and examined at 7 kV).

PLATE • 4.7

Wind damage; abaxial surface lesions on Acer
pseudoplatanus L. leaves which were exposed to an
artificial wind of 3.5 m s

for 65 h.

Epicuticular waxes appear undamaged but cuticle
of vein (b) appears disorted.
x 782.
x 1645.(vein region)
(Both samples taken from dark brown lesions,
fresh-coated and examined at 7 kV).
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PLATE 4 . 8

Wind damage; TS

through leaves of Acer

pseudoplatanus L. which were exposed to an
artificial wind of 3.5 m s -1for 20 days.

Light

brown lesions present on the abaxial surface.
x 520. (Fixative FAA, phase contrast).
Collapse of the abaxial epidermis and disintegration
-

- of the spongymesophyll is evident.
x 500. (Fixative FP, phase contrast).
Collapse of the abaxial epidermis about a subsiduary vein, crystalline bodies are located in
the cells beneath,
(Both samples stained).
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Wind damage; TS through veins of

epseudo-

platanus L. leaves which were exposed to an
artificial wind of 3.5 m s

for 20 days.

Veins showed dark brown lesions on the ah3xiTnl
surface.
x 720. (Fixative FP, phase contrast).
-

Subs iduary vein showing collaI;(2 ol abxJj
epidermal cells with crystalline bodies in the
cells beneath.
x 500. (Fixative FP, bright field).
Main vein showing collapse (? ) of abaxial
epidermal cells and compression of walls of
collenchyma cells beneath.

Crystalline bodies

(ringed) are located deep within the vein.
(Both samples stained)
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PLATE 4.10

Wind damage; adaxial surface lesions on Acer
pseudoplatanus L. leaves which were exposed to an
artificial wind of 3.5 m s -1 for 65 h.
x 1518.

Sample from light brown lesion.

x 782.

Sample from dark brown lesion.

x 799.

Control, not exposed to wind.

The cells below the cuticle have Collapsed in the
areas of lesion.

The layout of the anticlinal

walls of the epidermal cells can be detected in
(a) despite the cellular disruption.

Cracks in

the cuticle are apparent in the upper left-hand
corner of (b).
(a,b and c all fresh-coated and examined at 7 kV).
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PLATE 4.11

Wind damage; TS through leaves of Acer pseudoplatanus L. which were exposed to an artificial wind of

3.5 in for 20 days.
x 780.(Fixative PP).

Sample through dark

brown lesion and adjoining green area; the
adaxial epidermis has collapsed in the area of
lesion (v) but the cuticle still appears intact.
x 620. (Fixative FP).

Sample through light

brown lesion; the adaxial epidermis and palisade
mesophyll have collapsed.
(both sections stained and viewed in bright field).
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Lu

leaf structure of Acer pseudopLatanus 1.,
views by incident light illumination.

Pre.-

samples taken from area of light brown lesionu of
outdoor grown plants.

A portion of the epidermis

was removed from the adaxial surface.
x 800.

Abaxial surface.

x 800.

Adaxial surface.

The discolouration visible in adaxial view (b)
appears to be associated with the cells below
the (removed) epidermis.

Adjustment of the

focus on the microscope also suggested that this
was so for the abaxial surface.
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PLATE 4.13

Wind damage; abaxial surface lesions on Acer
pseudoplatanus L. leaves which were grown outside in natural wind.

Samples taken in May from

leaves which had emerged from bud in April.
x 523.

Light brown lesion.

x 700.

Dark brown lesion.

x 1086.

Dark brown lesion.

x 2180.

Dark brown lesion.

Collapse of papillae and smoothing of epicuticular
waxes are apparent.

The lip of the guard cells

shown in (c) and (d) appears enlarged.
(All samples fresh-coated,vieweci at 10 kV.)
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PLATE 4.14

Wind damage; abaxial surface lesions on Acer
pseudoplatanus L. leaves which were grown outside in natural wind.

Samples taken in May

from leaves which had emerged from bud in April.

C)

x 855.

Dark brown lesion.

x 2209.

Dark brown lesion.

x 1308.

Green, no lesions.

Papillae have collapsed and in (c) the epicuticular
wax structures have been smoothed.

In (a) and

(b) the wax structures are not readily discernible (see text).

A partially occluded stoma is

ringed in (a).
(All samples fresh-coated,

5 kV, (c) at 10 kV).
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and (b) viewed at
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PLATE 4.15
Wind damage; abaxtal surface lesions on Acer
pseudopiatanus L. leaves which were grown outside in natural wind.

Samples taken in May from

leaves which had emerged from bud in April.
x 2090.
x 5060.
(Both samples taken from light brown lesions,
fresh-coated and viewed at 10 kV).

PLATE 4.16
Wind damage; adaxial surface lesions on Acer
pseudoplatanus L. leaves which were grown outside in natural wind.

Samples taken in May from

leaves which had emerged from bud in April.
x 475.
x 1900.

The leaf surface has been deeply folded and the
cuticular ridges appear roughened.
(Both samples taken from light brown lesions,
fresh-coated and viewed at 10 kV).

PLATE 4.17
Artificial abrasion; abaxial surface of a glasshouse grown Acer pseudoplatanus L. leaf which had
been stroked 40 times with an ox hair brush.
This treatment did not produce discolouration.
x 470.
x 2138.
Some papillae have collapsed and wax structures
have coalesced.
(Both surfaces fresh-coated and viewed at 10 kV).
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PLATE A.1

Surface features of fresh—uncoated Acer
pseudoplatanus L. leaves which were glasshouse
grown and had not been exposed to wind.
x 500.

Abaxial surface.

x 500.

Adaxial surface.

(a) viewed at 3 kV, (b) at 10 kV.
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Location of epicuticular waxes on the abaxial
surface of Acer pseudoplatanus L. leaves which
were glasshouse grown and which had not been
exposed to wind.
(Fresh specimens were immersed in chloroform at
room temperature before being coated).

x 1730.

Control, Os in chloroform.

x 2000.

15s in chloroform.

x 2000.

30s in chloroform.

(a) viewed at 7 1V, (b) and

(C)

at 10 kV.

PLATE A.3
Location of epicuticular waxes on the adaxial
surface of Acer pseudoplatanus L. leaves which
were glasshouse grown and which had not been
exposed to wind.
(Fresh specimens were immersed in chloroform at
room temperature before being coated).
x 4650.

Control, Os in chloroform.

x 5282.

30s in chloroform.

Both specimens viewed at 10 kV,
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PLATE A.4

Abrasion with a wire; effects on the abaxial
surface of glasshouse grown Acer pseudoplatanus L.
leaves.
x 1001.
x 2046.
In both photographs the path of the wire runs
from top left to bottom right.

Sheets of

epicuticular wax appear to have lifted in the
path of the wire.
Both specimens fresh—coated, viewed at 10 kV.

PLATE A.5

Abrasion with a wire; effects on the adaxial surface of glasshouse grown Acer pseudoplatanus L.
leaves.
a)
x 460.
(The path of the wire runs from top left to
bottom right).
Specimen fresh—coated and viewed at 10 kV.
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Changing picture of the abaxial surface when
fresh—uncoated glasshouse grown leaf tissue of
Acer pseudoplatanus L. was exposed to the
vacuum in the SEM at 3 kV.
x 500.

4 minutes in the vacuum.

x 846.

8 minutes in the vacuum.

x 1702.

9 minutes in the vacuum.

x

460.

14 minutes in the vacuum.

(a—c are the same area at increasing magnification).
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PLATE A.7

Changing picture of the adaxial surface when
fresh—uncoated glasshouse grown leaf tissue of
Acer pseudoplatanus L. was exposed to the
vacuum in the SEX at 10 kV.

a)

x 500.

4 minutes in the vacuum.

x 460.

7 minuses in the vacuum.

x 987.

9 minutes in the vacuum.

x 987.

13 minutes In the vacuum.
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Effect of preparative treatment upon the abaxial
surface appearance of glasshouse grown Acer
pseudoplatanus L. leaves.

C)

x

750.

Fresh—coated.

x

535.

Fresh—uncoated.

x 1000.

Freeze—dried—coated.

Inter—connecting ridges formed by the anticlinal
walls of the epidermal cells are apparent in (a).
(b) viewed at 3 kV, (a) and (c) at 7 kV.

PLATE A.9

Effect of preparative treatment upon the abaxial
surface appearance of glasshouse grown Acer
pseudoplatanus L. leaves.
x 1645.

Fresh—coated.

x 2040.

Fresh—uncoated.

x 2068.

Freeze—dried—coated.

(b) viewed at 3 kV, (a) and (c) at 7 kV.
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PLATE A.lO

Effect of preparative treatment upon the adaxial
surface appearance of glasshouse grown Acer
pseudoplatanus L. leaves.
x 799.

Fresh—coated.

x 500.

Fresh—uncoated.

x 1840.

Freeze—dried--coated.

x 184.

Freeze—dried—coated.

(a) viewed at 7 kV, (b) - (d) viewed at 10 kV.
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PLATE A.fl

Appearance of abaxial and ada±ial surfaces of
glasshouse grown Acer pseudoplatanus L. leaves
under incident light illumination,

x 800.

Abaxial.

x 800.

Adaxial.

4
4

I

'1 pppppp

p

-

PLATE A.l2

Abaxial surface features of glasshouse grown
Acer pseudoplatanus 1. leaves of different ages.
x 1880.

'Juvenile'.

x 1880.

'Nature'.

x 1932.

'Old'.

(All specimens freeze—dried—coated and examined
at 10 kV).

PLATE A.l3

Adaxial surface features of glasshouse grown
Acer pseudoplatanus L. leaves of different ages.

C)

x 1748.

'Juvenile'.

x 2116.

'Mature'.

x 1748.

'Old'.

(Al specimens freeze—dried—coated, a and c
examined at 20 kV, b at 10 kV).
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PLATE A.14

Marginal bands on the adaxial surface of
juvenile Acer pseudoplatanus L. leaves.

x 2251.
x 2233.

(Both samples fresh—coated and examined at 10 kV).
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Effects of the methods of fixation upon the
anatomical features of wind—damaged AceT
pseudoplatanus L. leaves.
x 540.

formalin_pyrogallo fixative;

section shows adaxial surface damage with
intensely staining globules in the palisade
mesophyll,
x 540.

formalin.aceto_alcohol fixative;

section shows damage to both surfaces, no
globules are apparent,
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PLATE A.16

Transverse sections through Acer pseudoplatanus
L. leaves which had not been exposed to wind.
x 480. (Fixative FAA, bright field).
x 200. (Fixative PP, bright field).
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PLATE A.17

Stomata of Acer pseudoplatanus L. leaf, in TS.
x 520.
(Fixative PP, phase contrast).
x 740.

(Fixative FAA, phase contrast).
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PLATE A. 18

Vein of Acer pseudoplatanus L. leaf, in TS
and TLS (not exposed to wind).

x 740. (Fixative FP, phase contrast).

(The cells behind the abaxial epidermis contain
rhomboidal crystalline bodies).
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The Boundary Layer over a Populus Leaf'
J. GRACE AND JULIA WILSON
Department of Forestry and Natural Resources, University of Edinburgh,
Edinburgh EH9 3J
Received 1 September 1975

ABSTRACT
Air flow over a Populus leaf was investigated using a hot-wire anemometer. When the air flow
in the wind tunnel was laminar, the boundary layer was often turbulent at a wind speed of
only 1-5 m s - i, particularly when encouraged by uneven topography and roughness of the
surface, as on the lower side of the leaf. The smoother upper surface behaved in a similar way
to a flat plate when at low wind speeds, and the profiles of wind speed could be shown to be
equivalent to those expected from laminar boundary layer theory. Nevertheless, the boundary
layer became turbulent at Reynolds numbers much lower than those required to cause the
transition to turbulence in a flat plate. Turbulent air flow in the wind tunnel greatly increased
boundary layer turbulence but had only a small effect on evaporation from a model of the
leaf. The evaporation rates observed were 2-5 times higher than expected from theory,
irrespective of the turbulence regime.
INTRODUCTION

The boundary layer over a leaf is defined as that region of the atmosphere near its
surface in which the wind speed is locally reduced. This region is of interest because
under many circumstances its permeability may govern the diffusive exchange of
heat and mass between the leaf and its surroundings. Also, the microclimate of the
leaf surface determines the quality of the habitat for many insect, bacterial,
and fungal pathogens.
Despite its importance, the boundary layer over the leaf has not been adequately
described, although much has been inferred from the extensive literature on fluid
flow over smooth flat plates. The boundary layer over the leaf has often been
investigated indirectly, its permeability to a given driving gradient having been
assessed through measurements of gas or heat exchange rates from paper or fabric
models (see reviews by Monteith, 1965; Waggoner, 1967; and Monteith, 1973).
These measurements showed the importance of wind speed and leaf dimension in
determining exchange rates. Direct observations on the boundary layer are few.
Ramsay, Butler, and Sang (1938) constructed a miniature hair hygrometer with
which they made approximate measurements of relative humidity over a Rumex
leaf, and Sheriff (1973) describes similar observations made with an infrared
psychrometer. Visualization of the air flow near leaves using titanium tetrachloride,
Schlieren optics, or smoke has also yielded useful information (Avery, 1066;
Yabuki, Miyagawa, and Ishibashi, 1970; Baker and Myhrc, 1960). Recently,
precise information on wind speed and turbulence has been obtained with hot-wire
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and laser-Doppler anemometry (Perrier, Aston, and Arkin, 1973; Durst, Vigley,
and Zaré, 1974).
One of the unresolved questions is whether the boundary layer is normally
laminar or turbulent. In laminar flow, gas exchange takes place slowly by molecular
diffusion across the lines of flow. In turbulent boundary layers, on the other hand,
transport might be expected to be more rapid because of eddy-assisted diffusion in
which parcels of fresh air are continually being swept close to the surface. The
present paper reports observations of wind speed and turbulence near the surface
of a Populus leaf, intended to see if laminar or turbulent conditions normally
prevail in the boundary layer. The observations were made in a wind tunnel in
which the air flow was either laminar, or experimentally modified to produce
turbulent conditions similar to those prevailing in the wakes of stems and leaves
in the field (Baines, 1972). The consequences of these results for gas exchange are
investigated.
MATERIALS AND METHODS
The leaves used in the experiments were taken from glasshouse-grown Populus x eura,nericana
Grainier cv. '178'. The leaf was stuck to a metal platform to hold it horizontal and transverse
to the air flow; the platform was supported on a metal stem protruding from the false floor of
the wind tunnel's working section. The stem could be raised or lowered over a range of
50 ± 0-02 mm, thus moving the leaf relative to the stationary anemometer held above it.
The cut petiole of the leaf was placed in a small tube of water to prevent wilting, and the
leaf topography was recorded before and after experiments using a carpenter's profile gauge.
The wind tunnel was of the closed-circuit type (see Grace, 1974) in which the temperature,
relative humidity, and light intensity were respectively 20 ± 05 °C. 70 ± 3 per cent, and80 W rn 2 .
The metal plate was a 0-5-mm-thick rectangle measuring 100 mm x 60 mm with smooth
edges. The leaf models in the evaporation experiment were made of filter paper glued to
aluminium templates, cut to the shape of the Populus leaves (suborbicular), 80 mm wide.
In the evaporation experiment the relative humidity was 55 per cent at 20 °C. The rate of
evaporation was measured by weighing a wet leaf before and after a period of evaporation.
Humidity was monitored with an Assmann psychrometer. A duplicate leaf, equipped with
six 001-mm-diameter copper-constantan thermocouples, was wetted and mounted next to
the test leaf, so that the surface temperature and hence surface water vapour concentration
, could be found.
The anemometer was a Disa constant temperature system 55K with linearizer, incorporating
a boundary layer probe type 55P, with a single hot wire measuring 1-25 mm x 5 jkm. The probe
was held in a rigidly supported brass tube. The anemometer was calibrated in laminar air
flow in the wind tunnel against a pitot static tube. The output from the system was displayed
on an oscilloscope screen, and was recorded, when required, onto paper tape at a rate of 10 s1
using a Dynamco DM 2006 data logger, or as an analogue trace using a potentiometric chart
recorder. The response time of the data logger and the chart recorder was inadequate at high
wind speed in turbulent conditions; only the oscilloscope had a sufficiently high response time
to obtain a true impression of turbulence. At lower wind speeds the intensity of turbulence, t,
was calculated from about 300 consecutive records of time instantaneous velocity, u', and the
mean velocity, u

,= v' (u-u')2
Turbulence in this wind tunnel was low, falling from 005 at 045 in s to 001 at 4-0 in s.
Such conditions will here be referred to as 'laminar free stream'. In some experiments additional
turbulence was generated by inserting smooth cylindrical cross-members (125 mm diameter)
into the throat of the tunnel, 0-6 m upwind of the leaf: this resulted in a turbulence in the air
flow of 0-20-0-25. These conditions will be referred to as 'turbulent free stream'.
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Throughout the text, the terms 'free stream turbulence or 'free stream velocity' will be
used to refer to the air flow in the wind tunnel working section at points distant from the leaf
or other surfaces. In expressing fluid flows and exchange rates, the usual dimensionless
numbers of fluid dynamics have been used so that our experimental observations can easily
be compared with those of others. Thus, the Reynolds number is:
Re= Lu
—

(1)

V

) and L is the characteristic dimension
where v is the kinematic viscosity of air (= 015 cm 2 s-1
appropriate
to
the
wind profiles, L was taken as the
Re
of the leaf. In calculating a 'local'
distance from the leading edge, whereas, to calculate the 'overall' Re appropriate to the
was taken as the distance across the widest part of the leaf model
evaporation experiment, L
measured in the direction of air flow.
The Sherwood number, Sh, was used as a means of expressing evaporation rate in dimensionless form

Sh= LE

(2)

(xa_xo)D

where X. is the ambient water vapour concentration, D is the diffusivity of water vapour in
air, taken as 025 cm 2 a- ', and E is the evaporation rate.
The theoretical relationship between the Sherwood number and the Reynolds number, in
the case of laminar flow over a smooth flat plate, is

Sli = 066 Re058c033

(3)

where Sc is the Schmidt number (0.63 for water). The Sherwood number is similar to the
Nusselt number, used to express heat exchange:

Nu = 066 Re° 5 Pr°33

(4)

33 and Pr° 33 are
where Pr is the Prandtl number (0.70 for air). In the present case, when Sc°
evaluated the equations can be simplified:
S/i = 0-56 Re°5

(5)

Nu = 059 Re°5

(6)

will have very nearly the same numerical values when calculated from the
Hence, Sh and Nu
Reynolds number. Similarly, for a turbulent boundary layer (Monteith, 1973)

S/i = Nu = 0032 Re°8

(7)

RESULTS

Figure 1A shows the profiles of mean wind speed measured at different places on
the leaf in the simplest case when the free air stream was laminar, and Fig. lB
shows the associated turbulence. The wind profiles on the upper surface of the leaf
generally show a gradual increase in wind speed with increasing distance from the
surface, though the profile, from the lee of the midrib, shows a distinct irregularity
which is associated with considerable turbulence (Fig. 1B). On the lower surface,
profiles are highly irregular and conditions are very turbulent. The greatest rate
of change of wind speed was recorded when the probe was exposed beyond the
sheltered region created by the decurrent leading edge.
Figure 2 shows the profiles of mean velocity at 38 mm from the leading edge on
the upper leaf surface as the wind speed was increased from 0-5-10 m s 1 ; the
boundary layer became thinner as the wind speed increased. The turbulence at
various values of Be is shown in Table 1. Boundary layer turbulence occurred over
the leaf at lower values of Re than over the flat plate.
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1. Profiles of mean wind speed (A) and turbulence (a) around a PepuZus leaf shown in
transverse section in a laminar free stream.
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Fm. 2. Profiles of mean wind speed 38 mm from the leading edge on the upper surface of a
Populus leaf, measured at different free stream velocities: 05 m s (i), 14 m s (es),
2•7 ms' (s),5•2 me - i ( 0), 89 ms' (s), 10.2 m -1 (0).

Figure 3 shows the effect of free stream turbulence upon the profile of mean wind
speed. This profile was altered, higher velocities prevailing very close to the surface
when the free stream was turbulent than when the free stream was laminar.
Turbulence in the free stream caused turbulence in the boundary layer. The leaf
and flat plate behaved similarly in this experiment, though there is an indication
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FIG. 3. Effect of free stream turbulence on the profiles of mean wind speed and turbulence:
flat plate, laminar free stream (0); leaf upper surface, laminar free stream (•); flat plate,
turbulent free stream (+); leaf upper surface, turbulent free stream (x).
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Fin. 4. Comparison of observations of mean wind speed on the upper surface of the leaf with
the theoretical results for laminar boundary layer. Wind speed is expressed as a fraction of
the wind speed in the free stream (u). Observations made at different vertical distances, y,
and at different distances from the leading edge, r. Flat plate (o); leaf, c = 18 nun (D);
leaf, x = 36 mm (s); leaf, z = 64 mm (A); leaf, x = 79 rum (a); all at u = 1-5 m s. Leaf,
u. = 3m s (U); leaf, u, = 1•2 rn s -1 with added turbulence and r = 38 mm (+).

that boundary layer turbulence was rather less for the flat plate, particularly very
close to the surface in the turbulent free stream condition.
In Fig. 4 some of the experimental results are compared to the theoretical values
calculated from laminar boundary layer theory (Goldstein, 1957). According to
theory, wind speed is a function of y/-4/x where y is the vertical distance above the
surface and x is the distance from the leading edge. The values show good agreement, especially for the flat plate. However, where the wind speed is high or
deliberately turbulent the velocities observed exceeded those expected, and in the
lee of the midrib (x = 64 mm) the velocity is much less than predicted.
Because of the importance of free stream turbulence in deciding the turbulence
regime and the mean velocity very close to the leaf surface (Fig. 3) we investigated
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the effect of turbulence on evaporation. Evaporation from a model leaf was
measured over a range of free stream velocities in laminar or turbulent flow. For
comparison with results of other workers, the data are shown as a logarithmic plot
of Be versus Sh (Fig. 5). There is a linear relationship over the range Re = 10-10
with no evident effect of turbulence in that range. Thereafter, in the range
Be = 10-10 a change in slope was observed with some indication that Sh is
indeed influenced by the turbulence of the free stream.
The two dotted lines in Fig. 5 show theoretical relationships between Re and Sh,
as calculated from equations (5) and (7). Other data from the literature are also
included: because of the similarity between the Sherwood number and Nusselt
number here (equations (5), (6), and (7)), published observations of heat exchange
may be plotted against Be on the same graph (Fig. 5).
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FIG. 5. Evaporation from a flat paper model, expressed as the Sherwood number, Sh.
Evaporation rates were measured using a laminar (y) or turbulent (o) free stream, and
compared with theory (broken lines, see text). Other published results: Kuiper (KU),
Rashke (R), Powell (P), and Slatyer and Bierhuizen (s), all reproduced from Monteith (1965);
Thom (1968) (x), Parkhurst, Duncan, Gates, and Kreith (1968) (.), Pearman et al. (1972)
(P72), Clark and Wigley (1974) with turbulent (CWT) and laminar (CWL) free streams.

An attempt was made to see whether a transition from a laminar to a turbulent
boundary layer could be detected at the value of Re observed to correspond to the
change in slope in Fig. 5. The hot wire was placed either at 01 or 09 mm from the
dry filter paper surface of the model leaf, while the wind speed (and thus Re) was
increased in steps (Fig. 6). In the turbulent free stream the boundary layer became
turbulent at relatively low wind speeds (Re = 930). In the laminar free stream the
boundary layer remained more or less laminar until Re = 3600. At this point there

I
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Fio. 6. Wind speeds at 0.1 and 09 mm from the surface of a filter paper leaf mode], placed
in turbulent (lower) or laminar (upper) free streams.

was considerable turbulence at y = 09 mm, though at y = 0- 1 mm the signal
indicated a laminar region. Finally, when Re exceeded 4400 this zone too became
turbulent. These are local Be values for the sensor near the centre of the leaf. To
be comparable with the overall Re values of Fig. 5 they should thus be multiplied
by 2. The critical Reynolds number for transition from a laminar to a turbulent
regime, Reit was 1860 for turbulent free stream and 8800 for laminar free stream.
Assuming that the change of slope in Fig. 5 is due to the transition from laminar
to turbulent flow in the boundary layer, Re cr it appears to be between 8 x 10
and 25 x 10 4 .
DISCUSSION

When very close to the leaf surface (0-0.2 mm) the limitations of the hot-wire
anemometer as a flow sensor became large, and need to be discussed. Firstly, at
wind speeds less than 0.1 m s-i convective heat loss from the wire occurs partly
by natural instead of simply forced convection and therefore the sensor calibration
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departs from linearity and the sensor would overestimate wind speed. Secondly,
the proximity of a surface per se may lead to an overestimate of the flow because of
heat exchange between the surface and the hot wire. Thirdly, when so close to a
paper surface the wire may touch protruding fibres and 80 change its calibration.
Fourthly, although it was possible to adjust the sensor-to-surface distance
±002 mm, the initial starting position was not known with the same accuracy.
These sources of error might lead to inaccuracies in the assessment of the mean
velocity, but would not affect our judgement as to whether the flow was laminar
or turbulent.
The transition from a laminar to a turbulent boundary layer is said to occur at
• critical Reynolds number Re cr it. Monteith (1973, p. 224) suggests that Re cri t for
• flat plate is 2 x 10 4 . However, for a smooth flat plate in a wind tunnel with little
turbulence, Rej t is not a constant, and reported values fall in the range 9 x 104—
11 x 106 (Schlicht.ing, 1955). The higher values have been obtained in wind
tunnels with much less free stream turbulence than our own 'laminar' free stream;
for example one of the very highest values, Re cr it = 27 x 106, was obtained in a
tunnel whose turbulence was only 00012 (Schubauer and Skramstad, 1947). The
dependence of Re e ,i t on turbulence in the free stream is well known; indeed one
of the older methods of measuring turbulence was to evaluate Re cr j t for a standard
sphere suspended in the flow. It is thus not surprising to find rather low values of
Re cr it in our wind tunnel where air flow is not entirely laminar. The other main
factor influencing Re cr it is surface roughness. Goldstein (1957, p. 503) discusses
results for a shellac surface made progressively rougher with sand grains. As well
as roughness of this kind, larger-scale undulations also decrease Re cr it. In P. X
eurarnericanaroughness is least on the upper surface but considerable on the lower
where the veins form roughness elements of up to 1 mm. The leaf margin is wavy
and the whole leaf is decurrent about its midrib even when supported as in the
experiment This roughness and waviness account for the much lower values of
Re cr it obtained for leaves compared with plates (Table 1).
The influence of turbulence in the free stream is seen far into the boundary
layer (Figs 3, 6). This might be expected to have important implications for mass
The effect of Re and free stream condition on boundary layer turbulence
for afiot plate and a leaf
TABLE 1.

Laminar (L), turbulent (T), intermittent turbulence (IT)
Re

1270
3420
3420
7200
13000
22600
30500
64000

Free stream

L
L
T
L
L
L
L
L

Boundary layer
Plate

Leaf

L
L
T
L
IT

L
L
T
T
T
T
T

IT
IT
IT

-
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and energy exchange. The coefficient for molecular diffusion of gases in air is
01-03 cm 2 s 1 . In contrast, values higher than this by four orders of magnitude
are observed in eddy-assisted diffusion, for example above crops (Monteith, 1973).
Therefore one might expect a far greater influence of turbulence on evaporation
rate than that observed (Fig. 5). This lack of effect may be due to the structure
of the boundary layer in the 0-1-mm region. It is known (Schlichting, 1955) that
even in a turbulent boundary layer there is, close to the surface, a thin so-called
laminar sublayer consisting of very low velocity laminar flow. This layer is evident
in Fig. 6 where the flow at 0.1 mm is laminar whilst that at 09 mm is turbulent.
As Re increases the laminar sublayer becomes proportionately thinner. In Fig. 6
the onset of turbulence at 01 mm does not strictly indicate transition from a
laminar to a turbulent boundary layer, but merely a thinning of the sublayer to a
point where it no longer contains the sensor. The sublayer may be only a few
micrometres thick, but, because it constitutes a region of molecular (rather than
eddy-assisted) diffusion, most of the boundary layer diffusive resistance may
reside in this very thin zone.
The observed relationship between the exchange rates of water vapour (Sh) and
the Reynolds number (Re) shows that Sh was about 25 times higher than the
theoretical values. We have considered sources of experimental error (see Appendix)
and conclude that our results depart significantly from established theory. Other
workers too have found high values, but only in turbulent conditions. Pearman,
Weaver, and Tanner (1972) studied heat transfer from metal discs in the natural
wind and obtained values of Nu approximately 1-5 times greater than those
predicted from theory. Parlange, Waggoner, and Heichel (1971) c]aim. rates 25
times greater than theory, in a study of tobacco leaf in turbulent flow. Schuepp
(1972) studied electrochemical exchange between leaf models and aqueous solutions, and observed values 14 times those predicted. Parkhurst and Pearman
(1974) showed that, for flat plates, the heat transfer in a turbulent flow was
enhanced by 30-45 per cent, but only if the plates were inclined to the horizontal.
APPENDIX

Sources of error in calculating Sh
The error in measuring evaporation rate might be due to a weighing error ew, to
drops of water falling from the wet surface ed, to the surface drying out e8 , or to
errors in timing et. The weight losses were 01-03 g and the balance could be read
to 1 mg so ew is not more than ±1 per cent. Drops of water were not seen falling
from the surface. The period of evaporation was 3-10 min depending on wind speed,
chosen after preliminary experiments, to avoid the surface drying out, being
checked by preliminary time-course experiments. The timing error Cg is due to the
finite time taken to lower the tunnel's working section and transfer the model to
the balance: in the worst ease et could have introduced a systematic error of 15 per
cent. Evaporation rate was calculated on a leaf area basis, there being only one
wet surface: the error in measuring area did not exceed 3 per cent. The sum of the
errors in estimating evaporation rate is thus
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- (1 ± e) x (1 :1: ed) x (1 ± e8
(I± et ) x(l±e ; )

)

eevap-

and we estimated a maximum error in measuring the evaporation rate of 22 per cent.
Larger errors could occur in estimating xs Xa The ambient water vapour
pressure varied over the day between 1440 and 1570 Pa, but during any single
run xa was recorded using thermocouples attached to the bulbs of the psychrometer:
Xa was thus known ±50 Pa. Xe is much harder to obtain: a duplicate wet model was
equipped with six thermocouples sandwiched between the aluminium part of the
model and the wet paper itself. The replicate thermocouples showed a spatial
variation in temperature of ±05 ° C. The average temperature under the wet paper
was taken as that of the evaporating surface for determination of the saturated
vapour pressure. The 'wet leaf' temperature was 05-45°C lower than the ambient
temperature, depending on the wind speed. Thermal conduction to the thermocouples via the aluminium could have caused overestimation of leaf temperature;
although maximum wet-bulb temperature depressions were recorded at the high
wind speeds, an error of 1 °C would lead to Xe being overestimated by 130 Pa, and
an underestimate of Sit by 20 per cent at low or 45 per cent at high wind speed.
This error cannot account for the high observed values of Sit.
Errors in estimating the leaf dimension L would result in proportional errors in
Sit. Irrespective of the method used to obtain L, these errors should not exceed
20 per cent.
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