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Abstract

(1) Subjecting two year old Pinus contorta to high winds in a controlled

enviromment wind tunnel, or to continuous shaking by a specially constructed
shaking rig, caused a 20% reduction in extension growth of leader and
lateral stems, Rates of needle extension were reduced 11% by shaking

and 30% by exposure to high wind, Radial growth of the stem was not
affeéted.

(2) Microscopic investigation of cell size and number revezled that the
reduced growth of leader stems was due primarily to a reduction in cell
division; Cell extension was also slightly reduced,

(3) The reduced extension growth caused by shaking was accompanied by large
reductions in dry weight, Relative Growth Rate and Unit Leaf Rate were
reduced, but Leaf Area Ratio was unaffected; suggesting that tﬁe reduced
growth was due to a decrease in net photosynthesis, or to an increase in
dark respiration,

(4) Subjecting P, contorta to high winds had no effect on net photo-
synthesis, determined with an Infra~Red Gas Analyser, but significantly
increased dark respiration,

(5) Vnhole-plant and detached—needle transpiration rates were determined
gravimetrically., High winds and shaking had no effect on stomatal or
cuticular conductances, Total water potential, determined with a needle
pressure-bomb, was slightly increased by wind and shaking, - Solute and
pressure potentials of individual‘needles, determined by the pressure-~-volume
technique, were not affected, It is concluded that‘hechanical.stress does
not affect the growth of P.-contorta via an effect on water relations,

(6) It is postulated that mechanical stress causes an increase in

'maintenance respiration', with a resultant decrease in respiratoxy



substrate for growth, The consequent reduction in cell division and
extension leads to a decrease in extension growth and dry weight growth,

It is accepted that the links between these various processes are unclear,



Chapter 1, Introduction

In this thesis, some effects of wind and shaking on Finus contorta

are examined, The effects of wind on plants has been relatively
neglected by botanists interested in the general topic of the plant-
weather relationship, presumably due to the experimental difficulties
involved, In the field, sites differing in windspeed also vary in

other environmental parameters, such as temperature (2.1.2). Experimental
manipulétion of windspeed by erecting shelterbelts also has general effects
on the plant microenvironment, other than just reducing windspeed (2.1.2).
In the laboratoxry, the expense of some sort of wind tunnel may be
probibifive. Yet the results of such experiments, with all théir
attendant difficulties, indicate that wind may have considerable effects
on plant growth and physiology (2.1.2 = 2.1.6).

The stunted, wind swept appearancé“of trees on mountains is perhaps
the most extreme effect of wind on plants. The reduced growth of trees
in 'exposed' situations implies that high winds are detrimental to growth,
' in as much as windspeed is generally high in 'exposed' situations (2.1,2).
Similarly, the effects of shelter on plant growth and yigld imply an
- effect of wind on plant growth (2.1.2).

Exposing plants to artificial winds in wind tunﬁeleL;;é shown

considerable effects of wind on plant growth and physiology (2.1.3 - 2.1.6).
'It seems likely, therefore, that wind may be an important_environmental
factor affecting the growth, morphology and physiology of P, contorta.

The practical significance of such effects on P. contorta are
difficult to assess, P. contorta is widely used by foresters in Britain,
U.S.A. and éanada (2.2.1), so the effects of the weather, and in this

case of wind, on the growth of-Eﬂ contorta is a matter of considerable

.



interest, Wind is considered a major limiting factor to British
forestry (MacDonald 1951, Palmer 1968), but the major concern of these
authors is with the uprooting and 'windthrow' of trees., Despite this,
at the symposium entitled 'Wind effects on the forest', edited by
Palmer (1968), the effects of wind on the growth of herbaceous plants
were discussed by Whitehead (1968), as there was little information
available on the effects of wind on tree growth,

| Neel and Harris (1971) observed that shaking liguidambar styraciflua
for just 30 seconds a day caused large reductions in growth, An obvious
effect of wind is that it shakes plants to and fro; perhaps this
mechanical stimulation is an important aspect of the effects of wind on
plants,

Changes in windspeed have varied and complex effects on the plantis
microenvironment, These effects, discussed in 2,13, must be distinguished
from- effectsof wind on the plént itself, in oxder to understaﬁd how wind
affects plant growth,

In chapter 2, the literature on the effects of wind and shaking on :
plants is reviewed. The effects of wind on thé plant microclimate is
evaluated and relevant aspects of the considerable literature on P, contorta
are summarised.

Materials and methods used throughout this thesis are discussed in
Chapter 3, as is the preparation of éhe plant material,

The effeéts of wind and shaking on the extension growth and radial
growth of P, contorta are described and compared in Chapter 4.

In Chapter 5, the effects of wind and shaking on longtitudinal cell
division and extension are evaluatgd.

The effects of shaking on fhe dry weight production of P, contorta
is descriped in Chapter 6 and the effects of wind on the photosynthesis

and respiration of P, contorta are described in Chapter 7,



The water relations of P, contorta subjected to high winds and
shaking are examined in Chapter 8,

The effects of shaking on the subsequent year's growth of P, contorta
is described in Chapter 9 and the effects of a brief period of shaking
per day on the extension growth of P, contorta is described in Chapter 10,

Chapter 11 is a final discussion and summary chapter,



Chapter 2 Literature Review

The literature pertinent to this thesis falls into two main
categories., The effects of wind and shaking on plants are discussed in
sections 2,1.,1 - 2.1.7. The choice of species is discussed in 2.2.,1 and
problemé arising from the complex growth cycle of conife1s<JA&discussed

in 2,2.2., The objectives of this project are discussed in 2,3.
2.1.1 Deformation of trees.by the wind

One of the most dramatic effects of wind on plants is the wind-training
of trees, Putnam (1948) provides a detailed classification of such 'fiag'
trees. Such classifications have been used by several authors to determine
wind direction and velocities (YbshinoA1967, Holroyd 1970, Hemson et al
1977).

The mechanisms involved in tree deformation have not beer studied
but are thought to involve lignificétion of the young branches during or
after a ‘heavy blow' (Putnam 1948) and abrasion of windward parts by

windborne snow and ice (Daubermire 1959).
2.1.2 Exposure and shelter

The inclemency of the aerial enviromments in upland éituations has long
been considered an important limiting factor to tree growth (Lines & Howell
1963). The term 'exposure' has often been used in a seﬁi—quantitative way
to express the complex of weather factors that affect plant growth, )
including windspeed and gustiness, air temperatﬁre and humidity (LinesuxmdA
Howell 1963, Grace 1977). British foresters have estimated 'exposure!’ by

(i) the 'topex' method in which the angle to the skyline for each of the

16 principal compass directions is detemmined (Howell and Neustein 1965),



(ii) by the rates of tatter of standard cotton flag (ILines and Howell 1963),
or (iii) subjectively (e.g. lalcolm and Studholme 1972). Booth (1976)
estimated exposure by determining windspeeds over a detailed model of
the Kintyre peninsula in a wind tunnel, The relationship between all of
these 'exposure' estimates and actual weather éonditions are unclear, yet
significant negative correlations between heigﬂt growth of conifers and
all of these different types of estimate have been obtained (Iines and
Howell 1963, Malcolm and Studholme 1972, Savill 1974, Booth 1976), This
suggests that exposure may be an important ecological factor although
the meaning of exposure in terms of measurable envirommental conditions
is unclear, Iillar (1964) describes an upland, 'exposed' area: windspeeds
and rainfall were higher than a more sheltered site, whereas air tempera-
ture, number of frost-free and snow-free days, number of sunshine hours
and potential evapotranspiration were all lower, All of these factors
may affect plant growth.- Near the seashore, salt deposition onto
vegetation by the wind may also affect plant growth (Boyce 1954),

To counteract the effects of exposure it haé long been the practice
in horticulture to erect windbreaks in order to provide artificial
shelter (Caborn 1§65). This has almost always resulted in an increased
yield (Grace 1977). The complex effects of shelter upon local microclimate
have been reviewed by Marshall (1967) and Grace (1977). In general, shelter
results in reduced windspeeds, increased soil and air temperatures and |
increased soil moisture, The yield improvement cannot therefore be
attributed to any one single environmmental factor, However, in both
expsoure and shelter experimentg, high windspeeds are associated with
reduced plant growth, suggesting that wind may be an important ecological

factor,



2.1.3 Effects of wind on the plant microenvironment

As -discussed above, field observations suggest that wind may affect
plant growth., To understand how this may occur, the effects of wind on
the microclimate of plants must be considered,

At any interface between a solid and the atmosphere, i.e. at
any surface, there is a thin skin of air of reduced velocity, called

the boundary layer. The exchange of water, CO, and other gases, and

2
of momentum hetween the atmosphere and the surface are all affected
by the properties of the boundary layer, 4 laminar boundary layer is
one in which the streamlines of flow are almost parallel to the surfacs,
In such a boundary layer, gaseous exchange is by diffusion. As thg
flowrate increases, the flow breaks down to a chaotic pattern producing
a turbulent boundary layer, in which exchange of gasés is by turbulent
mixing: émall parcels of air are transferred to and from the surface.
Irrespective of the type of flow, the f{lowrate at the surface must be
zero; hence there is always a thin,. laminar sub-layer even in a turbulent
boundary layer.

The transfer of any entity between a surface and the atmosphere can _

be described by a generalised form of Fick's equation (Jarvis 1971);

F '= -Kg'u: . (201)
dz

where F is the flux rate;
K is the transfer coefficient and -
dE/dz is the concentration gradient,
The resistance to transfer of an entity across the boundary layer
can be defiped in terms 61‘ the diffusion pathléngth and the transfer

coefficient of the entity in question (Jarvis 1971):



2 .
T, =§ az = L% (2,2)
K K
24
and hence
F = BB : (2.3)
r
a

where T, is the boundary layer resistance;
22-'21 is the diffusion pathlength and
E2-E1 is the concentration gradient,

The trgnsfer coefficient, K, for momentum, heat, water vapour and
C0, by molecular diffusion at 0°C are .133, .181, ,212 and ,219 cn® s~
respectively (Monteith 1973). In turbulent flow all, entities are
transferred by turbulent mixing and the appropriaté values for K may vary

from .2 to 1000 cm2

s~1 above a vegetation canopy (Mbnfeith 1973).. Transfer
is obviously much faster and x, much lower in conditions of turbulence.
The work of Parlange et al (1971), Peamman (1972), Grace and Wilson (1976)
and Grace (1978) suggest that the boundary layer over leaves in natural,
turbulent airflows:.is usually turbulentf T for laminar boundary layers
varies with the inverse square root of the windspeed (Monteith 1973),'but
no such simple relationship holds in turbulent boundary layers, where an
increase in windspeed gives a greater decrease in T, than would occur in
laminar flow (Grace and Wilson 1976).

A decrease in ra due to increased windspeed will result in increased

fluxes of heaf, 002 and water vapour and so may affect photosynthesis,

surface temperatures and transpiration,



(i) Photosynthesis.,

T, is only one of several resistances governing 002 flux rates

(Jarvis 1971):

F = P ,=00, g, (2.4)
1 1
r +r <+ r
a S xr

Co a and CO are the 002 concentrations in the atmosphere and at the

2 2 chl
chloroplast, respectively;
r; is the stomatal resistance to 002 transfer and
r, is the 'residual' resistance to 002 transfer,
Holmgren et al (1965) found that the stomatal resistances of a number
of species ranged from ,3 to 18 s cm‘1 while 'residual' resistances

ranged from 2 to 10 s cm71. r; is usually of the order of .1 - 1 s cm

1
(Monteith 1973) and so is generally only a small part of the total
resistance, Changes in windspeed thus have little affect on 002 fluxes
via r;. Only in assimilation chambers (where r; may be very large without
mechanical mixing) has flowrate been reported to have considerable effects

on photosynthesis (Decker 1947, Warren Wilson and Wadsworth 1958,

Parkinson 1968).
(ii) Surface temperature,

- Surface temperatﬁres differ from air temperatures to an extent
governed by the radiation absorbed and lost from the surface, by .
latent heat exchangeiand by convective heat exchange.

The net radiation gain or loss Rh’ can bé fouqd by determining the

components of fhe radiation balance (Monteith 1973) :



R = (1-,>)(sr + se) + e(Ld + L - 2Ls) (2.5)'
el is the reflection coefficient of the surface;

S_ is the diffuse and direct shortwave radiation from the sun and-sky;
S is the diffuse and direct shortwave radiation from the environment;
€ 1is the emissivity of the body;

Ld is the long-wave radiation transmitted by the atmosphere;

L is the long-wave radiation transmitted by the enviromment;

L is the long-wave radiation transmitted by the surface itself,

Sr’ Se' Ld’
(2.5.}" can be simplified:

Le and Ls are all expressed here on a projected area basis,

B, = R -R (2.6)
where: R, = (1-/7)(Sr + se) + e(Ld + Le) (2.7a)
and R = 2L = 26T % (2.7b)

e s s .

R.a is the absorbed radiation,

R.e is the emitted radiation;

o 1is the Stefan-Bolzman constant;

TS is the surface temperature,

(2.6) and (2.7b) show that net radiation is itself dependent on surface
temperature. To remove T_ from R , Monteith (1973) introduces R, the
isothermal net radiation, defined as the net radiation of the body if it

were at air temperature, Ta:

R, =R - 25«1'34  (2.8)
From (6), (7b) and (8): 7
R = R, - 2“(Ts4 - Ta4) | (2.9)

Monteith (1973) defines the 'radiative resistagcei, Tp, as:

= _po ' ' (2.10a)
450‘T3 ' ’
4 4y _
and shows that (Ts - T ) = pe (’I‘s - Ta) (2.10b)
X.
R

where /2 is the density of dry air,

and c is the specific heat of dry air.at constant pressure



10

From (2.9) and (2.10b):

R = R, =-2pc (TS - Ta) (2.11)
rR ’

Equation (2,11) is necessary to solve the energy balance equation
for surface temperature,
The energy balance equation states that in steady-state
conditions (Gates 1962):
R +C+AE+G+S+P=0 (2.12)
when C is the sensible heat flux by convection
AE is the latent heat flux;
G is the heat flux by conduction;
S is a’ storage term;
and P is a chemical storage temm, e.g. photosynthesis,
. In many conditions, and for fhis discussion, it can be assumed that
G, S and P can be ignored (Monteith 1973).. (2.12) now reduces to:
R, = C+AE | (2.13a)
In 'dry systems', where latent heat exchange is negligable (2.13a) reducesf'z_ t
B, = C (2.13b)

Sensible and latent heat fluxed are affected by windspeed through it''s

effect on (Monteith 1973):

C = /c(TS-T;) ' (2.14)
r
a

AE =

Vs c(es (Ts) - ea)

b’(ra + rl)-

(2.15)

where es(TS) is the saturation vapour pressure at 'TS;
e, . is the air vapour pressure;
is the psychrometer constant;

ri is the leaf resistance to latent heat flux,



Plant buds and stems can be considered 'dry systems', so the
simplified energy balance equation (2,13b) can be solved for these
structures:

From (2,13b) and (2.14):
R = /7c(T§- Ta) (2.16)

r
a

Insert (2.11):

R, = /)c(TS - Ta) + 2pc (Ts - Ta)
- r N
a R
=> R, = po(T -T)E;_+ 2 (2.17)
m T e Tt 4
Define: 1 = _2;+_1_ (2.18)

rE rR 3:a

Insert (2.18) into (2.17):

Ts = E_a. + rERni
- /)c
> - - ) 4 )
= T T, + _::_E(Ra 20T, ) (2.19)
Le

Equation (2,19) shows that surface temperature of dry systems differs from
air temperature by an amount déterminéd by the radiative enviromment and
the geometry of the organ (which determine Ra and rE). Increasing wind-
speed decreases- g through it"s effect on T, (equation 2,17) and so
decreases the right-hand term of (2.19), bringing TS close;’ to Ta‘ Landsberg
et al (1974) provide experimental data for apple buds and blossoms
demonstrating this,

It should be noted that fo'r elements with a smali characteristic
dimension, such as buds, twigs or stems of small herbaceous plants,
T, << ]:R‘ and so to a first approximation, Ty = T,. Fo'r large elements

such as tree trunks and branches, the much larger T, approaches the

magnitude of Tp and so rE¢ra (Monteith 1973).



For 'wet systems', such as plant leaves, latent heat flux must be
taken into account, Factors affecting leaf temperature are air
temperature, the radiation balance (equation 2,11), sensible heat flux
(equatioﬁ 2.14) and latent heat flux (equation 2.15). From (2,13a),

(2.14), (2.15) and (2.11):

R, = /oc(Ts - Ta) + ZPC(TS - Ta) +rpc(es(TS) - ea) (2.20)
r - Tp T z'(nca + rl)
From (2,18):
R, = />c(Ts - Ta) +/70(es(‘1‘§z - eé_)_ (2.21)
R a’(ra~+ 1'1)

The leaf-air vapour pressure deficit (es(Ts) - ea) can be related
to the leaf-air temperature difference and the air vapour pressure

A
deficit by the Perman substitution (Campbell 1977):
es(TS) -e = eS(Ta) - e, +~Z&(Ts - Ta) (2.22a)

= T, - T, = es(Ts) - eS(Ta) ; : (2.220)
A

where es(Ta) is the saturation vapour pressure at T ;

and A is the rate 'of change of saturation vapour pressure with temperature,

Insert (2.224) into (2.21);

Ry = polfy = 1) +pele (t) - e +4(2, - 1)]
S Ty ' Y, + ;)
- R, = (t, - T) + A(T, - 1) + (e (T) -e,)
o TR e TaR)
=> Rni - (.es(Ta) - ea) = (TS - Ta)[1 + l'E A . (2023)
e b’(ra + r17 g era + rl)

Define: é’* = b‘(ra+rl)/rE : (2.24)



Insert (2.24) into (2,23) and rearrange:

Bi%r - (es(Ts)-ea) = (Ts-Ta[Z*+A ]
¥

P AN
=7 - T =[rERn:i. - (es(Ta)-ea)J[ X* }
re e y©+A

- JRN P* ] l'rE(Ré-ZwTa"') - :‘lifes(ia()-ialJ (2.25)
YAl pe A

HEquation (2.25) is the same as that given by Campbell (1977) and
shows that leaf temperature is strongly dependent on air temperature,
radiafion balanc;e and air wvapour pressure deficit, (I am grateful to
A, Miranda for his assistance with this derivation). Leaf temperature
is dependant on windspeed, via ra, in a complex way, as T, appears as
both mumerator and denominator. Decreasing T, can cause‘ either an
increase or decrease in leaf temperature, depending on specific
environmental conditions, The graphical analysis of Gates and Papian (1971)
show that in conditions of high absorbed radiation and moderate air
temperature, TS> Ta and an increase in windspeed decreases leaf temperature,
This has been shown experimentally by Yamaoka (1 958), Mellor et al (1964)
and Drake et al (1970).

In conditions of low or negative radiation balance, or at high air
temperature, 'Ts< Ta and increasing windspeed increases leaf temperature

(Gates and Papian 1971).
(iii) Transpiration
The effects of windspeed on transpiration rate has been discussed

in detail by Monteith (1965), Gates (1968), Gates and Papian (1971),

Haseba and Takechi (1972), Monteith (1973), Hinshiri (1973), Gates (1976)



and Grace (1977). The following discussion is based on those of ionteith
(1965), Einshiri (1973) and Campbell (1977).

The major factors affecting latent heat flux are the resistances
to latent heat flux (equation 2.15), the radiation balance (equation 2.5
and 2,11) and surface temperature (affected by sensible heat flux and
radiati&e heat loss, equations 2,14 and 2,11). The energy balance equation
(2.13a) can be solved for latent heat flux:

From (2.13a), (2.14), (2.11) and (2.18):

Ry = ME= pe(T - T) ‘ (2.26)

T,
iy
Eliminate T_ using the Pemman substitution (2,22b):

R, =AE = pc(‘es(T.‘s)-es(Ta) (2.27)
ol A

Rearrange (2,15):

es('l‘s) = X)\E(rl +‘ra) e e,  (2.28)
/e :

Insert (2,28) into (2.27) to eliminate es(TB) :

R - \E = pe [3%XE(1‘1+1'3) + ea-es(Ta)]

ATl po

= ANE + Z(rl + T )AE = AR ; +/)c(es(Ta)-ea)
Ty ;’;
=~ AE(A+ X)) = ARni + peleg (T )-e )/ry
=>  AE = AR, +/Jc(es(Ta)-ea)/rE
PARN b'*
=> AE = A(Ra-2wTa4) +/;c(es(Ta)-ea)/rE (2.29) -
A+ ¥

Equation (2,29) is essentially similar to that of Campbell (1977) and
differs from that of Monteith (1965) only in that instead of net radiation,

R, the more detailed term (Ra-zeo".[‘a4) is used, and that ¥*= 5(1'8 + rl)/rE

instead of g(ra + rl)/ra. As Monteith (1973) points out, rp>r  for all

but very large leaves,



Inspection of (2,29) shows that transpiration rate ( \E) is
strongly dependgnt on the radiation balance, humidity and temperature
(as A and es(Ta) are strongly temperature-dependant), \AE is only
weakly dependant upon ra as this occurs as both numerator and denominator.
An increase in windspeed can increase or decrease transpiration,
depending on envirommental conditions,

By introducing the 'isothermal' or 'climatic' resistance, sy
rewriting (2.29) nondimensionally and differentiating it with respect to

Te Monteith (1965) shows that )\E is independgnt of r when:

r, = (1+¥/0) (2.30a)
or AB/C- = A/(A+Y) (2.30b)
where r; is defined as

r, = pele (T))=e.) (2.31)

yC

(ri is thus a property of the enviromment in terms of a diffusive
resistance).

In the case of a plant with low Ty and a low radiation balance, as
on a cloudy day, r; is large (as C is small without high Rn) and so
’ 1']‘_(1 +¥/A )ri. A decrease of r_ causes an increase in AE at the expense
of Cy i.e. transpiration rate-increases, Conversely, on a sunny day with
high R , C is large and so r; is swall, so T, may exceed (1 +¥/A )i‘i.

A decrease in r results in g decrease in )\E,

The grall)hical analysis of Gates (1968),Gates and Papian (1971) and ‘
Grace (1977) show that only at low irradiances, when Ts does not differ
greatly from Ta, does an increase in windspeed cause an increase in
transpiration, At high irradiances and moderate air temperatures,

Ts> Ta and an increase in windspeed can often decrease transpiration, as

shown experimentally by Satoo (1951 a,b,c), Mellor et al (1964) and

Drake et al (1970).



The above analyses show that changes in windspeed always result
in changes in the plant's microenviromment. Changes in temperature and
water use in particular are likely, when T, is altered, Buch changes
should be taken into account in any experiments on th/e effects of wind
on plants, Unfortunately, very few studies have included monitoring
leaf or bud temperatures, It has often been stated that the effect of
wind on plant growth is due to it's 'drying effect', e.g. Tansley (1946),
Daubenmire (1947, 1959), Venning (1949), Green (1964) and Willis (1973),

yet as shown above, increasing windspeed may often have the opposite

of a 'drying effect!?,



Table 2,1 Effects of Wind on Plant Growth

Species Dry Vieight

Calendula officinalig

Helianthus annuus

Setaria italica

Apiwn ;sraveolens

Brassica nywus
Brassica nupus,

Fipam gabivig,

Hoxdenm vuleure .

in solution enlture

Robinia pgeudoacacia

Hlelianthas anuug

Zen mays

Larix laricinia

thascolns vudoarig
in solution cultuve
Jurlans nigea
Loliwn perenne

Fesbucea arundinancea

Fopulus bremula

d = decrease

Lenf Area  lixtengion oot /Shoot Author
. Growth _Growth gvowth Ratlo
d Finnel). (1928)
d da d Marttn and Clements (1935)
qa a Nao (1938)
d Venning (1949)
d d viadsworth (1959)
n n Vadsworth (1960)
d d d Satoo (1962)
d d a 1 Whitehead (1962)
d d i Whitehend & Tmti (1962)
d Larson (1965)
d d d Kalma and Kuiper 1966
d N n n n Heiligmann and Schneider (1974)
a d d i Russell and Grace (1979)
d a i
d Fluckiger et al (1978)

1 = increase

n = no effact



2.1.4 Effects of wind on plant growth and development

The effects of wind on plant growth has been investigated by several
authors over the past 50 years, some results are summarised in table
2.1, Dry weight growth, leaf area growth and height growth were reduced
in practically every species studied. Diameter growth is decreased

in H, amuus, S. italica and A, graveolens; increased in Z. mays and

L, laricinia, and unaffected in J, nigra. Root/shoot ratio is increased

in H, annuus and Z. mays; decreased in P, vulgaris in water culture and
unaffected in J, nigra, The observation of Wadsworth (1960) that wind
exposure did not affect plant growth in water culture led him to conclude
that wind affects plant growth via an effect on water relations, In
contrast, Kalma and Kuiper (1966) found that wind did affect the growth
of P, vulgaris in water culture,

Various developmental effects have,been noted: Maxrtin énd Clements
(1935) }ound that H. annuus exposed to continuous wind developed an '
increased number of stomata per unit area and decreased number of xylem
vessels in the stem., Rao (1938) noted a decrease in tillering and root

volume in S, italica. Venning (1949) observed a large increase in cross-

sectional area of collenchyma bundles in the petioles of A, graveolens.
Satoo (1962) noted a decrease in leaf production and root length in

R, pseudoacacia. Whitehead and Luti (1962) found that although the leaves
of Z, mays were shorter in wind-grown plants, they were also broader and
thicker, had a greater number of stomata per unit area, a greater number
of leaf veins, larger phloem elements and more sclerenchyma fibres,

Grace and Russell (1977) found that leaves of F, arundinacea grown in

continuous wind were thinner, had more stomata per unit area, more

marginal sclerenchyma cells, a greater number of epidermal hairs and a



higher Young's modulus of elasticity than controls, In contrast, Russell
and Grace (1978a) found none of these effects in 1L, perenne,

Various experimenté have been carried out on the effects of wind-
blown particles on plants., Much shorter periods of exposure are required
to produce similar amounts of abrasive damage when the wind contains
particles of sand or soil (Dewey et al 1956, Armbrust et al 1974).

For instance, 15 to 20 minutes exposure to wind of 13.5 m 3-1 plus
5 to 15 kg of sand were used by Armbrust et al (1974). Such exposures have

been shown to reduce dry weight growth and yield of Triticum aestivum

(Woodruff 1956, Armbrust et al 1974), P. vulgaris (Skidmore 1966),

Gossypium hirsutum (Armbrust 1968) and Lycopersicon esculentum (Armbrust

et al (1969).
Finally, there are a few field observation of relevance here,

Bright (1928) found that the fronds of Pteridium aguilinum were smaller at

the top of an exposed slope than lowexr down the slope; cells were thicker
and there was a greater per cent of sclerenchyma fibres in the petioles.

Helmers (1943) found that needles of wind~deformed Pinus ponderosa had

thicker cuticles and hypodermes, thinner epidermes, decreaséd cross-
sectional area and increased numbers of stomata per unit area than needles
from undeformed trees on the same ridge., These effects cannot be attributed
unambiguously to wind, however,

Turner (1971) divided an experimental area in the Dischma valley,
Switzerland, into regions of mean windspeed class and irradiance class,
He found that height growth and survival of young Légié decidua and Pinus

montana arborea were significantly negatively correlated with windspeed

class in areas of high irradiance, but not in areas of low irradiance.

Hewson et al (1977) classified various mountainous sites as 'windy' and



'non-windy' and found that the height/diameter ratios of P. ponderosa

- . Sii. . . o . . .
and Pseudotsuga menziermi were significantly lower.in the windy sites,

Again, it is likely that envirommental variables other than wind may
also vary within these classifications,

Fluckiger et al (1978) compared the leaf area growth of several
species placed in the dividing stxrip or by the side of a motorwéy with

-

the growth of plants 200m away from the motorway. Tiaffic gusts of wind

1 in the central reservation and up to 1 m g by the

were up to 5 m s
side of the motorway, providing fadditional windiness' for the plants,

Leaf area growth of Populus tremula, Fraxinus excelsior, Betula pendula,

Cornus sanguinea, Lonicera xylosterum and Quercus robur was reduced by

proximity to the motorway, the biggest effect being in the central dividing
strip. This effect, while consistent with that of wiﬁd on plants, cannot
be ascribed solely to wind,

There is thus a considérable body of evidence that wind can have
marked effects on plant growth and developmenf, Variqus explanations have
been put forward to account for this; these are reviewed in subsequent

sections,
2.1.5 Effects of wind on plant water relations.

The effects of wind on plant water use via the boundary layer

: resistanée a¥e discussed in 2,1,3.  The modified Perman equation (2,29) is
strictly only applicable to steady-state conditions, If.the leaf resistance
changes with windspeed, there will be changes in transpiration not predicted
. by (2.29). The leaf resistance, Ty is composed of the stomatal resistance
Ty and cuticular resistance T, in parallel:

1 = 1 + 1 (2.32)




There is evidence in the literature that both Ty and r, are affected
by windspeed. Martin and Clements (1935) found that although transpiration
of H, annuus increased with increasing windspeed, a fairly rapid stématal
closure followed, partially reducing the increase in transpiration,

Satoo (1962) demonstrated a decline in stomatal aperture with increasing
windspecd in Quercus acutissima. Tranquillini (1969) subjected various
species to increasing windspeed and found that, in the same envirommental

conditions, transpiration of Alnus viridis and Larix decidua increased

with increasing windspeed whereas that of Picea gbies, Pinus cembra,

Sorbus aucuparia and Rhododendron Ferrugineum decreased with increasing

windspeed, This implies a respdnse of Ty

these groups, Davies et al (1974) found that increasing windspeed

to windspeed in at least one of

increased stomatal aperture in Fraxinus americanus, decreased stomatal

aperture in Acer saccharum and had no affect on Pinus resinosa,

Heiligmann (1974) found that wind had no effect on stomatal apexrture

of J, Nigra, Davies et al (1978) found that stomata of a.coastal,
prostrate ecotype of Cykisus ESSéiﬂg Flosed with increasing windspeed,
whereas_the stomata of an upright, inland provenance openediwith increasing -
windspeed. However, Davies et al (1978) did not control air vapour pressure
and noted that the iﬁcrease in windspeed-was accompanied by a two-fold
increase in air vapour pressure deficit. With the exception of Tranéuillini
(1969) the other workers listed above do not mention humidity, Grace

et al (1975) found that increasing windspeed had no effect on transpiration

rate of Picea sitchensis and attributed thié to a stomatal response to

vapour pressure deficit., They pointed out that.the increased flux of
water vapour away from the leaf surface (in their environmental conditions)

would reduce the vapour pressure sensed at the leaf surface, and showed

that the stomata of P, sitchensis responded directly to changes in air vapour



pressure deficit, It has now-been established that many species show
a stématal response to air vapour pressure deficit (Jarvis et al 1974,
Burrox{sand Hilthorpe 1976, Beadle 1576, Hall et al 1976). Such a
response may have confounded the results of some of the above cited
woxrk, Despite this, fhere clearly is evidence that rs may well change
with changing windspeed, causing changes in Ty.

T, is usuallylmuch greater than T and so, to a first approximation,
Ty = T (equation 2.32). Large changes in T, would be required to
significantly affect transpiration rate,

Grace (1974) investigated the effects of wind on cuticular and

stomatal resistances of grasses. Exposure of Festuca pratense, Lolium

multiflorum and Dactylis glomerata to 3.5 m s-1 for 48 hours caused marked
decreases in cuticular and stomatal resistances, Thompson (1974) showed
that this wind exposure resulted in a loss‘qf structure of epicuticular
waxes and rupture of epidermal cells where leaves pad collided wifh one
another in the wind; Mackerron (1976a) examined the wind lesions of

Fragaria x ananassus leaves and found a collapse of the periclinal walls of .

epidermal cells, Wilson (1978) made detailed examinations of the lesions

of Acer pseudoplatanmus leaves resulting from wind-induced abrasion, She

noted crushing of epidermal and mesophyll cells, disruption of epicuticular
waxes and reported a linear relation between per cent macroscopic damage
and cuticular conductance,

It appeais that Ty and r, both vary with windspeed, Bearing in mind
that increasing windspeed may decrease the potential tranépiration from the
plant and that the stomata of at least some épecieg close in response to
high winds, it is by no means certain that high winds will cause a water

stress., Recourse to experiments where plant water status is actually



measured must be made. According to the van den Honert (1948) model of
water movement through the soil-plant-air continuum, an increase in
transpiration will be accompanied by a decrease in water potential
(Wieatherley 1976). In those experiments mentioned above where an increase
in transpiration was reported, there was presumably an accompanying fall
in water potential, Unfortunately there have been very few actual
measurements of water status.

Satoo (1962) found that the uptake of water by C. japonica lagged
behind the increase in transpiration rate obtéined on increasing the
windspeed and inferred that a water stress had been imposed. Grace and

Russell (1977) grew F. arundinacea in continuous wind or drought. They

found that wind-exposed and droughted plants had more negative watex
potentiakiat.any given relative water content than contrel plants. This
was interpreted as an adaptive response to water stress: less total water
need be transpired to establish sz given water potential gradient between
soil and leaves. Droughted plants also showed the adaptive response of
increased leaf resistance, Wind-éxposed plants, however, had decreased
leaf resistances, Despite these changes, the wind exposed plants, which
were freely supplied with water, showed only slightly greater water stress
(~1.2 MPa)than controls (~1.0 MPa,)
Continuing their experiments in a controlled environment wind ftunnel,

Russell and Grace (1978b) were again unable to detect any effects of wind

on water.pofentials of F, arundinacea and L, perenne, although leaf

resistances and leaf area growth were reduced.
To date, there is no convincing evidence that_wind—induced water stresse
are important to plant growth. The importance of damaged cuticles in

situations of limited water supply has not been examined. Yet considerable
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effects of wind on plant growth have been observed in situations of
plentiful water supply, suggesting that wind-induced water stresses may

not be an important factor in the effects of wind on plant growth,
2.1.6 . Effects of wind on photosynthesis and respiration

Tranquillini (1969) exposed a variety of species to increasing wind-

speeds and found that the photosynthetic rate of L, decidua and P. cembra

showed a maxdmum at 4 m s-1; Se aucﬁ aria and A, viridis showed a

maximum at 1.5 m s-1; and R, ferrugzineum and P, abies decreased above

.5 m s~1. Caldwell (1970) extended these experiments and showed that the

decrease in photosynthesis of R. ferrugineum with increasing windspeed was
*due to increasing stomatal closure, whereas that of P, cembra was due to
increasing mutual shading as the plant bent over in the wind.

Yabuki et al (1970) also found that photosynthesis of Cucumis satiuas

showed a maximum at ,5 m s-1. These reported increases in photosynthetic

rate at low windspeeds are presumably due to the decrease in boundary layer
resistance.as windspeed is increased,
Grace and Thompson (1973) reported a decrease in net photosynthesis of

P, arundinacea following exposure to 3.5 m s-1; but Russell and Grace (1978b)

were unable to detect any effect of windspeed in F, arundinacea and L, perenn

This may be due to the difference in techniques used: Grace and Thompson
(1973) measured net photosynthesis of whole plants wheress Russell and
Grace (1978b) measured gross photosynthesis of single, newly expanded
leaves, |

MacKerron (1976b) found that the]hotosynthetic rate of wind-damaged

F. X ananassus leaves was lower than that of undamaged leaves,

Wilson (1978) showed that the net photosynthesis of A, pseudoplatanus

wés increased by exposure to a high windspeed, if calculated on a viable



leaf area basis, She attributed this to the effects of loss of leaf area
on photosynthetic rate as reported by Vareing et al (1968).

Armbrust et al (1974) also found an increase in net photosynthesis
calculated on a viable leaf area basis when T, aestivum were subjected
to brief periods of wind-blown particle exposure.

Grace and Thompson (1973) and Wilson (1978) found that wind had no
effect on dark respiration rate. Todd et al (1972) however, demonstrated
large, rapid increases in dark respiration upon exposing 8 different
species to high windspeeds, Respiration rate rapidly returned to normal
when calm conditions were restored. Ammbrust et al (1974) and
Mackerron (1976b) also found increased respiration rates in wind exposed

plants,



Table 2.2. Bffects of liovtion on Plant Growth

Species Treatment Extension Ragdial Author
Growth Growth
Zinus ragdiata g n i Jacobs (1954)

Gossyuvium hirsutum sh,h d Frizzel et al (1960)

Bryonicz dioice h d Boyer (1957)

Liguidamlar sh d i Baillaud (1967)
strraciflua Neel and Harris (19712)

Zea mays sh a FHeel and Harris (1971b)
Cucurbita melopepo sh a i Turgeon and Webb (1971)

Pinus tacda Burton and Smith (1973)

(2]
o]
[0

Hordeum wulgare

Bryonia dioica
Cucumis sativus h d Jaffe (1973)

Pheseolus vulgaris

Kimosa pudica

Rcinus communis

Cucumis pepo
Pisum sztivum h n Jaffe 1973

Iriticum aestivum

Iicuidambar
styraciflua

Juzlans nigra sh a n Phares-e: al (1974)

Aicer sacchaydinum Phares et al (unpublished)

Lxcogersicon
esculentum sh,h a Fitechell et 21 (1975)

Zisum sativum

Pims resinosa sh a a uirk and Freese (1976)

Pseudotsuma sh 8 n Kelloggand Steucek (1977)
menziesii

Zea mays h d Beardsell (1977)

Festuca arundinacesz sh a Russell and Grace (meublished)

g ~ gwing n - no effect
sh = shaking d - decrezsed

h - handling i - increased
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2.1.7 Effects of shaking on plants

Although the effects of wind on plant growth are clear, effects on
plant water relations and éarbon budget are not so clearcﬁt. Perhaps
the effect of wind on plant giowth is due to the shaking that it
causes,

Various types of mechanical stimulus have been applied to plants,
and their effects on growth studied. Jacobs (1954) and Burton and Smith
(1973) guyed trees to prevent them swaying iﬁ the wind; Boyer (1967),
Jaffé (1973) and others handled plants, while Neel and Harris (1971 a,b)
and others shook plamts for 30 seconds daily. Growth in plant height
and diameter have been studied; results are summarised in table 2.2,

In nearly all the 21 species studied, the mechanical stimuli reduced
extension growth, and where studied, increased radial growth,

Virtually éll the authois listed in table 2.2 hypothesise that plant
hormones are involved in this response, with a majority in favour of
ethylene, The only evidence forra role of hormones is that of Boyer (1967)
who found marked decreases in the indole acetic acid/gibberellic acid
fraction of handled plants, |

Parkhurst and Pearman (1971), in a critique of Neel and Harris (1971),
point out that although shaking might affect plant hommone distribution
and activities, it might also have effects on the plant's water relations
or carbon budéet. The only work to date on water relations is that'of
Kahl (1951) and Beardsell (1977). Kahl (1951) found that shaking increased

transpiration of Rhoeo discolor, Taraxacum officinalis and Lactuca sativa.

Beardsell (1977) could detect no effect of handling on the transpiration

of Z. mays.



Asher (1968) observed that deflecting the fascicles of various pine
sﬁécies induced an action potential in the stem. Pickard (1971) found
that stroking pea epicotyls also gave rise to action potentials., Both
authors commented on the similarity of the resp;nse to that of the
Mimosas and carnivorous plants, which also show depolarisation upon
mechanical stimulation (Sibaoka 1969). In these plants and others, this
depolarisation is associated with rapid movement, such as closing of
leaves or coiling of tendrils, For instance, Jaffe and Galston (1968)
showed that the coiling of pea tendrils in response to a mechanical
'stimulus is accompanied by an efflux of electrolytes, B* and 140 label,
They proposed that the mechanical stimulus is transduced into an
electrolyte efflux, resulting in an efflux of water with a consequent
loss of turgor, and contraction, Ziﬁmerman (1978), in his discussion
of the electromechanical model of turgor maintenance, proposes that
changes in the geometric dimensions of the plasmalemma, due to turgor
pressure changes,:are transformed into changes of ion concentrations and
electric field distribution. If, as the work of Asher (1968) and Pickard
(1971) suggests, sensitivity of the plasmalemma to mechanical stiﬁuli are
common amongst plants, perhaps the mechanical stimuli observed'to reduce
plant growth do so through an effect on the turgor of the plant, It must
be emphasised that there is no evidence for this.,

There is direct evidence for an effect of mechanical stimuii on
components of the carbon budget. Kahl (1951) found that shaking detached
leaves of L, sativa caused a 60% increase in respiration and a 52% decrease
- in net photosynthesis, Audus (1935), Barker (1935), Godwin (1935) and
Audus (1939) showed that rubbing and flexing detachea leaves of a variety
of species caused large, sustained increasés in respiration rate. Phares

et al (unpublished) examined the effects of shaking on dry weight and leaf
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area growth of 3 species of tree, Total dry weight and leaf area ratio
of J, mnigra were significantly reduced, but not significantly affected
in L, styraciflua or A, saccharum, They concluded that shaking has
little effect on photosynthetic parameters, at least in the latter two
species,

In conclusion, a variety of mechanical stimuli have been shown to
affect plant growth, but the physiological details of this effect (. are

still unclear,
2.241 Lodgepole Pine

The species chosen for experimentation in this project was

Pinus contorta, or Lodgepole Pine, DP. contorta is of considerable

importance both economically and'aesthetically. Over.13 x 106 acres,

49 x 106 acies and 73,000 hectares had been planted with P, contorta'

by 1975 in U,S.A., Canada and Great Britain respectively (Wgllner 1975,
McDougal 1975 and Lines 1976). The North American Indians used P. contorta
for teepee poles, cuxrently.it is used for light construction, interior
panelling, ports, poles and railway ties (Wellner 1975). It“s economic
importance is further reflected by the considerable amount of research
dealing with this species, Lotan and Sweet (1975) list 1155 references

of work on P, contorta over the period 1954-~1973,

Forest managers and landscape architects consider P._contorta of
considerable aesthetic value (Litton Jr, 1975). Herrington (1975) and
Despain (1975) point out that P, contorta is of great value to outdoor
recreationists as it frequently occurs in many éf the fairly rigorous
climatic conditions often found in scenic situations, However, Despain
(1975) also notes that the general population do not recognise P, contorta
as a particular species and 'those that can recognise the species usually

complain about it!,



P, c?ntorta has an ecological range of 30°of latitude (California
to Alaska) and from sea level to 11,000 feet in it s natural environment
(Lines 1966)., It is divided into many provenances on the basis of
appearance, growth rate, fruiting habit and ability to withstand ‘'exposure'
(Lines 1966)., The major division is between inland and coastal populations.
(Lines 1966, Cannell 1974), although Critchfield (1957) recognises 4
subspecies,

The full bofanical classification of the provenance used in this

‘'work is Pinus contorta Douglas ex, Ioudon ssp. contorta Critchfield,

provenance T3 (7972) 1, also known as Long Beach provenance, This
South Coastal provenance is of considerable importance to British Forestry
because of it s rapid growth rate even on poor soils (Lines 1%6).

2:242 The growth cycle of conifers, with particular reference to P, conto

The growth cycles of most conifers are reiatively complex, as
differentiation and development are temporally separated., A considerable
amount of detailed descriptive work on the growth cyc;e of P, contorta
is available, Van Den Berg and Lanner (1971), Cannell & Villett (1975);
Owens and Molder (1975), Lanner and Van Den Berg (1975), Cannell and
Willett (1976) and Cannell (1976) have all thoroughly described the various
‘stages of the growth cycle of P, contorta,

Buds and needles initiated in year n remain as primordia throughout
year n and do not elongate info,the nature structures unfil year n + 1,
or in some cases, n + 2, Owens and Molder (1975) provide the following
account of bud developmen# of P, contorta in Viectoria, British Columbia,

Cell division in the bud apex, pollen cone primordia and needle primordi
begins in early March., The bud apex initiates sterile cataphyll primordia
until the second half of April, when fertile catophylls (i.e, those bearing

" axillary buds) begin to be initiated. Initiation rates do not peak



until well after shoot elongation is completed, Axillary bud piimordia
remain small until August when they undergo repeated cell divisions to
form two-needled dwarf shoot primordia or lgteral branch primordis,

This calendar of events agrees well with that of Cannell and Willett
(1975) for P, contorta grown in Scotland.

In unicyclic buds these structures elongate in year n + 1, However,
Van Den Berg and Lanner (1971) found that many buds of P, contorta
are polycyclic., Polycyclic buds produce more than one whorl of lateral
bud primordia. Second-cycle lateral bud primordia may develop dwarf
shoot primordia in year n, or these may not develop until n + 1,
Third-cycle lateral bud primordia are usually small by the end of year n
and continue development as buds during n + 1, not extending until
n + 2. Doak (1935) coined the useful term 'stem unit' to describe

-a single internode plus node plus nodal appendage, i.e. a dwarf shoot,
whether telescoped in the bud or elongated in the shoét,

The number of stem units is fixed in year n, and so sensitive to the
environment only of year n,

Development and maturation of the bud structures are also temporally
separated in n + 1, Thompson (1974) and Camnell and Willett (1976) provide
complete descriptions of the growth (as ojpesed tbﬂdifferentiation) of
P, contorta in Scotland. Bud elongation commences in mid-April to May,
increases throughout May, peaks in June and is finished by early July.
Needles (borne on the dwarf shoots) commence elongation in -June and are
fully extended by September, Roof growth occurs in April, but mainly in
July to October, Increase in girth occurs May to,méust. If growing
conditions are favorable in August, some further shoot extension may

occur, This 'lammas' growth consists of extension of latterly developed
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stem units (Cannell et at 1976).

The amount of height growth in n + 1 is a function both of the
numbexr of stem units formed in year n and the extension per stem unit
in year n + 1, As a result of this, various researchers have found
that conifer shoot extension may be affected more by the environment
of the previous year than of the current year, e.g., Mikola (1962),
Kozlowski (1962 and 1971).

Pollard and Logan (1977) found that primordia production in Picea

mariana and Picea glauca was markedly sensitive to temperature, but

surprisingly insensitive to light intensity or duration, or to mild

wafer stress., The sensitivity of conifer growth cycles to an environ-

mental stress in years n and n + 1 is most clear;y shown by the ﬁoﬁs of

Garrett and Zahner (1973). They subjected P, resinosa trees to drought

in eitherxr £he early, middle or late periods of the growing season for two

consecutive years, They found that shoot extension was equally affected by

drought in June and July of year n and April aﬂd May of year n + 1; but

needlg length was affected by drought in June and July of year n + 1 only.
This sensitivity of growth to previous environments obviously

complicates any attempt to determine the effect of an envirommental stress

in the current year on conifer growth, This is further discussed in 4.1.



2.3 Objectives

The negative correlation observed between 'exposure' and height growth
of P, contorta observed by Lines and Howell (1963) suggests that wind may
. adversely affect the growth of P, contorta. This is also suggested by
the work of Lines (1976) who found that the extension growth of P, contorta
was increased by up to 56% by artificial shelter,

As discussed in 2.1.2, the effects of exposure and shelter on plants
cannot be attributed to wind alone, To establish whether wind, and wind
alone, does reduce the growth‘of P, contorta, controlled environment
experiments are necessary. The pros and cons of controlled environment
studies are discﬁésedlin the next chapter, Principally, the results.
of controlled enviromment studies can only show whether the experimental
variable is potentially important in the field,

The primary objective of this thesis was to establish whether wind,
as distinct from other correlated envirommental variables, such as
témperature, humidity and salt spray, actually does affect the growth
of an economically important conifer, P, contorta,

Subsidiary objectives were: (1) to determine whether shaking has
similar effects on the growth of P, contorta as wind, and so to assess
the role'of shaking in any wind effect; (ii) to investigate the effects
of wind and shaking on the dry weight production, photosynthesis,

respiration and water relations of P, contorta, in an attgmptﬁto determine

how wind and shaking affect plant growth,



Chapter 3. Materials and Methods

In this chapter, materials and methods used in this thesis are
described, Controlled environment studies have been heavily relied
upon; the rationale for their use is discussed in 3.1. The wind
tunnel, growth room and shaking frames are described in 3,2, 3.3 and
3.4. Basic instrumentation used in describing the controlled
envirénmenms are discussed in 3,5, Use of the controlled environments
is discussed in 3.6, Preparation of the plant material is described

in 3.7.



3.1 The rationale of controlled environments

Went (1963) points out that conditions in a controlled environment
are often very far removed from those experienced by a plant in the
natural environment. The contrasts between the constant growth room
environment and the continually changing out-of-doors enviromment are
marked and considerable, Yet to understand the biological responses of
plants to speéific'environmental factors, controlled enviromment studies
are extremely useful, The correlation of ehvironmental factors with one
another and #he contimial variation of not only environmental factors then-
selves but also combinations of environmental factors out-of;doors render
it'difficult to relate a plant response to a specific environmental factor,

The use of a controlled environment can firmly establish a plant
response to a given environmental factor, in a given set of conditions,
Extrapolation of such experiments to field cond%tions must be circumspect,
however, as variation in other environmental factors might modify the
response (Evans 1963).

The limitations of-'exposure' and shelter experiments are discussed
in chapter 2. These experiments suggest that wind might have an effect
on plant growth, but because other environméntal factors could not be
controlled, cannot firmly establisﬁ such an effect, Controlled
environment studies, on the other hand, can examine the effects of
wind, and wind alone, on plant growth, The two types of experiments
are complementary and if they givé similar results can form the
basis of a very strong argument,

In this thesis, controlled enviromnments and‘shaking frames have been
used, The controlled environment wind tunnel provides a means of

varying windspeed independantly of other environmental factors., The



shaking frames provide a means of investigating the effects of plant
motion, such as that caused by wind, but virtually without the wind's
effect on mass transfer through the boundary layer., The regular,
continuous mode of shaking is unlike that seen in the natural wind, but

can be standardised and repeated in successive experiments,
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3.2 The wind tunnel
a

The following brief description of the controlled environment wind
tunnel is based on that of Thompson (1975).

A plan of the wind tunnel, which is of the closed circuit or Prandtl
type is given in figure 3.1 Air flow is driven by the main fan situated
at the second corner, Turning vanes at the corners and the smooth
finished surface of the wind tumnel restrict the develovment of turbulence,
The walls of the rectangular cross-section tunnel are constructed of two
layers of marine plywood sandwiching expanded polystyrene, mounted on
a steel framewoxk, | ‘

Part of the air is e#tracted at the thiid cormérc for temperature
and hﬁmidity control, Heating and refrigeration uﬁits mounted outside
the wind tunnel provide a wide, stable range of air temperatures.
Humidity is regulated by the injection of steam into the air,

Cylindrical cross-pieces mounted in the throat of the wind tunnel
generate artificial turbulence within the working section,

The 1.8 m x ,9 m working section can be raised and lowered by
electromechanical means for access. The internal glass walls are lined
with silver-coated polyester to increase irradiance, Nine 400 W metal-
halide lamps and six 60 W tungsten lamps ﬁaunted above the glass ceiling
provide an irgaéiance of ca, 250 ﬂE:mfz 9'1 in the 400-700 mm, range at
a height of 30'cms., Just above the plants, At this level of photo-
synthetically active flux density, the net photosynthetic fate of
Long Beach P, contorta should be about half the maximal lightfsgturateg.
rate (chapter 7). In fhe 300-3000 nm, range (using a Kipp's solafimeter),
irradiance is about 140 W m.2. For a 17-hour day, fhis gives a daily

total of 8,7 MJ dy-1. Data.collected over four years on the roof of the



Department of Forestry and Natural Resources show an average of
13.8 MJ d.y—1 for April to September (Caborn, vers, comm.), Plants
in the wind tunnel thus receive approximately 60% of the short wave
radiation received outdoors,

The turbulence in the wind fu.nnel was sufficient to cause
considerable small-scale movements of the pine stems and needles, at
high windspeeds, BEven at low windspeeds there was slight plant movement,
Large-scale movements, as occur in a gusty wind, did not occur in the

wind tunnel,



3.3 The growth room

The growth room is a small room with walls coated in silver
coated polyester, Plants are placed on a 1.6 m x 1.0 m bench of
adjustable height, situated beneath the lights. .Fifteen 400 W metal-
halide and twelve 60 W tungsten lamps are mounted above the.glass
ceiling of the growth room, Control of air temperature is provided
by heating and refrigeration units mounted in a duct outside the room
through which air is circulated. Water droplets are introduced into
the air by a 'Defensor' humidifier (Defensor Ltd,) to regulate air
vapour pressure,

The room was modified by Mr, R, Lawson in an attempt to increase
the windspeed, Plyboards coated with silver-lined polyester were placed
along the long sides of the bgnch. A large fan placed at one end blew
air across the table, through perforated plyboard, figure 3;2. Windspeed
was considerably increased, but somewhat uneven écross the bench,
figure 3.3, This modification had the considerable advantage of improving .
the humidity control system: water droplets evaporated into the air
before leaving the fan and the pfevious 'mist' of water droplet was
eliminated.

Irradiance levels were reduced in fhe growth room to match those

in the wind tupnel.



Figure 3,2 Pinus contorta in the modified growth

room, A large fan behind the perforated plyboard

provides an increase in windspeed.
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3.4 The shaking frames

Plants were shaken by shaking frames outdoors in cold frames, A
lightweight rectangular frame constructed from Dexion was mounted on
wheels on a Bexion base, This frame was moved back and forth by a
Citenco electric shaking motor, figure 3.4. The force was transmitted
to the plants by wooden stakes tied to the moving frame figure 3.5.
Plants were frequently examined for signs of damage to the stem where
they were in contact with the wooden stakes, No damage to the stem
other than a gradually increasing 'shininess' of the bark at the point
of contact was observed,

The frequency of shake was quite low: 1-2 Hz, It should be noted
that the control plants, which stood nearby in the cold frames were not
often completely stationary., Windspeed ﬁas reduced in the cold frames,
but often strong gusts would cause considerable motion of the control

plants,



Figure 3.4 The shaking frame,



Figure 3.5 The movement of the Dexion frame

is transmitted to the plants by wooden stakes,



3.5 Heasurement of the environment

To characterise the various enviromments in which the plants were
grown, net radiation, photosynthetically active radiation (Ph:AR), air
temperature and vapour pressure, needle and bud temperatures (where
necessary) and windspeeds were monitored.

Net radiation was measured with a polythene-shielded, Funk net
radiometer, model ME-1, produced by Swissteco Pty., Ltd,, Australia.

PﬁAR was measured with a quantum-sensor, model LI-1905R produced by

Lambda Instruments Co, Ltd., U.S.A. Wet-bulb and dry-bulb air temperatures
were measured with an Assman psychrometer (Cassella Ltd., England).
Windspeed was measured with a 5 cm diameter, vane anenometer (Airflow
Developments Ltd. ’ England),

Thermocouples were simply manufactured by tying 42 S.W.G. copper
and‘constantan wires together; to produce a knot of not more than 1 mm
diameter, These themmocouples were tightly coiled around needles and buds,
to provide good themmal contact. In the wind tunnel, temperatures were
measured and recorded with a mark II temperature recorder, manufactured
by Kent Control Systems Ltd., England., This recorder incorporates an
electronic reference junction, In the growth room and outdoors, an
ice/water mixture was used as the reference junction, and the tenperature-
induced e.m.f. was measured using a D, C, millivoltmeter, type 1201,

produced by Comark Instruments Ltd., England,



3.6 Procedures

The aim in using the wind tunnel and growth room was to produce
two environments differing only in windspeed, To do this,'IhAR and net
radiation were measured over the‘working section of the wind tunnel at
a "plant height' of 30 cms. above the working surface, Metal halide
and tungsten bulbs were removed and the Pench height adjusted in the growth
room, until AR and net radiation levels were as close as possible to
those in the wind tunnel., Air temperatures and vapour pressures were
initially set using the Assman psychrometer, and then recorded using the
monitoring equipment supplied with the wind tunnel and growth room,
Windspeeds immediately in front of each plant were measured, Mean
windspeed in the wind tunnel was adjusted to equal the mean windspeed
in the growth room, where required,

The high windspeed treatments in the wind tummel differed between

1 to 9 m s_1. The lowest

experiments in the windspeeds used, from 7 m s
mean windspeed, 7 m s-1, was used when there were 40 small, 1 year old
plants, in the wind tummel, és this was the highest windspeed.possible
without blowing the leading plants over, 9 m s-1 was  measured wheﬁ there
were only 6 plants in the wind tunnel, The objective of the high windspeed
was to produce the maximum amount of plant movement possible in the
absence of a 'susty' airflow, The plant movement produced by these
windspeeds may‘be approximately compared with natural windspeéd by usé

of the Beaufort Scale.’ The plant movement in the wind tunnel at high
windspeed correspond to about Beaufort numbers 3—5,(which are not uncommon

in Scotland (Caborn 1957). Plants in the growth room were moved very gently

by the wind, corresponding approximately to Beaufort number 1,



Night temperatures were the same as day temperatures in =211
experiments, as thefe is no facility for lowering mnight temperature
in the wind tunnel,

Photoperiods weré adjusted to promote or prevent shoot extension,
During the extension growth experiment, the photoperiod was 17 hrs.
During the water relations experiment, the photoperiod was 10 hrs.

In the shaking experiments, control plants were placed immediately
adjacent to the shaking frames in the cold frames, Although the cold
frames greatly reduced windspeed, control plants were often moved by
occasional gusts of wind,

As the new shoots extended, the height of shaken plants wqs
adjusted relative to the shaking frame when it was judged that the
motion of the extending shoots were such as to cause breakage of the
shoot, Despite this, several shoots were broken by the shaking

treatment,



3.7 Preparation of the plant material

Two year old Long Beach and Hazelton provenances of P, contoxrta
((73(7972).1 and (65(7114)3) and one year old Long Beach were provided By
the Forestxy Commission (courtesy of Mr, R, Lines) in January and
February 1977 and 1978, These were immediately potted into U, C. Mix
IV D compost (Baker 1957) and stood out in the cold frames. Plants
remained in the cold frames until their removal to the various
experiments, The lowest branches of the plants were removed in order
to (i) enable plants to be tied into plastic bags for gravimetric
determination of transpiration rate and (ii) +to improve the water -
status of the plants (which would have lost considerable amounts of
roots when uplifted by the Forestry Commission),

From the beginning of the growing season onwards, nutrients were
added to the plant in the fom of a 1iquid.feed_once per week, The
'Solufeed Standard' powder consists of 22% nitrate, 1% soluble phosphate
and 16% potash, weight for weight (S.A.I. Horticulture Ltd., Technical
Division, pers. comm,), When made up as directed the plant is supplied
with 4,0, 3.5 and 2.9 ng 1-1 of nitrate, phosphate and potash, respectively.

In late March, the length and width of the plant stems and leader
buds, and number of lateral buds were detemmined for zll the plants,
These measurements were used to provide groups of plants as uniform

as possible for experimentation, (This is further discussed in 4.1),



Chapter 4 The effects of wind and shaking on the morphology of

P, contorta
4.1 Introduction

As discussed in 2,1.,2 exposure and shelter experiments suggest that
wind may have an adverse effect on conifer growth, Controlled envirorment
experiments show an adverse effect of wind on plant growth in a variety
of species (2.1.4). Shaking has been shown to reduce extension growth
of several species of trees and other plants (2.1.7) and both increases
and decreases in radial growth have been reported. It is possible that
any effect of wind on plant growth is due to the shaking it causes,

Experiments reported in this chapter describe the effects of high
winds and shaking on the growth and form of P, contorta, Parameters
examined are extension of leader and lateral shoots, tapical control',
extension of néedles, radial growth and stem el;sticities.

. As discussed in 2.2.2, conifér shoot extension isva function both
‘of the number of stem units formed in the previous year and of extension
per stem unit, Many authors have found extension growth better related
to the previous year's environment than to the eurrent year's environ-
ment (Kozlowski 1963, 1971). However, Clements (1970) demonstrated that

the reduced extension growth of Pinus resinosa in year n, due to water

stress imposed in—year n-l, was clearly heralded by a reduction in bud
size at the beginning of year n.  Kozlowski et al (1973) showed that

shoot elongation of Pinus strobus is highly correlated with initial bud

lengths and widths. These experiments suggest that the effect 6f the

previous year's environment can be estimated by determining initial bud



dimensions, By ensuring that all experimental groups of plants have the
same Tean bud sizes, differential affects of environmmental history may be
/;éggééd. (This can be checked at the end of the experiment by determining
fascicle numbers), Current year elongation has also been related to the
previous year's elongation (Kozlowski 1962), suggesting that including
stem lengths and widths in initial measurements, and ensuring that experi-
mental groups also have thevsame mean stem sizes, is advisable,
Measurement of elongating lateral shoots, as well as leader shoots,
allows determination of the apical dominance exerted by the leader.
Brown et al (1967) pointed out that the control exerted by leading shoots
on laterals must be vexy different from that exerted by apical buds on

axillary buds and introduced the term ‘'apical control! to describe this..

Little (1970) measured 'apical control'! in Pimus strobus as the ratio

of the length of the longest lateral shoot to the length of the leading
shoot, whereas Cannell (1974)'used the'ratio of mean lateral shoot length
to leader length. In the work to be described-here, 'apical control! is
estimated hy.the method of Cannell (1974) as this is probably more robust,

Leaf area growfh is as sensitive as height growth to wind, or more
so (2.1.4). But conifer needle extension has a considerably different
cycle of growth to that of most broadleaved species (2.2,2), so the
effects of wind and shaking on needle extension in P, contorta were also
observed, ' :

Jacobs (1954) and Burton and Smith (1973) found that after several

years guying, trees of Pinus radiata and Pinus taeda were no longer stable

in normal winds, This suggests that the wind-~induced motion increased

the rigidity of the non-guyed trees, either thrbugh increasing the



Young's modulus of elasticity (equation 4.,2) or simply by the effect on
radial growth (equation 4.,3)., An increase in Young's modulus could
possibly come about by the laying down of compression wood in response

to motion, The recent review of reaction wood by Wilson and Archer
(1977) shows that stems and branches are sensitive to their orientation
with respect to the vertical and if displaced from their natural position,
will produce reaction wood in order to bend back into the original
position, Subjecting plants to motion might induce reaction wood
formation though Neel and Harris (1971a) and Burton and Taylor (1973)

" found no evidence of this, The effects of shaking on stem elasticity

was determined, to investigate these points,



4,2 Materials and Methods

Treatment of the plant material is described in 3,7. Two year old
saplings of Long Beach provenande (73(7972)1) of P. contorta were used
in experiments 4.3.1, 4.3,2 and 4.3.3. One year old saplingss were used
in experiment 4.3.4. Measurement of environmental conditions and plant
temperatures, are described in 3.4,

Length of extending shoots were measured to the nearest mm. from
the point of insertion of the shoot into the main stem, Stem widths
were measured with calipers to the nearest0.25mm, At the end of each
experiment, needles were removed from leader stems and fascicle numbers
were determined, The number of fascicle scars per contact parastichie from
apex to base were counted, and multiplied by the number of contact
‘parastichies (Baxter and Carmell 1978), Needle length of three needles
per plant near the apical bud were measured to the nearest mm,

In experiment 4.3.1, environmental conditions in the wind tunnel and
growth room were matched as 6losely as possible, as described in 3.4.

The envirommental conditions are detailed in table 4.1, Plants were
measured and removed to the wind tunnel and growth room on 6/4/78. Initial
plant measurements are recorded in table 4.2. For the first nine days

the windspeed in the wind tunnel was kept at the same low windspeed as
that in the growth room, and subsequently it was increased,

In experiments 4.3.2, and 4.3.3, plants were measured on 31/3/78 and
3/4/78 respectively and subjected‘to continuous shaking at 1-2 Hz by |
shaking machines in the cold frames (as described in 3,3). Their Igrowth
was compared to nearby control plants in the cold frames, Air, bud and

needle temperatures, met radiation and water potential were measured over



a two day period in June, as described in 3.4 and 8.3.4. Initial plant
measuiements are Aetailed in tables 4.4 and 4,6, Experiment 4,3.3
continued throughout the growing season, Needle lengths and stem
diameters were monitored over this period,

In experiment 4, needle extension of groups of 40 one year old
P, contorta over 17 day pveriods in the wind tunnel at either low windspeed
or high windspeed were compgred with needle extension of plants in the
growth room, Environmental conditions are detailed in table 4.8,

The Young's modulus of elasticity (Y) of new leader stems of Long
Beach and of Hazelton (65(7114)3) provenances weré measured at the end
of the 1977 growing season (October), Plants subjected to continuous
shaking were compared with controls, At the end of experiment 4.3.2
described above, Y of plants subjected to continuous shaking was compared
with those of controls (July),

Young's modulus of elasticity (Y) was determined by applying known
weights to horizontally clamped stems and measuging the resulting vertiecal
deflections (Morley 1953). After Morley (1953), the moment of inertia

(I) and Young's moduwlus of elasticity (Y) can be found from:

I- 7 a4 (4.1)
ue

where d is the cylinder (stem) diameter,

Y= 12 m- (4.2)
3T v - '

where 1- is the cylinder length,
and Vv is the vertical deflection resulting from the applied weight, w.
The gradient (b) of the relationship between v and w for a series

of weights (w) was calculated by linear regression. (4.2) now becomes:

Y- 12 = 6423 (4.3)




'Rigidity' is -here defined as the deflection per unit load for observed

stem lengths and width, i,e, b or v/w.

length cubed:
b=k12 =212
3 3
oL

'Rigidity' is proportional to

(4.4)

'Rigidities' of actual stem lengths were calculated from (4.4), where

b,

actual stem length of the plant,

p and l1 refer to the rigidity of the length of stem used in the

determination, and b2 and 12 refer to the calculated ‘rigidity! for the
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4.3 Results
4,3.1 - ZEffects of high wind on the morphology of P, contorta

Initial measurements of plants and envirommental conditions in the
wind tunnel and growth room are detailed in tables 4.1 and 4.2. The
extension of leader and lateral shoots in the two enviromnments are shown
in figure 4.1, During the low windspeed period in the wind tunnel,
there were no differences in extenéion growth between the two groups.

When the windspeed was raised to 8,5 m 3-1, extension of leader ang lateral
buds in the wind tunnel wae reduced compared to controls, Final
measurements on the plants are shown in table 4.3, Extension of leader

and latersl shoots were reduced 22% and'YE% respectively, by high windspeed.
Widths of new and basal stems, and 'apical control' were unaffected. The
number of fascicles in the leaders did not differ significantly between

the two groups, so the differences in final extension can be attrig;ted

to current season differences in environment, i,e, to the differences

in windspeed,

Figure 4.2 shows two plants from the wind tunnel and two from the
growth of similar initial measurements,

Although there was a 1.2T2difference in bud temperature and a ,2°C
difference in needle temperatures between the two groups, it is unlikely
that.this could account for the differences in extension, This point is

discussed further in the discussion, 4.4.1,
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Table 4.2 Wind twmel/growth room experiment, Initial plant measurement, means and standard errors
Stem Leader Bud No. of lateral Buds No of Plants —
width  length width length
‘nms. ms. mms. mms'
Wind Tunnel 5.3 184 4,75 27.8 3.9 18
Group + 412 + 6.1 + .09 + 2.8 + .30
Growth Room 5.5.. 183 4,86 26,6 4.2 17
Group + 423+ 5.5 + .13 + 2.6 + .39

Qe
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Table 4.3 Effects of high wind on morphology of P, contorta

Final measurements. Means and standard errors,

Leader Basal Mean Iateral Apical Fascicle No,
Length Width Width Length Control * - on Leadexr
mms mms mms mms - %
Wind Tunnel 113,2 5.4 6.8 81.4 52,0 239
Group + 5.81 +e13  +.14 + 4.58 + 1.58 + 14,0
Growth
Room 145, 1 5¢5 6.7 67.3 55¢5 259
Group + T.43 + 429 + .24 + 3.90 + 1,58 + 10,7
level of
statistical .001 NS NS .05 NS NS
significance
% change 2% - - ~17% - -

* Apical control = mean lateral stem length as a % of leader length



Figure 4,2 P, contorta grown in the wind tunnel

at high windspeed (W), or in the growth room at low
windspeed (C). Plants with subscript o had the
same initial measurements, as did plants with

subscript b*

- a



4.3.2 Effects of shaking on the morphology of P. contorta

Four of the eighteen plants subjected to shaking in the outdoor
cold~frames were damaged by the shaking stress; Although all plants
received the same applied force from the shaking frame at a plant height
of ca. 12 cms, the force experienced by the leader stem during
acceleration and decelgration is proportional to the length of the
leader, and in the case of four plants, caused breakage of the young
extending leader shoots,

Initial and final plant measurements are detailed in tables 4.4
and 4.5. Ixtension ofvleader and lateral shoot are shown in figure
4.3. Shaking reduced both leader and lateral extension by 18%, Avical
control and stem width growth were not affected by shaking, Fascicle
numbers, predetermined in the previous year, were not significantly
different between the two groups,

_ Diurnal changes in net radiation, air, bud and needle temperature,
water potentials and leader extension of five plants of each of the two
groups over a two-day period are presented in figure 4.4, No significant
or continuous differences in air, bgd or needle temperatures were
observed, Water potemtials of the shaken plants tended to be less negative
then those of the control plants, but the differences were not statistically
significant, Leader extension mainly occurred during the night when

" water potentials were least negative,



Table 4.4 Initial plant measurements, Means and standard errors

Stem Leader Bud No., of lateral No, of
width length width - length ' Buds Plants
mms mms mme s ——— o
Shaking 5.23 176 4.71 27.4 - 45 14%
Group  + .182  + 5.6 4,208  +2,25 + .25
Contxrol 5,38 176 4.64 23,8 4,1 18
Group + 035 + 5.4 + o122 + 1,95 + .27

* Leader stems of four plants broke due to excessive shaking

[ad e}



Table 4.5 Final measurements,

Means and standard exrrors

Fascicle No,

Leadex Basal Lateral Apical
lengfh width width Extension Control* on Leader
mng mms mms " mms %
Sheking 181 6.0 7.5 97.8 49,6 271
Group + 6.8 + 430 + .21 +5.27 + 2.30 + 13.6
Control 220 5.9 Te1 118,7 50.3 288
Group  + 7.3 + .4 + .19 + 6,38 + 2,06 + 8,1
level of
statisti-
cal .001 NS N5 .02 NS NS -
signifi- .
cance
% change  =18% ~18%

* Apical control = mean lateral stem length as a % of leader length

0
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4.3.3 Effects of shaking on the morphology of P, contorta

In this experiment, the extending leader stem of only one shaken
plant broke due to excessive shaking, Initial and final measurements
are detailed in tables 4.6 and 4.7, Extension of leader and lateral
buds of the two groups.are presented in figure 4.5.

As observed in the other experiments, extension of both leader and
lateral shoots was reduced by 21%, Stem width growth and 'apical
control!' of the two groups were again unaffected., Differences in
fascicle nmunber were not statistically significant,

Needle lengths and stem diameters throughout the growing season
are presented in figure 4.6, Even at the very first measurement of
needle léngths, those of the shaken plants were significantly less
than those of the control plants, and at the end of the growing season,
the mean needle length of the shaken plants was 10% less than that of
the controls, The rate of needle extension was reduced by 11% by
sﬁaking. Growth in stem width was unaffected even by shaking over
the whole gromng season,

Figure 4,7 shows a shaken and a control plant at the end of the

growing season, These plants had the same initial measurements,



Table 4.6

Initial plant measurements,

Means and standard errors

Stem Leadex Bud No, of latexral No, of
xigth %ﬁggth g%gth , %ﬁggth Buds Plants
Contxol . 4.26 130 4,18 21.3 3.4 1T*
Group + .124 + 3.5 + .090 + 1.2 + .27
Shaking 4.37 129 4,40 21.5 3.0 18
Gmup i‘ .173 '1' 301 i‘ 0163 i 105 1' 035

- it a2

‘. e . e o

* Ixtending leader stem of one plant broken due to excessive shaking
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Table 4.7

Basal

Final measurements, Means and standard errors

Leader Lateral Apical No, of
Length width width Extension Control * Fascicles on leader
ming mms mms mms %
Control 203 Te2 8.8 109,6 54.4 218
Grouwp + 6.1 + 420 + .20 + 5.80 + 2,73 £ 11,2
Shaking 160 7.5 8.3 86,8 53,6 202
Group + 5.6 + .26 + .22 + 6,60 + 2,66 + 10.5
level of
statisti-~ ‘
cal ,001 NS NS .02 NS NS
signifi-
cance
% change -21% -21% -

———y v

* Apical contml = mean lateral length as a % of leader length
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Figure 4.7 This shaken (Sh) plant had the
same initial measurements at the beginning of the

growing season as this control (C) plant,



4.3.4 Effects of high wind on needle extension

Needle extension of forty one year old P, contorta in the wind
tunnel was compared with that of forty plants in the gzrowth room,
Environmental conditions are detaiied in tabie 4,8,

“hen the windspeed in the wind tunnel was the same as that in
the growth room, there were no differences in needle extension {Figure 4,8),
When P, contorta was subjected to a high windsveed in the wind tunnel
(T m 3-1), the rate of needle extension was reduced 30% compared to
control plants in the zrowth room. Needle temperatures were 0.5 °C j

lower at the high windspeed,



Table 4.8 Environmental conditions in the wind tumnel and growth room
Daylength Net Photosynthetically Temperature Air Vapour Windspeed
Radiation Active Radiation Mr  Needle Pressure
“h, W ,uEm'2 g °C °c mb ms
Wind tunnel
High 18 136 292 17 17.1 13.6 7 n et
Windspeed
Wind tummel
Low 18 136 292 17 17.6 13,6 A
Windspeed
Growth
Room 18 17 17.8 13.6 Ams

157 284

- 2
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Figure 4.8 Needle extension of P, contorta in the low windspeed growth room ( solid symbols )
-1
and in the wind tunnel ( open symbols ), & wind tunnel windspeed 7 ms 3 b wind tunnel

windspeed matched to that of growth room (,4 ms;.1 ) Bars are 2 standard errors,



4.3.5 Effects of shaking on stem elasticity

Table 4.9 shows the Young's modulus of elasticity aml'rigidities!
of Long Beach and Hazelton provenances, measured =2t the end of the
growing season, when stem development would be completed for that year,
The differences between provenances and treatments are not statistically
significant, but in the case of both provenances, the shaken plants
have lower elasticities than controls, Despite this, the shaking
treatment had no effect on 'rigidities! calculated for actual stem
length and widths of the plants, The large differences between pro-
venances in 'rigidity' were due to differences in the length and width
growth of the two provenances, not to differences in elasticity.

Table 4.10 shows that stem elasticities of recently extended leader
shoots (July) is much less than at the end of tﬁe growing season,
Structural strength is presumably developed in the form of lignified
énd thickened cell walls over the growing season.

The 30% reduction in elasticity of new leader shoots due to
shaking is statistically significant (P<.O1). Thé much smaller
reduction in elasticity of basal stems is not statistically significant,
but onceagain elasticity of shaken stems is somewhat less than that of
controls, Despite the large differences in elasticity of the new leader
stems, differences in 'rigidity' are not statistically significant, due

primarily to the reduced estension growth caused by shaking,



Table 4.9

lMean Young's modulus of elasticity and deflection per unit

load (adjusted to actual stem length and diameter) of<> Long Beach and

Hazelton provenances of P, contorta at the end of the growing season

(October).
Young's Modulus 'Rigidity'*  No, of
) MN m2 m g plants
Long Beach 42.8 + 4.05 .86 + .220 8
Provenance 49.3 + 4.70 W95 + 147 9
Hazelton 43.4 + 5.95 2.49 + .460 7
Provenance 55.2 + 4.18 2,50 + ,295 8

* Rigidity = deflection per unit load



Table 4,10 2s Table 4.9 for current year stems and basal stems of

Long Beach provenance of P, contorta, at the end of extension

growth (July).

Young's Modulus 'Rigidity! No. of

MN @2 . mm g-1 Plants
Leader shaken 9.6 + 1.14 3.81 + .375 14
Stem control 15.1 + 1,10 4.29 + .,292 18
Basal shaken 0.2 + 4,07 .25+ .036 14

Stem control 53.1 + 2.82 .19 + .022 18
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4.4 Discussion
4.4,1 The involvement of temperature in the wind and shaking effect,

Extension of leader shoots and needles‘tuas reduced by 20% and
10% respectively, by both high wind and shaking, Needle and bud
temperatures were slightly lower in the high windspeed than controls;
but were unaffected by the shaking'treatment. The {  ~ - similarity
between the effects of high wind and shaking suggest tﬁat}they can be
attributed to continuous motion rather than to the small temperature

differencés.

Malcolm and Pymer (1975) grew Picea sitchensis in a series of

controlled air temperatures and found that a reduction in day temperature
of 4°C and in night temperature of 2°C was required to produce a 20%
reduction in extension, Assuming that bud temperatures closely followed
the changes in air temperature, this suggests th;at theb.‘{tdifference

in bud temperatures reported here would have only a small effect on
extension growth, In a similar ex?eriment with grasses, Russell and
Grace (1979) also argued that the observed small apical temperature
difference was insufficient to produce the reduction in extension seen

at high windspeed,
4,4.2 Effects of continuous motion on the morphology of P, contorta
Extension of leader and lateral shoots was reduced by ca., 20% by both

high wind and shaking, confiming that as with other species, continuous motion

has an adverse effect on the growth of P, contorta, The ratio of mean



lateral length to leader length, or 'apical control', was not affected
by continuous motion induced by either method, Wind and shaking thus
did not affect the branching habit, or 'bushinéss', of P, contorta.

The rate of needle extension of the shaken énd control outdoor
plant;r?gz and ,69 mms day-1 respectively, The rates of needle
extension of P, contorta in the wind tunnel at high windspeed and of
growth room controls were 1,00 and 1,45 mms day'j respectively, Needle
extension proceeded at a considerably greater rate in the favourable
growing conditions in the controlled enviromments, Needle extension
rates were reduced 11% by shaking and 30% by high windspeed, The
greater effect of wind is probably partly due to the greater extension
rates in the controlled enviromments,

Radial growth of the stems was also unaffected by continuous motion
of either type. As‘reviewed in table 2.2, guying and shgking caused
increased radial growth of four of the seven sﬁécieS‘studied'so far,
including two species of Pimus, There is only one report in the literature
that shaking reduces radial growth, and two reports that shaking has no
effect on radial growth (table 2,2), IExtension growth was reduced, so
the relationship between stem length and width in these experiments
must be affected, Idittle (1970) reported a linear relation between

stem length and width in Pinus strobus, as did Malcolm and Studholme (1972).

The latter authors also found that the height/diameter ratio of Picea

gitchensis and Larix decidua decreased with elevation and 'exposure',

Hewson et al (1977) also found a reduced height/diameter ratio in 'windy'
places,

Stem length is plotted against stem dismeter in figure 4.9 for forty
Long Beach P, contorta taken at random from the initial measurements made

on the plants, The correlation coefficient is statistically significant



(P<.01) and the data confirm a linear relationship between length and
width for this species., In table 4,11 the regression equations between
width and length for the three experiments reported here*are listed,

In all cases the relationship between width and length is significant.,
Covariance Analysis (Snedecor and Cochran 1967) reveal that high wind and
shaking have signifiéantly altered the relationships between width and
length,

The Young's modulus of elasticity of stems subjected to shaking
was lower than that of controls, suggesting that thickening and
lignification of cell walls may have been affected, However, the
increased width/length ratios of shaken plants greatly reduced the
differences in 'rigidity' between the two groups, i.e, the @eflection
per unit load of the two groups was not greatly affected by shaking,

Putnem (1948) reported that after high winds, conifer shoots are
often seen to be bent into the wind, rather than with the wind, as
might be expected., Shoots exposed to a high windspeed in the wind
tunnel behaved similarly, figures 4,2 and 4,10, It was noted that as
a result of the shoot curvature, the shoot apexes were in aﬁ approximately
vertical position as the plant bent over in the wind, This suggests that
a phototrophic or gravimorphic response (Zimmerman and Brown 1971) was
acting to maintain the plant apex in a vertical position,

These experiments confirm that wind, as distinct from other correlated
envirommental variables, can affect the growth morphology of P, contorta,
The qualitatively and quantitatiw'rely similar results of the shaking and
high wind experiments suggest that wind-induced pléht motion may be an

important aspect of the effects of wind on plants,
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Figure 4.10 Curvature of extending buds of

P, contorta into the wind,
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4.5 Summary

(1) Subjecting P. comtorta to a high windspeed (8.5 m s~ ') or %o
continuous shaking resulted in a 20% reduction in leader and lateral
shoot extension, ‘'Apical comtrol! (the ratio of mean lateral shoot
length to leader length) and stem width growth were not affected by
wind and shaking, The stem width/length ratio was thus significantly
increased by wind and shaking,

(41i) The rate of needle extension was reduced by 11% by shzking
throughout the growing season and by 30% by high windspeed in a short-
term experiment in the controlled enviromments, The greatér effect of
wind was probably partly due to the greater 'extension rates of the
plants in the controlled enviromments,

(13i) Shaking caused a reduction in étem elasticity, but because of
the altered stem width/length ratios, stem 'rigidity' (deflection per

unit load) was much less affected,

(iv) The similarity of the effects of wind and shaking on P, contorta

sﬁggests that wind-induced shaking may be an important aspect of the

effects of wind on plants,

A



Chapter 5 Effects of wind and shaking on longiitudinal cell growth
5.1 Introduction
A reduction in shoot length implies a decrease in cell number, or

cell size, or both, Neel and Harris (1971d) found that the xylem vessels

and fibres of lLiguidambar styraciflua were shorter in shaken plants

than in controls, indicating that cell extension~had been reduced,
The observations of Grace and Russell (1977), that wind reduces leaf
length, but has apparently no effect on abaxial epidermal cell length,

suggests a reduction in cell division in F, arundinaces,

In chapter 4, it was shown that subjecting P, contorta to
continuous motion reduced the extension growth of_leader and lateral
shoots, Cell division, cell extension, or both, must have been reduced,
To determine which of these aspects of cell growth had been affected,
leader stems of P, contorta subjected to high wind or low wind in
controlled environments, and leader stems of control and shaken plants

were sectioned and examined microscopically,



5.2 Materials and methods

At the end of the experiments described in 4,3,1 and 4,3,2, the
leader shoots were labelled with different coloured cotton threads
and fixed in 50% Formyl Acetic Aéid, made up as described in Purvis,
Collier and Walls (1964). When the material was sufficiently soft,
it was dehydrated and wax-embedded. The dehydration and embedding
schedule, based on Purvis, Collier and Walls (1964), is described in
table 5,1, | ’

To find how cell size and number varied with distance from the
growing point, stems from the various treatments were cut into 20 mm,
sections, labelled with different coloured cotton threads, dehydrated
and embedded, Apical and basél segments only were examined in subsequent
stems, |

Long itudinal sections, 20pm, thick, were cut on a rotary microtome
(Baird and Tatlock Ltd., London), Sections from the centre of the
stem, with a distinct tracheid layer, were stained as described in
table 5,2 and examined microscopically, The-lengths and numbérs of
parenchymatous cells of the stem cortex were determined,

The number of cells in sequential 435um long’itudinal transects
along each section were determined and the mean number of cells per mm,
and mean cell length for each stem segment were calculated, The number

of cells per stem were calculated as described in 5¢3.



Table 5,1 Dehydration and embedding schedule
Chemical Time Chemical Time
Wash out FAA
overnight
with water . . ~ - Day 1 Day 2
“‘f - 2 absolute alchohol:1 dﬂnpforﬁ 0900-1000
Alchohol 15% 0900-0930 1 " " 1 " 1000-1100
" 30% 0930-1000 2 " " 3 " 1100-1130
n 50% 1000-1038 1 " " 2 n 1130-1200
" 60% 1030-1130 2 " " 5 " 1200-1230 -
n 70% 1130-1230 chloroform 1230-1300
" 80% 1230-1330 " 1300~1330
" 90% 1330-1430 chloroform/wax 1330-1400
n 95% 1430-1530 wax 1400~1430
" toommercial! 1530-1600 wax 1430=1500
" " 1600-1630 wax 1500-1530
wax 1530-1600
" absolute 1630-1700
| Embed

"

overnight



Table 5.2 Staining Schedule

Chemical Time
Xylene 3-4 minutes
Xylene 3-4 "
Absolute Alchohol 3 "
95% " 3 "
85% " 3 "
70% " 3o
60% n 3 "
50% " 4 "
Safranin Alchohol * 10 n
Acid Alchohol * 3. "
70% " 2 o
80% n 3 "
- 0% " 30"
Absolute Alchohol 3 n
" " 3 "
Xylene 3 "

* Made up as described in Purvis et al (1964).



Figure 5.1 Typical long itudinal section of apex

of P, contorta stem, X 100 magnification.



Figure 5,2 Typical long itudinal section of
parenchymatous cells of the stem cortex of P, contorta

in the basal region of the leader stem, X 100 magnification,
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5.3 Results

Figures 5.1 and 5.2 show typical apical and basal sections of

current year P, contorta stems,

5¢3.1 The relationship between cell number and distance from the

stem apex,

Figure 5.3 shows the number of cells per mm., at various points
along stems taken from P, contorta exposed to high and low winds, from
P, contorta exposed to continuous shaking, and their controls, The
area below such a curve represents the total mumber of cells in a

iongﬁitudinal file from the apex to the base of the stem, N, i.e,:
z . ’
N=j £ (x) ax (5.1)
0 , .

where z is the distance from the stem apex (at O) to the stem base i,e.
stem length, |
and £ (x) is the relationship between cell no, per mm., and distance from
the stem apex,
N is a measure of the nunber of longi:itudinal cell divisions,

Figure 5.4 shows that a log - log function closely describes the

relationship between ceil no, per mm, and distance from the apex i.e,:

log, n = b log x + a (5.2)

Where n is the no, of cells per mm, at x;
b is the gradient of the log - loz line,
x is the distance from the stem apex,

and a is the intercept of the log - log line,



(5.2) implies : n = x° &3 ' (5.3)

Insert (5.3) into (5.1) :

N= f xb ea) dx = eafxb ix = &* [x(1+b) z
0 ' 0 1+b JO

o (1+b)

1+b

(5.4)

N can thus be calculated if z, a and b are known,
Having éhown that a log-log relationship held for the six specimens
taken at random shown in figures 5.3 and 5.4, microscopic examination
of subsequent stems was restricted to four standard positions at the
apex and base, Even with this limited data, log cell no, per‘mm was
significantly correlated with .1oge distance from the apex at at least
P< .05 in each case, The parameters a and b were calculated from the
data for each stem by linear regressi-on and the no, of cells in a
longtitudinal file from apex to base, N, calculated.

Cell lengths were calculated directly from the counts of cell no,
per 435 pm, Analysis of variance tests were performed on the counts per

435 pm for apical sections (excluding the first 2 mms, where cell lengths

vary rapidly with distance from the apex) and for basal sections,
- 5362 Effects of wind and shaking on cell division and cell extension

In table 5.3, the mean number of cells in a longtitudinal file
from stem apex to base, a‘.s'calculated by equation 5.4, are vresented,
Exposure to both high winds and shaking caused a ca, 15% reduction

in cell number, implying a 15% reduction in total cell djvision,



In tables 5.4 and 5.5, analyses of the data on cell lengths are
sumnarised, The 10% reduction in cell length (i.e. increase in cell
no, per 435)4m) caused by high wind is statistically significant
(P<:0.025) for cells near the apex, but for cells near the base, the
3% reduction is significant only at P<0,1. Variation in cell length
between plants is highly significant, The 11% reduction in cell length
of cells mear the apex caused by shaking is significant at only P< 0,1
;while for the basal cells, the 3% reduction is significant at P< 0.01.
It can be concluded that wind and shaking have a significant effect on
cell extension, ranging from a 10% reduction near the apex to a 3%
reduction for basal cells, The average reduction for the whole stem
cannot be determined from the data, but muét lie between 10% and 3%.
Cell division appears to be more senéitive to continuous motion than

cell extension, but both are reduced,



Table 5,3 Effect of wind and shaking on cell division

No, of cells in long itudinal files from stem apex to base

Controlled Environments Outdoors

High Wind Low Wind Shaking Control

¥ind Tumnel Growth Room

no, of stenms 8 8 6 6
Mean No, 2412 2503 2588 2964
Standard 190,0 91.9 125,1 105,0
Eyroxr

leva@l 6T

statistical .05 ) .01

significance %

% change -17% : =13

* Using the t - test (Steel and Torrie 1960)



Table 5.4a Effects of wind on thé no., of cell per 435 um, (cell counts)

Analysis of variance with subsamples (Steel and Torrie 1960)

Test Source d.f. S,.S, M, S, F P
Among plants 15 767.6
Among treatments 1 244,6 244.6 6,6 0,025
apical
sections Among plants within treatments 14 523.0 37.4 14.5 0,01
Among counts within plants 795 2047.3 - 2,6
Total 810 2814,9
Among plants 16 83.7
d Among treatments 1 14.4 14.4 3.1 0,1
Basal Among plants within treatments 15 69.3 4.6 3,5 0,001
sections Among counts within plants 1047 1466.0 1.4
Total 1062 1480.4

Table 5.4b Mean no, of cells per 435 um and corresponding cell length

Section Treatment Mean cell no, per Cell lengths % aiff,
435 pm + standard pAm.
errors
apical "High wind 9,9 + .23 44 -10%
sections Low wind 8.8 + .23 49
basal High wind 6.8 + .07 64 - 3%
sections Low wind '6.6 +-.07 - - 66




Table 5,5a Effect of shaking on the no, of cells per 435 um (cell counts)

Analysis of wvariance with subsample (Steel and Torrie 1960)

Test Source d.f., S.S5. M.S, F, P

Among plants 11 341.7

Among treatments 1 100,7 100.,7 4.2 0.1
apical

Among plants within treatments 10 241,0 24.1 8,0 0,001
sections . _

Among counts within plants 619 1883.3 3.0

Total 630 2225.0

Among plants 11 41,1

Among treatments 1 21,7 21,7 11.2 0,01
basal’

Among plants within treatments 10 19.4 1.9 1.6 NS
sections

Among counts within plants 879 1052.9 1.2

Total 890 1094.0.

Table 5.5b Mean no. of cells per 435f1m and corresponding cell lengths

Section Treatment Mean cell no. pexr 435 pm Cell lengths,/-cm % diff,
+ standard errors

Apical  Shaken Te4 + .21 59 -11%
sections Control 6.6 + .21 66
Basal  Shaken 5.4 + ,05 Bl -5%
Sections Conkhwl 5.1 + .05 85
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5.4 Discussion

Over 130 years ago, Harting (1845) found that the differences in

length between long and short shoots of Tilia parviflorav were

due to differences in cell number rather than to differences in cell
length (qupted in Sachs 1965). This was extended to conifers by
Baxter and Cannell (1978) and implies that cell division, rather than
cell extension, is the process regulated.by apical dominance mechanisms
(Baxter and Cannell 1978).

Lam and Brown (1974) found that the reduction in shoot length of
Liguidambar styraciflua caused by short photoperiods was due to a
reduction in cell number, Cell extension was not affected. Campbell
(1976), working with the same species, found that cell extension was
slightly reduced by short photoperiods and by water stress, but that
cell division was much more sensitive, |

The results reported in this thesis, that cell division is more
- sensitive to motion than cell extension, and the woxrk gquoted above
suggest that cell division is generally more sensitive to the environ-
ment than cell extension, However, the difference in leﬁgths between the |
controlled enviromment plants and the outdoor plants is almos% entirely
due to a difference in cell lehgth (compare tables 5.4 and 5.5).

There is .considerable literaﬁure on the hormonal regulation of
cell growth (e.g. Rost and Gifford 1977). It is possible that the
reduction in cell growth caused 5y motion is due to an alteration of
the tissue hormone balance., However, cell division and cell extension
are complex processes and any alteration in the general metabolism may

be expected to affect cell growth,



The effects of wind and shaking on the carbon budget and water
relations of P, contorta are examined in subsequent chapters., Cell
extension and division are sensitive to mild'water stress (Hsiao 1974,
Hsiao et al‘1976); if motion causes a water stress this would explain the
results reported here. Similarly, if the carbon available for growth
is reduced, cell growth would be reduced, although the links between

the carbon budget and cell growth have not been studied as such.
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5.5 Summary

(1) Leader stems of P, contorta were sectioned and examined
microscopically. The variation in the number of parenchymatous cells
of the stem cortex per mm. was examined. An empirical funcfion
describing the relationship between cell no. per mm. and distance
from the stem apex was derived. From measurements on apical and basal
sections, valuesfor the parameters of this relationship were determined
and the total number of cells in long itudinal file from stem apex
to base calculated.

(i) Both wind and shaking caused a ca. 15% reduction in the
number of cells in a longiitudinal file from apex to base, Cell length
was reduced by 10% near the apex, and 3% at the stem base, by both
wind and shaking,

(141) It is concluded that the major effect of continuous motion
on longiitudinal cell growth is on cell division, thbugh cell elongation

is also slightly reduced.
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Chapter 6 The effects of shaking on the dry weight production of

P, contorta
6.1 Introduction

It was shown in chapter 4 that wind and shaking reduce the
extension growth of P, contorta., This may reflect a decrease in plant
dry weight, or may be due to a relocation of assimilates,

In those few experiments where the dry weight of conifers have been
determined it appears that height growth generally does parallel
changes in dry weight (Wareing 1970, Cannell et al 1976).

The effects of shaking on the 'growth efficiency', 'assimilatory’
efficiency'and distribution of asgimilates are examined in this chapter
by means of growth analysis (Evam31972 and others).

The extension and radial growth of the plants used ih this growth

analysis experiment are described in 4.3.3.
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6.2,1 Materials and methods

The growth of two year old Long Beach P. contorta subjected to
continuous shaking in the cold frames throughout the 1978 growing
season was compared to that of controls. Plants harvested in April 1978
provided reference values of mean dry weight and leaf area at time O,
The.leading shoot of one plant was broken by the shaking treatment
(4.3.3). The resf of the plants were harvested after 219 days growth,

Soil was carefully washed from the roots and the plants divided into
needles, stems and roots, Dry weights of these organs were determined
ater 48 hours drying at 80 C. Projected areas of the (fresh) needles

were determined using an LI-3100 area meter (Lambda Insts. Corp. U.S.A.).

6.3.1 Calculations

The following calculations are based on Radford (1967), K¥et et al
(1971), Evans (1972) and Hunt (1978).
Relative growth rate, R, is the rate of increase in dry weight, W,

per unit dry weight per unit time, t:

R = _1_ 4w (6.1)
W 4t :

Mean relative growth rate,qﬁ, from harvest 1 at time 1, t1 to harvest 1
at time 2, t2 is thus:

day-1

1 (6.2
W dt
- t2 -t

t' —-— —
R = _1 2 4 dW. dt = log W, - log W
Tt
7y
1

where ﬁ1 and ﬁz are mean total dry weights at times t1 ‘and t2.
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Unit leaf rate, U, is the rate of increase in dry weight per unit leaf
area, A, per unit time:

U = a (6.3)

1
A dt

Assuming A is linearly related to W, mean unit leaf rate,'ﬁ, is

T 2 = T o Y 2 1
g = 1 "L 1 a9 dt = Wz -V, . logeﬂévlogeﬂ gm ~ dy
to-ty Tt A d t, -t Aj=a,
(6.4)

where A2 and A1 are mean leaf areas at t2 and t1.

Leaf area watio, L, is the ratio of leaf area to total plant dry weight.
L = A/ (6.5)

Radford (1967) shows that a mean value for L cannot be satisfactorily

determmined, so instantaneous mean values of leaf area ratio, f; are

used in this experiment:

AT n° g-1 (6.6)

From 6.1, 6.3 and 6.5 it can be seen that, instantaneously,

L

R = UL (6.7)
A change in R must be reflected in either U or L,
Leaf weight ratio, LWR, stem weight ratio, SWR and root weight ratio,

RWR are the ratios of the organ concerned to total dry weight:

WR = W /¥ (6.8)
SWR = Wg/W ' (6.9)
RR = WR/W (6,10)

where W is total dry weight and WL, WS and Wq are leaf, stem and root

dry weights.

L may be divided into L¥R and specific leaf aiea, SLA, where SLA is:

STA = A/WL m? g’1 ’ (6.11)
then - L = I¥R . SLA m° g (6.12)



4 change in L must be reflected in either SLA or LWR,
Relative leaf growth rate, RL’ is the rate of increase in leaf areg

per unit leaf area per unit time:

= 1 dia (6.13)
RL A 4t

Mean relative growth rate, ﬁi, is thus:

t
— 2 - el -1 z
R = 1 S 1. fﬁ dt = log A, - log A, day (6.14)
t2-t1 t1 A dt t 5= t1
6.3.2 Statistical analysis of relative growth rate and unit leaf rate

I am grateful to C,A, Glasbey of the Agricultural Research Council
Unit of Statistics, University of Edinburgh for the following
statistical discussion.

The variance of R can be approximated, by Taylor's theorem, by:

2 2
sqsb» 1 . s‘(.:,(l +

4

2 (6.15)

S|

2 |52
(t1-t2) 75

where s§_ is the variance of'ﬁ;
(tz-t1) is the time interval between successive harvest;

s§1 and sé are the variances of the dry weights at t1 and t_, respectively;
v > 2

W1 and W2 are the mean dry weights at t1 and t2

. 2 .
Variance, s, is used here as:

£ = 1 g (x, -3)° (6.16)

i=1
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The wvariance of U defined by equation 6,4 is cemplex:

2 2 2 22 2 2 ) \2. 2
sU:(AU “Siy4 + (AU '3‘.72_ + (AUE_.STH -.-(bU “Sio +
W W A A :

J 1} 2; d44) 2

2
3T 3V sgoys (6,17)
6”2 6A2
(6.18)
- (ay-4)/4, (6.19)
(6.20)
d U\= =V (AZ-A1)/AZ-(logeAz-logeA1) (6,21)
: I _ 12 -
aA2 t, - t, (42-A1)
s% is the variance of ﬁ;
s2 and 32 are the variances of A at t, and t., respectively;
A1 A2 1 2
2 2 . o .
Swrqa4 and Supap aTE the covariances of A and W at t1 and t2, respectively,

If there is no difference between the shaking and control plants

then RS - RC is 't'-distributed with (n-1) degrees of freedom (6.22)

2 2
Sps t Spo

where the subscripts S and c refer to shaken and control plants; and
n is the smaller of n, and n, (when n, and n, differ only slightly),
the numbers of plants in the final harvests,
In the experimental desizn used in this chapter, tﬁe same plants are

used as reference values at t1 for both shaken and control »lants, hence

RS and RC are not indevendent of one another,
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The difference in R caused by shaking is:

R - X, = T ~log W, - log 7., - log @
RS ?C logeﬂ2s loge!1 logeJZC loged1
t2 - t1 t2 - t1
= log W g-10g W o (6.23)
t2 - t1

By analogy with equation 6.15, the variance of the difference in R is:

2 2 2

Sg ¢ = T ISyos * Sypc (6.24)
: =2 w2
(t2 - t1 Yiog

ol 2C
Equation 6,22 thus becomes :

ig - ﬁb is '¢'-distribued with (n-1) degrees of freedom (6.25)

2
S3.¢

A similar argument can be used to simplify the 't'-test for Rﬂ’ but
not for U, The unmodified 't'-test, equation 6.22 must be used to

compare US and UC.



6.4 Results

Results are presented in table 7.1, Continuous shaking caused
a statistically significant 1455 decrease in relative growth rate and
a 15% decrease in relative leaf growth rate, Leafl area ratic was not
affected by shaking, Unit leaf rate was reduced by 24%, but the
standard errors of U are so large that the differences cannot be
formally declared significant, Large standard errors are to be
expected for a tem derived from four variables.

Equation 6.7 shows that, from the definitions of R, U and L,
a change in R must be reflected by a change in U or L, In this
experiment,'ﬁ shows a 245 reduction due to sheking, while L is tnaffected,
so0 despite the large standard errors attached to ﬁ, the reduction
in R caused by shaking must be due to a reduction in U,

Stem weight ratio was incr?ased at the expense of roct weight
ratio, indicating a redistribution of assimilates from roots to stem,

Despite this no effect of shaking on stem radial growth was detected

(4.3.3).
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Table 6.1 Effects of shaking on dry weight growth of 2, contorta
(a) Basic data - means and standard errors
Group Heedle area Dry weight z No., of
i needles stem roots total Plants
85.4 2,21 1.21 1.14 4,56 18
Initial + 8.77 + 406 +.098 + .13+ .595
=
619:2 14,06 8.33 9.46  31.86 18
Control  +31,63 + .623 + 475 +.538  +1,518
464,0 11,10 6.63 6.35 24.39
Shaking +29.34 + .805 +.642 +.481  +1.723 17
(b) Growth analysis parameters, means and standard errors
Group\ R day-1 Tg m2 dy-1 L* n° gr1 ﬁi day"1
Control ,00888 4.63 .00195 .00905
1.000635 + 3.106 +.000486 +.000524
Shaking 00766 3.50 .00193 .00773
i°000693 + 3.855 +.000420 i.000562
level of
statistio 0.05 NS NS 0,01
cal sig-
nificance
% 4iff, -14% ~245% - ~15%
(¢) Growth analysis parameters ~ means and standard errors
Group SLA*m® g~ LWR* SWR* RUR*
Control .00439 444 . 260 .296
+,000050 +.0084 3.0062 f'0067
Shalcing .00422 .456 .284 .259
+.000070 +.0078 +.0076 +.0084
level of
statisti-
cal sighi- 0,1 NS 0,02 0,001
ficance
% diff. -4% - +5% ~13%

* dinstantaneous values at final harvest



6.5 Discussion
6.5.1 Statistical analysis

The standard tewt on growth analysis, that of Zvans (1972),
entirely neglects the calculation of variances of growth parameters
from the variance of the basic data., X¥et et al (1971) provide a -
formula identical with equation 6,15 but do not consider the variance
of unit leaf rate, other than to point out that the variance of a
term derived from four variables is likely to be large.

Hunt (1978) briefly mentions the technique of 'pairing'. Plants
are matched at time O, one of each pair is harvested at fime O and
the other at the next harvest. Values of R and U are calculated for
each pair and the means and variances of these individual values
calculated, This is undoubtedly the simplest and most reliable method,
but not always applicable, as in the experiment reported here,

The standard exrrors of E; §i and U calculated from equations
6.15 and 6,17 are large in comparison to R, ﬁi and U themselves,

If the unmodified 't'-test as defined in eguation 6,22 were used for
R and §i, the effect of shaking would be declared not significant.

UR and US

for the difference in ﬁ% and US

these parameters, but this would be a /= \:fi’;complex calculation,

are also positively correlated and an appropriate variance

should strictly be used to compare

This formal approach to the statistics of conventional groﬁth anglysis

is probably only useful when dealing with R and iL'

64542 Dry weight production

The reduction in relative growth caused by shaking resulted in a

257> decrease in dry matter production of the plants, This figure

111



compares well with the 21% reduction in extension growth of these

olants regorted in 4.3.3. The reduced growth avpears to be due to

W]

n effect of shaking on unit leaf rate,

Unit leaf rate is dimensionally analagous to nast photosynthetic
rate, GEHvans (1972) discusses this in some detail and equates unit
leafkrate to: daily net photosynthetic rate - dark respiratoxry rate
olus daily mineral uptake plus overall metgbolic balance, all expressed
on a leaf area basis., Net photosynthesis and respiration are the two
largest tems in this equality, so changes in unit leaf rate are usually
taken to indicate changes in photosynthesis or respiration., The
results of this experiment thus suggest that shaking decreases
photosynthesis or increases respiration,

It should be noted‘that respiration is not merely a regrettable
loss of carbon for the plant, as implied above, but a.process vital to
plant growth, This is discussed further in the next chapter,

Phares et al (pers., comm,) found that 30s, daily shake had little

effect on the dry weight production of Liguidambar styraciflua and

Acer saccharum, despite reducing extension growth by 70-80%, Dry weight

growth of Juglans nigra, however, was significantly reduced, Beardsell

(1977) found that handling Z.mays significantly reduced leaf and stem
dry weights,

The effects of wind on dry weight growth are also relevant here.
As noted in 2,1.,4, there are reports that wind decreases dry weight
oproduction of plants (Finnel 1928, Ilartin and Clements 1935, Whitehead
and Luti 1962, %hitehead 1962, Satoo 1962, llorse and Evans 1962 and
others,) Heiligmann and Schneider (1974), also workinz with J, nigra,
found that wind reduced dry weight production, but haa no eifect on

height'gznwth. Vladsworth (1959) found that above an optimum windspeed,

Ad&
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relative growth rates of a variety of species decreased, mainly due

to an effect on unit leaf rate. Russell and Grace (1979) however,
attributed the reduction in relative growth rate caused by wind to

an effect on specific leaf area and showed that unit leaf rate incraszsed

to compensate. In Pinus contorta however, the results of this

experiment show that the shaking-induced reduction in relative growth

rate is due to a reduction in unit leaf rate,



6.6  Summary

(1) The 21% reduction in extension growth of P, contorta caused by
shaking was accompanied by a 24% reduction in dry weight,

(ii) The reduction in relative growth rate is shown to be due to a
reduction in unit leaf rate, suggesting an effect of shaking on
photosynthesis or respiration,

(1ii) Pomal calculations of the variances of relative growth rate

and unit leaf rate (derived by C. A, Glasbey) are presented,
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Chapter 7 Zffects of wind on the CO2 exchange of P, contorta
Tel Introduction

The effects of wind on photosynthesis and respiration are reviewed
in 2.1.6. The work of Tranguillini (1969), Grace and Thompson (1973)
and HacKerron (1976b) suggest that exposure to high wind may cause a
reduction in net photosynthesis., Armbrust et al (1974) and Wilson
(1978) report an increase in net photosynthesis of the remaining live
leaf tissue of their plants, following wind-induced abrasion. This
does not preclude g reduction in met photosynthesis per plant, although
this was not measured in their work,

Todd et al (1972), Armbrust et al (1974) and MacKerron (1976b)
report increased respiration rates caused by wind., Grace and Thompson
(1973) and Vilson (1978) were unable‘to detect an effect of wind on dark
respiraticn of their plants,

Dark respiration rates and light-photosynthesis curves of P, contorta

subjected to low and high winds are compared in this chapter,



7.2 Materials and Methods
T7.2.1 Procedures

Long Beach P, contorta in their second growing season were
brought into the wind tunnel ten days before the experiment started.
Conditions in the wind tunnel were: 15°C air temperature: 12 mb
vapour pressure, 275‘ﬁE}m72 s~ PhAR, 12 hours daylength, Windspeed
was maintained at 1,0 m s-1 for the first six days, increased to

1 for

9.3 m s-1 for the subsequent nine days and returned to 1.0 m s
the final six days.

A plant was removed each day before the lights came on and placed
in the assimilation chamber, which was maintained at 15 + 19C and
12 + 2 mb, CO2 efflux in the dark was measured, then light intensity

was increased in steps, 1~1% hours were allowed for thé plant to

come to equilibrium at each light intensity,
Te2.2 The assimilation chamber

The assimilation chamber was a rectangular box measuring

20 x 20 x 25 cms., with perspex sides and 1lid and a highly polished
aluminium base, figure 7.1. The 1lid closed about the horizontally placed
plant on a neoprene seal. The sides of the chamber were lined with
aluminiun foil to increase the ifradiance in the chamber and provide
light'from all diréctions. The chamber and plant éot_were placed in a
water-bath set at 15°C, to facilitate temperature control within the
chamber, The pot was sealed within two plastic bags to prevent water

entering the soil,
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fan

plant , hinge
Al-lined perspex lid :
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Figure 7,1 The assimilation chamber,
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A large fan in the chamber provided adequate mixing; the boundary
layer resistance, detemmined by the method of Landsberg and Ludlow (1970)
was .13 s en | within the chamber,

Needle temperature of the plant in the chamber was determined using
copper/constantan thermocouples as described in 3.4.

Whole plants were used in this experiment, with a leaf area of
200-~300 cm2. The maximum obtaiﬁable flowrate through the chamber was
12 1 min-;nd as a result the plants depleted the airstream of up to
50 pom CO2 at the highest light intensities, Thg maximum tolerated
depletion is ideally 20 ppm (Larcher 1969), as higher depletions may
reduce the rate of photosynthesis,

The light source was a 400 VW metal halide lamp (Wotan HQ1-T).
Approximately 75% of the output of this lamp is. PhAR (Morison, pers, comm.)
lPhoton flux density was altered by the use of neutral demsity cinemoid
and cheesecloth filters at the chamber, The absorption spectrum of
these filters is almost unmiform in the 400-700 nm, waveband (¥#ilson 1978).

PhAR within the chamber was determined using a quantum sensor

(LI-190SR, lambda Insts, Corpn,),
Te2.3 The gas circuit

The gas circuit is shown diagrammatically in figure 7.2. Air is
drawn in from outside the building (at 4th floor 1eye1) and passes
through the air conditioning sysfem, A, Air is split into 'dxry' and 'wet'
lines and the rates of flow are regulated by flqwsfats fs1 and fs2 and
measured by .flowmeters fm1 and fm2. By adjusting the relative rates of

flow through the 'dry' and 'wet' lines, the vapour pressure of the air



Figure 7.2 key
Dl portal to outside (4th floox)
A air conditioning system

Ps1 flowstat regulating flow through 'dry' line
Fm1 flowmeter measuring flow through 'dry' line
d1 CaCl, drying towex

d2 . lvzg(C%O drying tower

Fs2 ﬂowstét regulating flow through 'wet line'.
Fm2 flowmeter measuring flow through 'wet line',

h humidifiexr -~ air bubbles through this vessel of water set in a -
water-bath at 30°C.

c coil set in same water-bath as assimilation chamber

B 'chamber! and 'reference'! lines

Fs3 flowstat regulating flow through assimilation chamber

3 flowmeter measuring flow through assimilation chambexr

ch assimilation chamber set in water-bath at "15°C

Fn4 venting flowmeter - air escapes into atmosphere

Fs4 flowstat regulating flow along 'sample'! line

Fmé flowmeter measuring flow along 'sample' line

p2 portal connection between ‘'sample' line and measuring instruments
dph  dew point hygrometer :

£s5 flowstat regulating flow through 'reference' line

fm5 flowmeter measuring flow through 'reference' line

C Air-scrubbing systenm
d3,d4, CaCl d:r.'ylng tower, Mg(Cl0,), drying tower
sl, s2, s3,7s4 'Carbasorb' CO -sc‘xiugblng towers

fs6 flowstat regulating flow of 002

p6, p5 portals into URAS-2 case; flushing it with 002 - free air

- free air through p9 and SS

D The URAS-2
p3 portal to sample line
Sl,S long and shorxt sample tubes

P9 portal between long and short sample tubes
r4 portal to reference line
R.I. and Rs long and short reference tubes

p7, p8 portals from reference and sample lines to atmosphere
b compressed-air bottle of known COz-concentration



Figure 7.2 The gas flow system.
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can be finely adjusfed. The airilow is brought to the same temperature
as the assimilation chamber in a copper coil in the assimilation chamber's
water-bath and split into 'chamber' and 'reference' lines, B,

The rate of flow through the 'chamber' and 'reference' lines, B,
is regulated and metered by fs3, fs5, fm3 and fm5. A4ir leaving the
chamber is split into two lines, the majority vents to the atmosphere
‘while the rest flows along the 'sample' line to the instruments., The
flowmeter measuring flow into the chambexr was calibrated égainst a
precision wet test meter (Alexander Vright and Co,,Ltd., London),

In monitoring mode, air from the chamber flows through the
instruments (solid line, figure 7.2). To determine the CO2 concentration
and water vapour pressure of the 'reference' line, pathway x is completed
in figure 7.2. The sensitivity of the URAS-2 was determined as described
in 7.2.4, by completing pathways y to z.

Ambient CO,. concentrations were determined by comparing the 'reference'

2

line with air of known CO2 concentration from the gas bottle, The 002
concentration of the compressed air was determined using gas-mixing
pumps arranged in cascade (W&sthoff oHG. types SA18, SA2T, G27) as

described by Sestdk, Citsky and Jarvis (1971).
T.2.4 The infra-red gas analyséf.

A URAS-2 infra-red gas analyser (Hartmann and Braun, W. Germany)

-in differential mode was used to measure differences in CO2 concentration
between the 'sample' and 'reference' lines, The UﬁAS—Z was fitted with
optical filters at the 2700 nm. waveband, rendering it insensitive to
water vapoui. A detailed description of the instrument is provided

by Sestdk et al (1971).
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The reference and sample tubes of the URAS-2 are divided into
long and short celis, figure 7.2. To determine the relative length of
the sample short tube, the sensitivity of the instrument was calculated
from the defléction resulting from air of &iﬁfere@tcoz concentrations
flowing through the reference and sample lines, Passing air of a
known CO2 concentration through the long tubes and reference short
tube (i.e. R, R , 5, in figure 7.2) and air of a known, different co,
concentration through the sample short tube (SS), gives a deflection
from which the relative length of SS can be found, if the sensitivity
is known (Sestak et al 1971). Air of wvarious known 002 concentrations
was obtained using the Wosthoff gas-mixing pumps.

Whenever a reading was to be taken, the sensitivity of the URAS-2
was redetermined each time by passing standard samples of air through Rl’
R, and S, (pathway y in figure 7.2) and CO,~free air through S_ (pathway
z in figure 7.2). Knowing the relative length of SS, the sensitivity
could be calculated,

The case of the URAS-2 was continually flushed with CO_-free air

2
(figure 7.2).

Te2.5 The dew-point hygrometer

A dew-point hygrometer (Cambridge System Inc., model 880) was used
to measure the water vapour pressure of the air streams, The instrument
was calibrated against air streams of known water vapour pressure,

obtained by saturating the air stream at known temperatures,

Te2.6 Measurement of leaf area

Projected leaf areas of the plants were determined at the end of the

experiment using an LI-3100 area meter (Lambda Instruments Corp.,U.S.4,)
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T.2.7 Calculations

The following calculations are based on Sestak et al (1971),

chapter 16,
Te2eTe1 Transpiration rate and resistances to water flux.

The change in absolute humidity, A , of air passing through the

chambexr:

JAD &

A -3 .
217(ei-eo)g m - at T 'K (7.1)
T
n
where & is the vapour pressure of the air entering the chamber, mb

e, is the vapour pressure of the air leaving the chamber, mb

and T is the needle temperature, °K.

Transpiration rate, ¥, is:

E = AX J 1073 guw? g ‘ (7.2)
oa™ 1074

where J is flowrate, 1 min-1;

A is leaf area, cm2.

Needle-air vapour pressure deficit, dn :

_ ' -3 o--
d, = 217(e (T )-e g m - at T, (7.3)
T
n
where eS(Tn) is saturation vapour pressure at Tn"K.

Total and needle resistances:
1

T o= dn/E s an- (7.4)
r, =dn/E e (7.5)



Te2eTe2 CO2 flux and resistances to 002 fluxes

At 15%C, 14l CO2 weights 1.86 ug at standard pressure,
CO2 flux, F:
~ -2 =1
F = 1.86 J(C;-C ) pg m “ s (7.6)
60 4 1074 |

where C, is 002 concentration of air entering chamber, ppm( ul 1-1)

and Co is 002 concentration of air leaving chamber, ppm(/ul 1‘1)

Holmgren et al (1965) show that plant cuticles are effectively

impermeable to CO2 flux, so the needle resistance to 002 flux,
calculated from the needle resistance to HZO flux, is effectively the
1
stomatal resistance to 002 flux, rs“ :
1 .
T = Dw/Dc (7.7)

whexre Dw is the diffusion coefficient of water vapour in air, m2 s-1

and  D_ is the diffusion coefficient of 0, in air, me g~

- Thom (1968) showed empirically that the boundary layer resistance

to 002 flux is related to the boundary layer resistance to H20 flux by:

ra'i = ra(Dw/Dc)’67 - | | (7.8)

The CO, gradient from the air in the chamber to the chloroplast is:

2

1.86(C,~C_). 107 pg w2 at 15%C (7.9)

where Ca is the CO, concentration of the chamber air, ppm or ml l"1

2

and Cc is the CO2 concentration at the chloroplast, assumed to be 50 ppm.
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Assuming that the total CO, flux can be estimated by (F+R) ¢ n? 3-1,

where F is net photosynthesis and R is dark respiration, the residual

resistance to 002 flux, rr'!can be estimated from:

-2 -1 _ ~ 3 -2 -1
(MR)pg m © s = 1.86(ba-Cc).1O pgm s
(x ‘iz 4 ).102
a S r
= r_ = 18.6C-C)=-(x +2 1) sca (7.10)
T * " a Ve a s ¢

F+R



703 Results

Results are summarised in figure 7.3, table 7,1 and 7.2, Figure 7.3
shows typical CO2 flux and resistance curves, Differences betweén wind
treatments in photosynthetic fluxes are small and not statistically
significant, However, photosynthetic fluxes in the second low windspeed
period were consistently lower than values for the first low windspeed
period and the high windspeed period, for light intensities above
21QﬂE mfz s-1.- Examinagtion of figure 7.3 shows that these slight
differences are entirely due to a small increase in stomatal resistance,

Maxdmum photosynthetic rates and quantum yields listed in table
7.1 are somewhat higher than those reported for conifers by Jarvis et al
(1976) and for P, contorta by Dykstra (1974). This may be due to the
high reflectivity in the assimilation chamber reducing the unavoidable
self-shading of needles to a minimum,

Lopushinsky (1975) reviews earlier literature on P, contorta and
reports maximum net photosynthetic fluxes of 7-17 mg g-1(hrf1 . The
specific leaf afea of the plants used in this experiment was about
60 cm2 gr1, which gives maximum net photosynthetic fluxes of
14.7 mg & (ax)." ",

Table 7.2 shows that dark respiration rates of the different
windspeeds differ significantly from one another, 1R<Fﬂfh&fkto table 7.1,
where the results of Tukey's test (Steel and Torrie 1960) are summarised,
shows that the 25% increase in dérk respiration during the high windspeed

is significant (P<0,05),
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Table 7.1
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Photosynthetic parameters of P, dontorta means

. and standard errors

Dark Respir, Quantum Yield Fmax rs min r,
-2 -1
gm s Binsteins mole™ ! g 22 s s cn s co” |
1st low wind =54.9° 21 677 2.4 3.3
period + 5.73 + 1.9 + 23.1 + 27 + .33
high wind  -71,6° 20 678 2.7 3.3
period + 4,66 + 1.0 + 19,7 + .09 + .23
ond low wind =59.4° 23 646 3.1 3.3
period + 3.38 + 1.3 +22.2  +.,09  + .48
overall
- 21 670 2.7 3e3
mean
a, b: means with different letters differ at P< 0,05
by Tukey's Test (Steel and Torrie 1560)
Table 7.2 Analysis of variance of dark respiration measurements
Source af SS MS F P
Among treatments 2 1093.3 546.7 3.70 <0,05
Within treatments 17 2509.0 147.6
Total 19 3602,3
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T4 Discussion

In chapter 6 it was inferred that net photosynthesis was decreased
or dark respiration increased, by shaking, In this chapter it is
shown that high wind causes a 25% increase in dark respiration, but
has no effect on net photosynthesis., The two experiments together
suggest that the reduction in growth caused by continuous motion is
due to an increase in dark respiration.

As reviewed in 2,16 and 2,17 there are reports in the literature
that shaking increases respiration and contradictory reports of an
effect of wind on respiration.,

In growth ahalysis studies respiration is considered as a negative temm
in the carbon budget (KvVet et al 1571; Zvans 1972) as it represents a
loss of carbon, Yet as Beevers (1570) points out, respiration is a
vital plant process as it is the source of ATP, reduced nucleotides and
intermediates used in the synthesis of permanent cellular constituents,
An increase in respiration rate might be expected to indicate an increased
biosynthetic activity in the unstressed plant; é sign of increased, not
decreased, growth, Léaig, Drew and Clark (1976) found that increased
shoot and root respiration preceded bursts of growth of these organs,
in Pinus rigida seedlings, |

lMcCree (1970) divided dark respiration into two components: growth.
respiration and maintenance respiration. Maintenance respiration has been
found experimentally to be proportional to plant dry weight (licCree 1970,
1574, Ledig et al 1976) and from biochemical considerations, Penning de Vries
(1972) came to the same conclusion. Semikhatova (1970) suggested that
maintenance respiration increases in response to 'stresé'. Penning de Vries

(1975) discusses the effects of stress on maintenance processes and notes
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various ways in which stresses increase the 'cost' of maintenance in
plants, Low temperature decreases the P:0 ratio (moles of inorganic
phosphate converted to orgaunic form per mole of oxygen used) and so
should increase respiration rates; high temperatures increases protein
turnover and plasmalemma permeability; salinity stress decreases the
P:0 ratio; and nutrient deficiencies increase protein turnover and
respiration. (Penning de Vries 1975). Watexr stress, on the other hand,
generally decreases respiration (Slatyer 1967). Penning de Vries (1975)
attridtutes this to a general reduction in metabolic activity.

Thus the results of the growth analysis and 002 flux experiments
reported here can be explained by postulating that subjecting P. contorta
to continucus motion causes an increase in the mainienance 'costs' of
the plant, resulting in a reduced amount of respiratory substrate for
growth, This must remain a hypothesis until it has been shown that it

is indeed the maintenance component of respiration that is affected,
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Te5 Sumnaxy

(1) The effects of wind on the net photsynthesis and daxk respiration
of P, contorta are described.

(2) High wind significantly increases dark respiration, but has no
effect on net photosynthesis,

(3) It is posfulated that continuous motion reduces the respiratory
substrate available for growth by increasing the maintenance respiration

of P. contorta,
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Chapter 8 Effects of wind and shaking on the water relations of

2, contorta

8.1 Introduction

The effects of wind and shaking on plant water relations are reviewed
in 2.1.3, 2,1.5 and 2,1.7. Kahl (1951) found that shaking increased
" transpiration of three plant species, but Beardsell (1977) was unable
to detect an effect of handling on transpiration, Increases, decreases
and no changes in transpiration rate and stomatal conductance with
increasing windspeed have been reported. Cuticular conductances of

various grass species and Acer pseudoplatanus were increased by high

winds due to the abrasive damage czused when leaves collide with one
another in the wind (Grace 1974, Wilson 1978)., However, only small
effects on plant water status have been reported, where this has been
measured directly (2.1.5).

There are several ways in which wind and shaking might affect the
water relations of P. conmtorta. A reduction of the boundary layer
resistance may increase or decrease transpiration rate, depending on
épecific environmental coﬁditions. Wind-induced needle collisions might
affect cuticular and stomatal conductances, Although shaking as applied
in these experiments does not cause needle collisions, it may still
affect transpiration via an effect of mechanical shock on stomatal
conductances, The effect of shaking on the boundary layer resistance is
small, as shown by the small temperature differencés between shaken and

control plants reported in 4.3.2 and further discussed ;n this chapter.
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The work of Iilburn and Johnson (1966) and Milburn and lcLaughlin
(1974) has recently highlighted the role of cavitation in the water relations
of plants. It may be possible that wind-induced motion mechanically
distorts tracheids and so causes cavitation in the transpiration stream,

If wind and shaking cause * water stress in P. contorta, it should
be detectable as a decrease in total water potential,¥y. It is
presumably possible,{ffff?'g«that turgor pressure potential, Y p, might
be affected independently of Y, This might occur if the properties of the
plasmalemma were altered, changing the solute potential, Ys’ but not
necessarily affecting Y. Such an effect on the plasmalemma is
hypothesised in 2.1,7. In the present work it was therefore decided %o
determine turgor and solute potentials separately by the method of
Scholander et al. (1965). This analysis is discussed in 8.2.

Wind and shaking reduced the growth of P, contorta, as described in
4.3.1, 4.3.2 and 4.3.3. WVater potentials of these same plants during the |
experiments described in 4.3.1, 4.3.2 and 4.3.3 are reported in 8.4.1,

The effect of wind on the cuticular conductance of P, contorta is
reported in 8.4,2,

The effects of wind and shaking on the needle conductance, water
potentials and components of pressure-volume curves are described in
8.4.3, 8.4.4 and 8.4.5.

Needle conductance, 8p? is used in this chapter as it is proportional

to transpiration rate, E :

gs = Vr,+/r, = B((T)-X)-1/z,  (8.1)
where T, is cuticular resistance;
rs,is stomatal resistance;
fa is boundary-layer resistance;

(Is'('I'n)- xa) is needle-air absolute humidity deficit.,
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8.2 Pressure-volume curves . s

By measuring the volume of the expressed sap from a shoot in a
pressure bomb at given pressures, it is possible to construct 'pressure-
volume cuxrves .. ° from which solute and turgor potentials can be
deduced (Scholander et al 1965). Tyree and Hammel (1972) provide a
theoretical discussion of pressure-volume _curvesip,and conclude that
the relation between the pressure on a plant shoot in the pressure

bomb 8nd the.tissue volume can be written:

o e (802)
. BTN - F(V_-V_)
S o e

where B is the total pressure on the cell fluid,
is the original (maximum) volume of all the living cells in the shoot,

is the volume expressed from all the cells,

v
o]
v
e
R is the universal gas constant,
T is the absolute temperature,
Ns is the total number of osmoles of solute in all the living cells
F

is a function relating turgor pressure to volume:

T, = ¥ ='€(;_"9° | (.3)
. EY

where‘f’P is the turgor pressure potential,
€ 1is the bulk modulus of elasticity of the shoot,
V is the volume of the shoot,
V_ is the volume of the shoot, at incipient plasmolysis

and n is a coefficient of non-linearity.
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A plot of 1/P against the volume of the shoot or volume exXp¥essed
from the shoot is curvilinear, becoming linear when F(Vo-Ve) becomes
constant, point a on figure 8.,1. Tyree and Hammel (1972) assume
that at this point, F(Vo-Ve), or Yp, is O, The solute potential at
this point is Ws,p’ the solute potential at incipient plasmolysis, The
volume ar relative water content at this point is referred to as Vp or
E’.!Z'ICp in this chapter, Eh:'tl‘apolatipn of the linear part of the curve
to Ve=O(R‘EJC=100°/5), point b on figure 8.1, gives Ys,o the solute potential
at full turgor, Extrapolation of the line to 1/P = 0, point ¢ on figure
8.1, gives Vb’ the volume of the osmobic water, The rate of change of
relative symplasmic volume (V—Vp)/Vp with pressure potential gives-£,
the bulk modulus of elasticity (equation 8.3). £ thus describes the
shape of the curved part of the pressure-volume curve, and the linear
part can be characterised by Ys,o’. Ys,’p and either Vp or RWCP. Pressure-
volume curves can thus be compared by examination of thesg-parametsrs.

The solute potential at any water content can be found from the
line bac in figure 8.1. Detemmination of Y at that water content allows

the calculation of the pressure potential:

¥ = Y5 ¢ (8.4)

The above model assumes that the relationship betwee_n pressure
potential and’volume, F(V), for each individual cell can be summed to
give a meaningful average., Cheung, Tyree and Dainty (1976) show that
variation in Ys,o and £ between cells can result in errors in deter-
mining q}s,p and the exact slope of the extrapolated line, They also
point éut that € as defined in equation {8.3) is arbitrary, but still indi-

cates the ability of the shoot to conserve water,



Acock (1975) criticises the model on the following grounds:
(i) it assumes that the matric potential remains constant as total
water potential decreases;
(ii) it assumes ideal behaviour of solutes and cell membranes; and
(iii) it assumes that Wp is O when the curve becomes linear, He points
out that if Y_ became increasingly negative as Y decreased and the
symplasmic volumes becomes smaller, the function F(Vo-Ve) in equation
8.2 will become sﬁall and constant, causing linearity in the pressure-
volume curve, This would invalidate the assumption that this iine
. describes the relation of solute potential with water content.

Of these criticismS,(iii)is the most serious, However, Tyree (1975)
doubts the existence of negative Yp and criticises the methods by
which negative Yp have apparently been determined, '

The model of Scholander et al (1965) as-elaborated by Tyree and

Hammel (1972) is accepted in this chapter,
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Figure 8,1 Example of a pressure-volume curve of an individual needle
a point of incipient plasmolysis

b solute potential at full turgor Y ,0

¢ volume of osmaf'/z water, V_

X,y For a given total water potential,x, the solute potential, y,

can be found and the pressure potential, xy, calculated,
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8.3 liaterials and Methods
8.3.1 Transpiration rate

Transpiration rates were detemmined gravimetrically using plants
with their pots enclosed in two plastic bags which were sealed separately
about the stems. The plastic bags were unsealed each morming for
an hour to allow gas exchange to the roots and replenishment of soil
water, Weight losses were foﬁnd to be constant during the light period
in the controlled environments, so the rate of water loss was calculated
as the regression coefficient of weight loss against time. Projected
needle areas were measured using the LI-3100 area meter, Transpiration
rate, E, was thus:

E = b/A | (8.5)
where b is the rate of water loss per second;

and A is the projected needle area of the plant,
8.3.2 Boundary layer resistance and needle conductance

To estimate the boundary layer resistances of plants in the controlled
environments, the evaporation rate of water from a model plant was
-measured, using the method of Landsberg and Ludlow (1970). The greater
length and flexibility of P, contorta needles than spruce needles made
it extremely difficult to apﬁly aﬁ even coat of plastic;of-paris to the
shoots., Instead, all the needles were removed from'a shoot and replaced
with as many 6 cm. panel pins as possible, The necéssarily reduced
'needle' no, would result in an un&erestimate of the actual boundary-layer .

resistance of a real shoot (Landsberg and Thom 1971).
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Figure 8. This artificial pine shoot was constructed
=1 ) .

by removing the pine needles and renlacing them with as many

6 cm, tacks as possible.



Zvaporation from the model was determined with the model standing
within the plant canopy in the controlled environments,

A copper/constantan thermocouple (as described in 3.4) embedded in
the model showed that the model remained at the wet bulb temperature
for at least 15 mins. at the high windspeed,

The projected area of the model was calculated from the mean length
and diameter of the 'needles' and stem of the model, assuming that they
had cylindrical form,

Boundary-layer resistance, r,» was calculated from the weight loss
of the model over 10 min. periods and the projected area of the model,

The needle-air vapour pressure deficit, eS(Tn)-ea, was calculated
from mean needle temperature Tn°K, and gir vapour pressure, ea,mb.,
determined with thermocouples and an Assman psychrometer as described
in 3.4.

Needle conductance, g,s Was calculated fxrém:

&, = 217E - 1 (8,6)
n -—
Tn(és(Ln) e;) T
8.3.3 Cuticular conductance

The method of Hygen (1951) is probably the only satisfactory way
of determining cuticular conductances of most plant species., The weight
losses of detached needles were'monitored over ca, 8 hours, Stomatal
closure was taken to have occurred when the weight-loss became constant
with time and cuticular transpiration rates were determined from the

regression coefficient of weight against time,over this peried,

139
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Heedles were detached and suspended from a horizontal wire below
a 250 Vi Votan HQ-1 lamp, ILight flux density at needle level was
350 pZ m 2§~ in the 400-700 nm, waveband., An electric fan provided
a windspeed of 2 m s-1. Assuming the airflow about the needle is similar
to that about a cylinder of\1mm. diameter, r, in these conditions can

be calculated from the Reynolds and Sherwood numbers, Re and Sh

(Mbnfeith 1973) :

RE = du/v (8.7)
Sh = .62(K/Dw)'33Re'47 (8.8)
r, = 4/D Sh A (8.9)

where 4 is the cylinder diameter;

v is He kinemahe viscosity of air

u is the wind speed

K is the thermal diffusivity of dry air;
and 'Dw is the diffusion coefficient of water;

At 20°c, T is 6,6 s m71. As this resistance is very small it was
ignored in the calculation of cuticular conductance, Air vapour pressure
was continually monitored using an Assman psychrometer (section 3.4). -
Although air vapour pressure was not regulated, the needle-air absolute
humidity deficit varied by less than 10% over the daily measuring period
and by less than 6% over the period of cuticular transpiration, The
mean of theAnéedle—air absolute humidity deficit over this latter period
was considered acceptable for calculation of cuticular conductance,

Needle temperatures were sﬁown, by use of copper/constantan
thermocouples, to vary from air temperature by 1es§ than .O?aC.

Transpiration of individual needles was determined by measuring

needle weights to the nearest 10ug on a micro-electrobalance
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(Cahn Insts/Ventron Corp,,U.S.A., model 4700), The rate of water

loss of the needles during the cuticular phase was found by calculating
the regression coefficient, b, between needle weight and time over this
period, Projected areas of individual needles were found using the
LI-3100 area meter, Repeated measurements of projected areas of single
needles gave readings varying by less than 5%, Cuticular conductance,

gyr Was calculated as :

(8,10)

8, b
(X S(Tn)- Xa) A

where b is the rate of weight loss per second,
(X (2)-X,) is the needle-air absolute humidity deficit,
and A is the needle projected area,

The cut ends of the needles were stood in water in closed vials
overnight before detemmination of weight losses, Knowing the needle
turgid weight, tw, and dry weight, dw, (determined by drying the needles
for 48 hours at 80°C) the relative water content, RWC, at any given

weight, w, could be found.

RWC = étw—w} x 100% (8,11)
tw-dw)

RWCS, the relative water content at stomatal closure, was determined

from graphs of needle weight loss against time (Hygen 1951),
8.,3.4 Viater potentials and pressure-volume curves,

Water potentials of individual needles were determined using a

needle pressure bomb similar to that described by Johnson and Nielson (1969).



The bomb was constructed of commercially available standard i)ipe-

fittings (Simplifix Ltd,). Nitrogen gas was used in determinations of -

water potentials and pressure-volume curves,

Pressure-volume curves were constructed for data collected from
individual needles, Twelve needle pressure bombs were connected
together in series, and increasing pressures applied to needles within,
The expressed sap was collected on filter paper enclosed in aluminium
foil 'caps' to prevent evaporation, It was found that the sap so
collected was only 50% of the total water lost from the needles during
a complete set of measurements, This discrepancy was presumably due to
evaporation from the needles in the bombs, The mass (and therefore
volume) of water lost from the needles was subsequently determined by
removing the needles from the bombs between each pressure increase and
weighing them on the Cahn microbalance to the nearest 10 g (=10 nl,)

Needles were initially brought to full turgor by standing them in
water in closed vials overnight and their dry weights determined by
drying in an oven at 80°C for 48 hours.

Thel following pressures were applied to the needles for 30 - 40
minute intervals : .2, .5, 1,0, 1,5, 2,0, 2,5, 3.0 and 4,0 MPa,
Equilibriim pressures of test needles so treated were found to differ

from the applied pressures by not more than ,1 MPa,
8.3.5 Procedures

8e3e5.1 Cuticular conductance

In the.first experiment to be described ten two year old Long Beach

and ten two year old Hazelton P, contorta were placed in the wind tunnel

142
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three days before the experiment started, Conditions in the wind tunnel
wmere 14°C, 11 mb vapour pressure, 250 p & n~2 3-1, 12 hours day length,
During the five day low windspeed period (.8 m s-1), one needle per
plant was removed each evening, brought to full turgor in water overnight
and allowed to transpire freely over an 8 hour period the following day.
Cuticular conductances and relative water content at stomatal closure
were determined as described in 8,3.3.

The windspeed was increased to 8,5 m 3-1 average for the subsequent five
days. At this windspeed there was considerable steﬁ and needle movement,
and collisions of needles with one another,

The second experiment to be reported was verformed at the end of
the experiment described in 4,3.4., Cuticular conductances of one year
old ILong Beach P, contorta after 8 and 16 days growth in either the
growth room at low windspeed or in the wind tunnel at low or‘high windspeed

were determined, Envirommental conditions are described in 4.3.4, At

the high windspeed (7 m s-1) there were continual needle collisions.,
8.3.5.2 Water use and water potentials

The water relations of 6 plants in the wind tunnel were compared
with the water relations of 6 control plants in the growth room and 6
plants subjected to shaking in the growth room, ZEnvirommental conditions
are detailed in table 8,1, The windspeed in the wind tunnel was 'low!
for the first 5 déys, and the shéking machine in the growth room was
switched off, The windspeed was turned up to 'high} for the subsequent
8 days and the shaking machine turned on, Windspeed was returned to 'low!

and the shaking machine turned off for the final 3 days,
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Table 8,1 Environmental conditions in the growth room and wind tunnel
PhAR Net Radn Temperature’C Air vapour Boundary
i m—2 8—1 7 -2 : o layer
I Air Needle pressure mb resistance
s cm
Growth Room 491 225 15 16.,1,16,0% 12 .26
Wind tunnel
low windspeed 507 205 15 15.7 12 «31
Wind tummel
205 15 15.0 12 .06

high windspeed 507

* Plants subjected to shaking,
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'Day' and 'night' transpiration rates and needle conductances were
determined each day. Total water potential of each plant was
determined daily (a) before the lights came on, and (b) between
1400 and 1600, One needlé of 4 plants per treatment was removed each
evening, brought to full turgor overnight and vplaced in the pressure
bombs for pressure-volume determinations the following day. Solute
and pressure potentials, Ws and‘l’p were determined for these plants
from the appropriate pressure-volume curves., Parameters describing the

bressure-volume curves (e, Y ,RWCP) were evaluated as described

s,o0’ ?s,p

in 8,2.
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8.4 Results and Discussion
8.4.1 Effects of wind and shaking on total watexr potential

The total water potentials,?’, of the plants in experiments
4,341, 4.3.2 and 4.3.3 are shown in figure 8.3. Y of plants subjected
to high winds or shaking are significantly less negative (P<,01) than
the control plants in (a) and (c). In (b) there are only slight
differences int(, but againq’of shaken plants was consistently less
negativé than ¥ of controls, Despite their higher water potentials,
these plants suffered reduced extension growth (chapter 4), reduced
cell division and extensionv(chapter 5) and reduced dry weight growth
(chapter 7). »Clearly these effects could not have been caused by a motion-

induced water stress,
8.4.2 Effects of wind on the cuticular conductance of P, contorta

The cuticular conductance, 8o and relative water content at stomatal
closure, RWCS,-of plants exposed to high and low windspeeds are shown
in figure 8,4. Increasing the windspeed had no effecf‘on g, OT RWCS.

A simple:t- test of the daily means of 8o showed that the differences
between the two provenances:were statistically significant (P<,001)
as were the diffe;ences between BWCS (I’<.05). The techniques used
are sensitive enough to detect differences between profenances, yet no
effect of windspeed could be found, '

The effects of growing plants for 16 days at low or high windspeeds
on cuticular conductance are sumnarised in table 8,2, The analysis of
variance‘shows that differences between the various environments are not

significant, i.e. the different windspeeds had no effect on 8,e
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The somewhat higher values than in the previous experiment may be
due to the fact that these needles had not yet fully expanded (4.3.4.)
and so the cuticle had not yet hardened.

Even this 16 day period of high wind had no effect on the
cuticular conductance of P. contorta. It must be assumed that needle
collisions in P, contorta do not cause cuticular abrasion or epidermal
damage, in contrast to the reported results with the broad-leaved

species Fragaria X ananassus and Acer pseudoplatanus and with grasses

(MacKerron 1976, Wilson 1978, Grace 1974)., The light weight of an
individual needle may mean that the force one needle can exert upon
another is too small to cause cuticular damage, |
It must be noted that these conductances actually represent

minimum conductances which are not necessarily cuticular conductances,
It is possible that when the water loss froma P, contorta needle falls
to a constant minimum the stomata are not fully closed, The values
reported here are, however, comparable with the cuticular conductances

reported by Holmgren et al (1965) for a number of species, and the

values for Picea sitchensis reported by Jarvis et al (1976). These
values represent a neglig;ble amount of water loss, implying (i) a
virtually impermeable barrier to water, and (ii) needle conductances
calculated by equation 8.6 are close approximations to stomatal

conductances (Jarvis et al 1976).
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Figure 8.3 Water potentials of plants subjected to high wind or shaking and
their controls., a [growth room plants; O wind tunnel plants at low then higl
windspeed, b O shaken plants; (control plants. c O shaken plants;

Ocontrol plants. Bars are 2 standard errors.

b. Shaking exph 4.3.2. | C. Shaking efp"— 4.3.3
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Figure 8.4 a Cuticular conductance of needles of P, contorta subjected
low and high windspeed, b RWC at stomatal closure,

O Long Beach provenance; [JHazelton provenance, Bars are 2 standard errors,
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Table 8,2a Mean (and standard errors) of cuticular conductance of
needles of P, contorta grown in high or low windspeed
environments, pm s” ',

Other environmmental parameters were similar (see sections
8.3.5.1 and 4.3.4)

Day 8 Day 16
High windspeed
Wind tunnel 200 + 9.2 187 + 7.6
Growth room 162 + 8.8 144 + 10.4
Low windspeed
Wind tunnel 172 + 7.6 239 + 13.0
Growth room 229 + 14,4 228 + 16.5
Table 8,2b Analysis of variance with subgroups of table 8,2a
Source . af S5 MS F P
Among days 7 134,518
Among enviromment 3 95,423 31,808 325 NS
Among days within envs, 4 39,095 9,174 489 .001
Among plants within days 118 236,630 2,005

Total 125 37 1 ’ 14-8
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8,4.3 iffects of wind and shaking on the needle conductance of P, contexta

Needle conductances of control, shaken and wind-tunnel plants
are presenfed in figure 8,5, Day to day variations in needle conductance
and transpiration rate}were apparent, but no effects of wind or
shaking could be detected, Tranquillini (1969), Caldwell (1970),
Davies et al (1974) and Grace et al (1975) also found that needle
conductances of various species of spruce and pine were unresponsive
to windspeed; this may be a general characteristic of conifers,

The very low values of conductance during the dark period are
camparable with cuticular values, suggesting complete stomatal closure
in the dark, This has also been noted by Lopushinsky (1975).

The shaking treatment caused a decrease in needle temperature of
the order of J05 C, suggesting a very small effect of shaking on T e
Needle conductance was unaffected by shaking, so assuming a value of
4 mm a1 fox g, (i.e. a needle resistance of 2.5 s cm-1) and inserting
appropriate values into equation 2,25,. this temperature difference
implies a decrease in ra of about 2 s m-1. The effect of shaking

on r, thus appears to be negligable,
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Figure 8.5 Needle conductances of P, contorta a during the light period. b during the dark
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8.4.4 Pressure-volume curves of individual heedles

Table 8.3 and figure 8,6 summarise data extracted from pressure-
volume curves of 11 needles taken at random from the same plant,
Figure 8,7 shows that the relation between Pressure potential ‘Vp
and relative symplasmic volume, (V;Vﬁ)/Vp, is linear for these needles.
The bulk modulus of elasticity, € , was calculated as the regression
coefficient of the relationship between“l’:p and (V;Vb)/vp, i.e. a
value of n=1 in equation 8.3 was assumed,

The small variation between needles suggests that single needles
can provide adequate representation of the water relations of the
needles of the whole shoot, The values for € ,‘Vp etc, may well differ
between tissues of different types and ages. however,(Hsiao 1974).

The values derived from individual, fully extended needles such as these
may differ from those of extendingAneedles or of the extending shoot,
but it seems unlikely that the response to a given stress might differ
between tissues and age classes, It is assumed in this chapter that
the effects of wind and shaking on the water relations parameters of
mature needles will be reflected in growing tissues although actual
values may differ,

Parameters of the pressure-volume curves are plotted against time
in figure 8,8, The considerable day to day variﬁtion in the data is at
least partly due to the small number of replicates per 'treatment' (4).
The occasional breakage of a neédlg in the pressure-bomb had a large effect
on the mean values of these parameters, .

There is no indication of an effect of wind on any of these water

relations parameters,
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Table 8.3 Heans and standard errors of pressure-volume curve

parameters of 11 needles picked at random from 1 plant

(fls;o q/s’p chp £ Vb/(fw-dw)
MP MP % MP
a a a

Mean 1,15 2.0  75.4 7.01 <557
Standard
error .0169 0 .702 223 .0122
Coefficient
of variation 4,9% 0 3.1% 10 6% 7 . 2%

WS,P n 1

RWCp relative water content at incipient plasmolysis

bulk modulus of elasticity

Sy0 solute potential at full turgor

" incipient plasmolysis

Vb/fw-dw) Volume of osmohe water/(fwesh weight-dry weight)

= volume of osmokic water/total water
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Figure 8.6 Hofler diagram of mean values of total water potential,‘)v s, Solute
potential,‘f's, and pressure potential ,‘f'p, plotted against mean values of RWC.
Vertical bars are 95% confidence limits of potential, hortizontal lines are 95%

confidence limits of RWC,
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Figure 8,7 Linear relationships between pressure potential,?p, and relative

symplasmic volume, (V—Vp)/V , for 6 needles taken at random,
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Figure 8.8 Variation in parameters of pressure-volume curves with time, a sp].ute
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8.4.5 Effects of wind and shaking on the components of water potential

of 2, contorta

Total, solute and pressure potentials for the dark and the light
periods are plotted in figures 8.9 and 8,10,
Total water poteptial was unaffected by wind and shaking as might
be expected, as transpiration rate was unaffected. The hypothesis that
./ _~aater stress might be caused by motion-induced cavitation seems
unlikely, in the light of these results, Turgor potentials and
solute potentials also appear unaffected by wind and shaking, confirming
that motion does not cause a water stress in P. contorta. As discussed
in 8.4.4, although these results were obtained when the plants bore
mature needles, it seems unlikely that motion affects the water-relations

of expanding tissues differently,
8.4.6 W¥ind, shaking and water relations.

The results of this chapter show that wind and shaking have no
effect on the water relations of P, contorta., Despite this, wind and
shaking reduced the extension growth, cell growth and dry weight growth
of P, contorta., Russell and Grace (1978b) also found that the water

potential of ¥, arundinacea and L. perenne was unaffected by wind,

yet leaf area growth was reduced. These results suggest that motion
affects plant growth by some meéhanism(s) not involving the water

relations of ﬁlants.
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8.5 Summary

(i) High winds had no effect on cuticular conductance of P, contorta
despite wind-induced needle collisions, Differences in cuticular
conductance and relative water content at stomatal closure between two
provenances of P. contorta were observed.

(ii) Vvind and shaking had no effect on the needle conductance of
P. contorta,

(1ii) Pressure-volume curves for individual needles were construqted.
The bulk modulus of elasticity, solute potentials at full turgor and at
incipient plasmolysis, relative water content at incipient plasmolysis
and ratio of Osmoticwater to total water were used to éompare these curves,
No effects of wind or shaking on any of these parameters could be detected.

(iv) No effects on total, solute or turgor pressure potentials due
to wind or shaking could be detected. )

(v) VWater potentials (total) of plants which showed reduced extension,
cell and dry weight growth were either not different from, or slightly
less negative than control plants,

(vi) It is concluded that the effects of wind and shaking on plant

growth are not mediated via a water stress effect,



Chapter 9 The effects of shaking on the growth of P, contorta in

year n + 1,
9.1 Introduction

In chapter 4 it was shown that wind and shaking reduced the
extension growth of P, contorta. The number of stem units (sensu
Doak 1935) present in the bud also influences extension growth
(Kozlowski 1962, 1971, Garrett and Zahner 1973, Cannell et al 1976) as
discussed in detail in 2.2,2, If wind and shaking affect the production
of primordia in the bud, there will be a carry-over effect into next
year's growth, This is examined in this chaptex,

The size of the bud appears to be a good indicator of potential
shoot growth (Kozlowski et al 1973, chapter 4) and so bud sizes of
control and sﬁaken plants may anticipate the eﬁfecps‘of shaking on the
subsequent year's extension., The buds of the control and shaken plants
harvested at the end of the 1978 growing season (chapter 7) were

measured prior to the harvest; results are briefly reported in this
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chapter., An experiment comparing the extension during 1979 of P, contorta

subjected to shaking in 1978 with plants not shaken in 1978 is also

described,
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9.2 Materials and HMethods

Highteen Long Beach P. contorta in their second year of growth
were subjected to shaking (as described in 3.3) from 15/7/78 to
30/11/78. Eighteen control plants stood nearby in the cold frames,
In April 1979 the plants were divided into four groups: half of the
shaken piants were again shaken in 1979 (SS) a;nd the other half stood
nearby as controls (SC), half of the control plants were shaken in
1979 (CS) and the other half stood nearby as comtrols (CC).

Final measurements of stem lengths and widths, and fascicle numbers

on the leader stems were made on 1/7/79 as described in 4.2.



9.3 Results and Discussion-:

The plants whose extension growth and dry weight production are
described in 4.3.3 and chapter 7 also showed reduced bud growth
(table 9.1). The number of lateral buds produced was not affected,
This data sﬁggests that the extension of the shaken plants and the
number of fascicles would be reduced in the following year,

Initial.and fihal measurements of the plants shaken in 1978 are
presented in tables 9,2 and 9,3. Bud growth also seems to be somewhat
reduced; the difference between this and the above experiment~ is
probably due to the fact that this experiment did not start until
15 July. The data of Cannell and Villett (1975) indicate that one
third of the primordia would already have been éroduced by this date,
The %% difference in fascicle number between shaken and control plants
is not statistically significant.

In contrast to fhe results reported in chapter 4, shaking appears
to have stimulated an increase in stem width and to have had no effect
on needle extension. It appears that shaking might affect stem radial
growth of P, contorta, but further experiments must Belperformed to
ascertain this, Considering all thiee experiments on the effects of
shaking on radial growth of P._ contorta (4.3.2, 4.3.3 and chapter 9),
the weight of the evidence suggests that radial growth is not affected
by shaking, Table 9.4 shows the measurements of the pianis after they
had been split into four groupé. The plants were divided so that SS
and SC (i.e. plants that were shaken in 1978) had similar mean stem

and leader Bud lengths; and likewise for CS and CC, An inevitable
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consequence of this division is that the standard errors of these
smaller groups are larger than those of the initial groups (compare
tables 9.3 and 9.4).

Basal widths and leader lengths were significantly affected by
the various treatments (table 9.5). Comparing each group with the
control group (CC) by Dummet's test (Steel and Torrie 1960) shows that
only groups SS and SC differ significantly in leader length from CC,

i.e. shaking in the current year only affects extension. The reduction

due to current year shaking is ca. 24%.

This experiment shows that shaking plants from July to September
in year n has no effect on extension in year n + 1, Presumably, if
the plants had been shaken from the beginning of the growing season,
there would have been a larger effect on bud growth and fascicle
production, However, the results of this experiment suggest that there

.

would still have been at most a small effect on extension in year n + 1,

9.4 Sumnary

(1) Shaking P, contorta significantly reduced bud growth,
) (ii) The reduction in fascicle numbers caused by shaking was not
statistically significant,

(1ii) Shaking in year n had no effect on extension in year n + 1,
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Table 9.1 Bud dimensions of control and shaken P, contorta at the
end of the 1978 growing season, Means and standard
errors. Extension growth and dry weight production of

these plants are described in 4.3.3 and chapter 7.

Group Leader bud No, lateral
width length buds
mms, mms,

Control 5.6 24 6.7
+ .13 + 1,14 + .26

Shaken 5.2 20 6.4
+ .12+ .69 + .30

level of

statisti- 0,002 0.05 NS

cal signi-

ficance

% change ~T%  -17% -




Table 9,2 Year n initial measurements,
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Means and standard errors 15/7/78

Stem length

Group Stem width Needle length
mms, mms, mms,
Shaken . 3.04 113 50
+ o107 + 2.2 + 1.8
Conmtrol 2.96 110 49
+ 071 + 1.5 + 2.3

Table 9.3 Year n final measurements.

Means and standard errors 18/9/78

Group Stem Leader bud No, Lat. Needle Fascicle no,
width length width length buds length on leadexr *
mns, mms, mms, ms, - ms,
Shaken 4.7 139 4.0 12.1 5.3 86 - 201
+e15 + 5.6 + .11+ .63 + .73 + 2.4 + 9.1
Control 4.3 149 - 4.1 13.5 5.4 87 221
+.09 + 5.0 + .09 .45 + .61 + 3.0 + 9.0
level of
statisti-
0.05 NS NS 0.1 NS NS NS
cal signi-
ficance
% change +% . - - -10% =~ - -

* determined 1/7/79



Table 9.4 Year n + 1 initial measurements,

Means and standard errors

4/4/79.

Group Stem Leader bud No, No.
length width length width laterals plants
mms. mms. mms. mms.

SS* 149 5.2 13.0 4.5 6.4 9
+9.3 + .7 + .71 + .71 +1.26

CS* 159 4.6 14.7 4.3 5.1 T¥*
+10.2 4 .16+ .87 + .09 +1.16

SC* 151 4.7 13.4 4.0 4.2 9
+8.3 + .25 + 1,40 + 7 + .64

CC* 158 4.3 15.0 4.2 6.0 9
+6.5 +.21 + .69 + .7 + .78

%* 33 : shaken in year n, shaken in year n + 1

CS : control in year n, shaken in year n + 1
SC : shaken in year n, control in year n + 1
CC : control in year n, control in year n + 1

*% Two plants damaged by shaking.
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Table 9.5 Year n + 1 final measurements,

1/1/19

Means and standard errors.

Group Basal Leader

Mean lateral Apieal.

Fascicle no,

width width length length Control on leader
mms, mns,  mms, . mms, %
SS* Te2 5.9 184 84 48 191
+ .26 + .28 + 14,2 +10.4 * 4.6 + 11,2
CS* 6.5 55 202 96 48 217
+ 422 i e 22 i 9-9 i12¢5 i 508 i‘ 9-8
SC* 6.4 5.6 251 106 44 210
+ 429 + .23 +15.6 + 9.8 + 5.7 + 14.3
CC* 6.2 5¢2 255 101 40 224
+.14 +.28 +15.3 + 6.8 + 3.1 + 15.7
level
of stas -
0,025 0,01 |S NS -
tisth-_, -~ . .
cal sig-
nifi-
cance¥*

* shaken in year n, shaken in year n + 1 )SS)

control in year n, shaken in year n + 1 (CS)

shaken in year n, control in year n + 1 (SC)

control in year n, control in year n + 1 (CC)

** one way analysis
of variance (Steel

and Torrie 1960)
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Chapter 10 The effect of a brief period of shake on the growth of

P, contorta

10.1 Int roduction

Most of the recent experiments on the effects of shaking on plant
growth have examined the effects of thirty seconds shake per day on
indoor plants (2.1.7). In this thesis, continual shaking has been used,
as the experiments were performed out-of-doors in the cold frames, where
stationary conditions for the control plants could not be provided.
Plants outdoors are rarely shaken comtinually by the wind, so in this
chapter, the effects of a brief period of shake per day on the extension

growth of P, contorta were determined.
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10.2 Materials and Methods

The growth of ten two year old Iong Beach 2. contorta subjected
to shaking fér twenty~-four minutes per day was compared with that of
nearby control plants in the cold frames, The shaking frame, described
in 3,3 was turned on and off each morning by an electronic timexr
(Sangama Weston Ltd,). It proved impossible to achieve a shorter period
of shake with this timer., Measurement of the plants were made as
described in chapter 4.

Final measurements of the plants wére made on 1/7/79, when stem
extension growth should have finished (Thompson 1974, Cannell and Willett

1976, chapter 4).



10.3 Results and Discussion

Initial and final measurements are detailed in tables 10,1 and
10.2. Extension growth of leader stems was reduced by 11%, Lateral
extension, radial stem growth and apical control were not affected by
shaking.

The reduction in extension caused by twenty-four minutes shaking
is approximately half that caused by continual shaking, Bearing in
mind that the control plants were rarely completely stationary, it
appears that shaking is g potent inhibitor of extension, In chapter 4
it was observed that little extension occurred during the day, so the
shaking of these plants each morning must have Had some carryover effect into
the night,

Most authors have suggested that an effect of shaking on plant hormones
is respénsible for this carryover effect on growth (2.1,7). ‘However, a
sﬁort period of shake could also conceivably affect plant growth by
inducing cavitétion or by increasing respiration., It was shown in
chapter 8 that shaking apparently does not cause cavitation (or at least,
does not cause a water stress). The work of Audus (1935), Barker (1935),
Godwin (1935) and Audus (1939) showed that the effects of bending and
flexing detached leawves on respiration rate were sustained over several
tens of hours., Thus, the effects of short periods of shake on plant
growth could be explained by the hypothesis presented in chapter T7; that
shaking increases the maintenanée component of respiration, with a

resultant decrease in respiratory substrate for giowth.
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Table 10,1 Initial measurements., Means and standard errors 8/4/79
Group Stem Leader bud Ho, lateral o,
length  width length width buds plants
mms. mms mms mms
Shaken 161 4.7 18 4.2 5.2 10
+ T3 + .13 + 2.4 + .10 + .90
Control 163 4.6 18 4,1 5.7 10
+ 6.1 +.25 + 1.7 + .19 + .79
Table 10,2 Final measurements., Means and standard errors 1/7/79
Group Basal Leader Lateral Apical TPascicle nS;
width width length extension control on leader
mns, mms, —mms, mms. %
Shaken 6.5 5.7 221 108 48 240
+ .16+ .21 + 8.3 + 11.9 4.5 + 7.3
Control 6.4 5.6 248 100 40 238
+ 429+ .37 + 6.2 + 4.8  +2,3 + 120
level of
statistical NS U] 0.02 U] NS NS
significance

% change - - -11%




10.4 Sunmary

A twenty-four minute daily shake significantly reduced the leader
extension of P, contorta by 11%. Lateral extension, radial growth and

apical control were not affected by this daily short period of shake.

-17
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Chapter 11 Discussion
11.1 Sunmary of results

The main findings of this thesis are summarised below:
(i) SZxposure to a high windspeed or to continuous shaking reduced
the extension growth of leader and lateral stems of P. contorta by 20%,
Rates of needle elongation were redﬁced by 11% by shaking and by 30%
by wind in a short-tem experiment., Stem radial growth ard 'apical
control! were not affected by wind or shaking (chapter 4).
(ii) The reduction in leader extension caused by wind and shaking
was shown to be due to reduced cell division and cell extension., The
‘reduction in cell division was greater than the reduction in cell
extension (chapter 5).
(iii) The reduced extension growth caused by shaking was accompanied
by a reduction in dry weight. Relative growth rate and unit leaf rate
were reduced, but leaf area ratio was unaffected. This suggested that
either net photosynthesis was reduced by shaking,'or dérk respiration
was increased (chapter 6).
(iv) Subjecting P. comtorta to a high windspeed had no effect on net
photosynthesis, but significantly increased dark respiration (chapter 7).
(v) The growth reduction of P. contorta subjected to high wind or
shaking was not associated with a reduction in total water potential,
No effects of wind on cuticular conductance could be detected, suggesting
that wind-induced surface abrasion d&es not océur—in P, contorta., No
effects of wind or shaking on stomatal conductance, solute and pressure
potentials or parameters pf the pressure-volume curves could be detected

(chapter 8).
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(vi) Continuous shaking in year n did not significantly affect the
fascicle production of P, contorta and had no effect on extension
growth inyear n + 1,

- (vii) Subjecting P._contorta to shaking for just twenty-four minutes

per day significantly reduced extension growth of leader stems by 11%,
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11.2 A unified hypothesis

The effects of wind and shaking on the growth of P, contorta are
remarkably similar, both qualitatively and quantitatively. This
suggests that the effect of wind on plant growth is primarily due to
the shaking caused by wind,

The reduced extension growth and cell growth of P, contorta caused
by shaking was accompanied by reduced dry weight production, The
reduced dry weight production was shown to be due to an effect of
shaking on unit leaf rate, Either the carbon-harvesting system
(photosynthesis) or the carbon-utilisation system (respiration) must be
affected by shaking., High wind had no effect on net photosynthesis but
increased daxrk respiration, It is postﬁlated that continuous motion of
either type increases the maintenance respiration of P, contorta, reducing
the amount of respiratory substrate available for growth., As a result
of this, cell division and extension are reduced, with a consequent
reduction in extension growth,

TheAdivision of respiration into 'maintenance' and 'growth' components
is somewhat arbitrary (e.g. Penning de Vries 1972). !'Growth respiration!
is considered to be the respiration associated with the synthésis and
transpoxrt of components necesséry for active growth, whereas 'maintenance
respiration' is that respiration associated with the pProcesses compen—
sating for the degradation of existing structures and organisation
(Penning de Vries 1972).

Perhaps wind-induced shaking interferes with'some aspect of the
various maintenance processes, such as decreasing the lifetime of structural

protein, However, the precise relationships between the varied and
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complex processes of respiration and plant growth are only poorly known
and presumably any disruption of the processes of respiration might be
expected to reduce plant growth,

Audus (1935, 1939), Barker (1935) and Godwin (1935) all found that
the increases in respiration caused by handling was sustained over
several tens of hours. If shaking also has a persistent effect on the

respiration of P, contorta, the above hypothesis can also account for

the reduction in extension growth caused by just twenty-four minutes

shaking per day.



11.3 The role of water relations in the effects of motion on plant

growth

As discussed in 2.1.3, the effect of wind on plant growth has long
been thought to be due to it's 'drying effect', A consideration of the
effects of wind on plant transpiration via the boundary layer resistance
indicates that an increase in windspeed may often reduce transpiration
(2.1.3). Increasing windspeed ﬁay increase transpiration by a direct
effect on stomatal and cuticular conductances in some species, but the
stomata of other species, parti;ularly conifers, seem unresponsive to
wind (2.1.5). In situations of restricted water supply, the effects of
wind-induced surface damage might be important to the water relations of
broad~leaved plants., In P, contorta however, and probably other conifers,
the results of this thesis indicate that wind-induced surface damage
does not occur. Wind has been shown to have considerable effects on the
growth of grasses, but to have little effect on total water potential
(Grace anﬂ Russell 1978b)., This thesis reports similar results for
P, contorta.

It seems reasonable to conclude that although wind may in some

circumstances cause a water stress, this is a secondary effect and not
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important to the effect of wind on plant growth, This is further confimmed

by the similarity of the effects of shaking on the growth of P, contorta,

as shaking also had little effect on water relations,
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11.4 The effects of wind on P, contorta in the field

Lines and Howell (1963) found a significant negative correlation
between height growth of P, contorta and rates of tatter of standard
flags. Lines (1976) found that artificial shelter improved the stem
extension growth of P, contorta by up to 56%. These results imply
that high winds have an adverse effect on the growth of P, contorta
in the_field.

In this thesis, it is shown that increasing windspeed, while main-
taining other environmental parameters constant, does indeed reduce the
growth of P, contorta, The growth reductions reported b& Lines and
Howell (1963) and Lines (1976) thus could have been due to wind. The
results of these researchers, together with the resultsiAeﬁV%CJ her@?:?3
strongly suggesf that wind is an impoﬁtant factor affecting the growth
of P, contorta., The growth reduction caused by short daily periods of
shake imply that occasional periods of high wind might be detrimental
to the growth of P, contorta.

It is proposed in this thesis that it is the shaking caused by wind
that is responsible for the effects of wind on plant growfh. -The results
of the controlled experiments reported here, and of the field experiments

noted above strongly suggest that wind-induced shaking is an important

environmental stress restricting the growth of P, contorta.
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1f.5 Addendum - the light spectra in the wind tumnel and growth room

.In June 1979, light spectra in the wind tunnel and growth room were
detemined with a recently purchased Quanta Spectrometer QSH~-2500
(Techtrum Insts., Sweden) and the ratio of red: fa:;' red photon flux
densities,-measured at 660 nm, and 730 mm., _Z’ y Were compared, 7 can
have considerable effects on plant growth and development (Smith 1976,
McClaren and Smith 1978),

The ratio of 60 W tungsten bulbs to 400 W metal-halide lamps was
1:1 in both of the controlled environments., Despite this, values of _{’
were 1.5 and 3.4 in the growth room and wind tunnel respectively.

Holmes and McCartney (1976) and Holmes and Smith (1977) demonstrated
that { in the natural environment does not exceed 1.2 in full sunlight
and falls to as low as 0.2 in dense shade., There is little data on the
effects of ¥ above 1.2 on plant growth.- Howevér, Holmes and McCartney
(1977) determined the effects of [ on the phytochrome photoequilibrium

over a wide‘range of I , using etiolated Phaseol_us vulgaris seedlings,

The ratio of farfi'ed phytochrome to total phytochrome, d) y lncreased
rapidly as { increased from O to 1, but changed very little as it
increased above 1, The values of d) corresponding to the Z values of
the growth room and wind tumnel, read from their figure 29.6,are ,62
and .67 respectively (compared to .4 when Z’ = ,5). This suggests that
the differences in Z between the growth room and wind tumel may not be
physiologically important. McClaren and Smith (1978) accepted T of |
4.2 as being representative of full daylight in_ their experiments,
presumably because of the small change in 4) between £ values of 1.2

and 4.2,
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.Qeﬁatna; to figure 4.1 shows that during the first nine days of
experiment 4.3.1, when the windspeed in the wind tunnel matched that in
the growth room, the wind tumnel plants were growing at a greater rate
than the growth room plants, The wind tunnel plants' extension did not
decrease relative to the growth room plants' until a few days after the
windspeed was increased, suggesting that it was indeed the change in
windspeed that was responsible for the growth reduction.

The similar effects of high wind and shaking on the growth of
P, _contorta further supports the contention that it was the wind-induced

shaking that affected the growth of P, contorta in the wind tunnel, rather

AN

than Z’ or'qb . However, the possibility that the differencesﬁky/

between the growth room 'control' and wind tunnel might have influenced

the results camnot be completely disregarded,
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