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ABSTRACT

~ SHABTAI BITTMAN, !

’

, M.Sc. Agronomy

) < A STUDY OF THE DRYING MECHANISMS OF TRIFOLIUM REPENS L. AND T.

°

: PRATENSE L. | M

-
S

A gasometri& abparatus was devised to continuously menitor

rates of moisture efflux from laminae’and petioles of Trifolium

repens L. and T. pratense L.

.

The results showed that the drying of detached laminae _

.o,

- occurred in four distinct periods: initial rate period (IRP),

-

rapid fall period (RFP), slow fall period (SFP), and exponential

. decline period (EDP). Apparently, the rate-governing factars in

these periods wvere stomata, stomatal closure, cuticle, and internal

-

resistance ‘to moisture transfer, respectively. Most of the moisture

° A

was removéd during SFP, though the EDP lasted almost as long as the

SFP. The instrumentation did not detect this pattern in the drying

of petioles. /

LI L. X . , '
This study indicated the importance of internal resistance

to moisture transfer in the drying of plant shoots.

' /
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On a constriit un appareil qazométrique pour mesurer

continuellement les pertes d'humidité des limbes et des pétioles

de feuilles de Trifolium repens L. et de T. Eratensé L.

! Ed

- v

]

2 de la résistance

plantes.

-

. .

. s - W

interne au passage de 1'eau dans le séchage gésa \
. s - 70

-

Y
fetrouver le méme schéme de séchage dans les pétioles.

'

AY

8

Les résultats montrent que le sichage des limbes détachés

el

(PT1), la phase de perte rapide (PPR),.la phase de perte lente
(PPL) et la phase de décliﬁ exponentiel (PDE). Il semble que les
. facteurs influengant le taux de sé&hage durant chaque phase
respective aient &té les stomates, la fermeture des stomates, la
cuticule et la résistance interne au passage de 1'eau. "La majeure
partie de 1'humidit® s'est &chappée durant la phase PPL méme si la

phase PDE @ duré plus longtemps que la précédente. On n'a pu

Les ré%ulta%si‘n cette expérience ont démontré 1'importance

1

s'est produit en quatre phases distinctes: la phase du taux initial

S
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I.  INTRODUCTION

Conservation is a vital element in the efficient use of forage
resoufges, especially where year round grazing is not possible,
Efficient conservation methods should combine-low unit storage costs

as well as maximum nutrient preservation.

o Hay and silage are the two most important forms of conserved
forage. The production of both requires a period during which the cut
material is allowed to lose moisture to the surrounding air. 1In'its
high moisture state in the field, this materiml is susceptible ta
nutrient and dry matter losses through respiration, leaching, -
bleaching,' and leaf shattering. These losses have been estimated to
total 30-50 percent of the original crop in much of the hay made in
the United Kingdom (Watson and Nash 1960) .

The reduction of nutrient losses is associaﬁgi with maximizing
the rate of moisture loss from the cut plants. Much effort has gone

into developing mechanical and chemical treatments to achieve this. .

Nonethelesd,  the dctual mechanism of moisture loss from cut plants N

remains comparatively obscure, o

Basically the transfer of moisture away from wet material is
subject to the control of a combination of physical conditions such as
vapour pressure and energy gradients. The dtrying of whole plants,
however, is uniquely affected by the presence of an existing_water
" transport system. The intef;ction of these physical.and biological
factors renderg the understanding of hay drying a particularly ‘evasive

and interdisciplinary problem.

3



T2 Drying: Physical Perspecfiﬁe
L]

II. REVIEW OF LITERATURE

The drying of solids is generally regardéd as removal of water -

a

by evaporation - the process involving simultaneous mass and heat

transfer (Fulfofd 1969) . The mass transfer includes the movement of

moisture within the material in liquid or vapour form and the moveme%t\«l

. -
of moisture in vapour form away from the surface of the material.

>

Heat transfer:occurs in the evaporation of the liquid water (Hall 1957).

The driving force of the drying process is the vapour pressure
gradient.between the wet material and the atmosphere. The atmospheric

vapour pressure is a function of dry bulb temperature and humidity,

while the vapour pressure of the material is the partial pressure of

the water in the material.

The basic theory for the drying of solids, developed by the .-.
study of non-hygroscopic materials (e.g., Lewis 1921; Sherwood 1929),

suggests that the drying cf these materials occurs in two stages:

the constant rate period and the falling rate period (Sherwood 1929;

Henderson and Perry -1955; Hall 1957; etc.).

N F
.

2.1.1 Constant rate period concept

. The factors governing the constant rate period are well

understood and described by the equation (Henderson and Perry 1955):



L

0{1

W (1)

o
S e ) _KfA(ta-t) .
68 v s hf
, \ g
where: : ! ’ ‘ .
Gi %%— = drying raEe, 1b H20/hr .
fv = vapour (gass) transfer coefficient, 1b/(hr sq ft psi),
A_ = water surface area, sq ft \
Ps' = vyapour pressure‘;t ty 1b/sq in
Pa "= vapour pressure in the air, 1b/sq in
’Kf =* thermal conductanée of air film, Btu/(hr‘sq ft “deg F)
_ g\ta = temperature of air, deg F
’ts = waterEtemperature, wet bulb, deg F
hf = latent heat of vaporizationm, Btu/lb -
. B .

As shown by the equatien, it is the water and air conditions at the

drying interface, not the nature of the solid, that determines the

rate of drying.

t

2.1.2 "Falling

¥

rate period cgncept

The falling rate period is generally of greater interest as

!

wost agricultural and food products dry in this period (Henderson and

Perry 1955; Hall 1957; Saravacos and Charm 1962). It begins at theQ

#fitical moisture content when the migration rate of water from the

+

-

interior to the sugface.becomes less than the rate of evaporation from

t

the surface. The drying rate is then governed by the migratien~féte

-y

*' which is determined by the properties of the material (Charm 1963).

|
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Internal moisture transfer, particularly in complex hygroscopic

biological materials, has been studied inténsively.

Two fundamental approaches have been used, as reviewed by

o

Fulford (1969):

.

2.1.2,1 Analytical approa@%u' ~ .

Attempts have been ?Jde to identify and quantify physical

-

° >
parameters in order to predict internal moisture (and heat) transfer
A .

rates and thus drying behaviour during théf 1ling rate peridd.
g P

)

Several factors complicate this approach. Firstly, while as much as

80-90 percent of the mwoisture in foods (probaply less in‘hay cropé) s

exerts a vapour pressure nearly equal to that of pure water (Labuza-

1960), the remaining 10-20 percent is bound with various degrees of

tenacity, depending upon the form of binding (Kuprianoff 1958);

1) adsorption in a mqumolecu}ar film

2) adsorption in additional molecular layers

3) adsorption of condensed wate;, including dissolved solutes, by
capillarity. . -

This bound water requires additional energy for its removal. Secondly,

liquid-gas phas? ingerchange may occur intermnally during moisture

transfer.. Thirdly, changes in physical properties‘of materials due to

shrinkage), rupture, or crust formation accompany drying. Finally, the

meisture may be transferred gy several different mechanisms, deﬂending

v

on the nature of tfie material, type of bondihg, moisture content,

-
et

temperature, etc., as reviewed by Van Arsdel (1963) : :



y 1) liquid movement by capillhry forces; .

-

2) liquid diffusion due to concentration gradients;

\\ . 3) surface diffusion of adsorbed water on pore surféégs;

«

4) vapour diffusion within pores due to partial pressure differences;

5) vapour flow due to pressure changes caused by shrinkage;
h 6) liquid flow caused by gravity.
Fulford (1969) reported two additional mechanisms:

= 7) movement as a direct result of temperature gradient;

i~

3

due to coupling of liquid and vapour transfer process.

-

‘: Z71.2.2 Empirical approach
- .
\\ By contrast, %n the empirical approach, only the overall

t

‘ drying behaviour of material samples is investigated and'ahantiﬁied
he Y '._ ' ’
Lewis (1921) indicated that drying rate is proportional to the "

A

Pl

8) 'iquid movement as a result of shift in vapour pressure gradients

difference between average moisture content in materials at any time

and equilibrium content. This can be expressed by the equation: .

o
=

L. kM -M
. 68 ( e) ) .
where: B —— .
= tim
¢ . 0 e
N ’ M = average moisture content at time ©
’ M, = equilibrium moisture content
~ . p ~
K = drying constant " )

————t—
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In this equation, K represents.the overall heat and mass transfer

properties of the material. The integrated form of this equation

describes the relationship between '"free moisture ratio'" and time::

t
¥

M- Me _ e"'Ke. ¥ ' N (3)
M - M ' R
o~ e,
]
where ' . ]
e = base of natural logarithms
s { g -7
o = original - e
M - Me I »
W - free mo¥sture ratio o
R e
giving also the relationship - )
§M -K8 ¢ ;
i %% = ~Ae N )]
where , 4 . -
1
-A = 1initial drying rate .
a
These mathematical relatiomships can describe the thin layer

drying of shelled corn (Hall and Rodrigues-Arias 1958), wheat kernels

(Simmonds et

poultry Zxcreta (Midden et al. 19%3) and vegetables and fruits

3

al. 1953), and such high mofsture products as formed

(Saravacdés and Charm 1962).

These

1

equations have been applied to describe hay drying by

many workers. Leshem et al. (1972) found equation (3) suitable for

-
-

Ly

_ the drying of detached laminae of Dactylis glomerata at 28°C. Menzies

v

and O'Cgllaghan" (1971) successfully fitted it to their thin layer

.drying data for Italian and perennial ryegrass between 80 and 200°C

but not above or below these temperatures., ‘Morris (1972) used the~

&

.
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v

same equation to describe the drying of qt;y,eral grass species at 20%

1
including Lolium pergnne,ew. $23, Anthoxanthum odoratum, Agrostis
=ollum perennt ; b . ; e
o

stolonifera, Cynosurts cristatus, and Festuca ovina. Priepke and

Bruhn (1970) found it appropriate fqQr most of the falling rate phase

»

of alfalfa plants drylng at 97 F; Bagnall et al. (1970) found it

appropriate for detached alfalfa stem segmen‘ts at 80° F; and Whitney

’ .

et al. (1969) applied it for the high temperature (300-1400 °r) drying

of alfalfa leaves. , *

Support for these equations has been widespread due to their ‘ —
root in mass transfer theory and their simplicity. Several authors
3

have found a lack 6f fit when applying them to their data and have

thus proposed alternative equations. For example, Paulsen and
. P

Thompson (1973) proposed the following polynomial .ex‘pansion for the
drying of grain sorghum:

M—M Coy - M, , ’
6 = Aln (r——) + B [InG— )]2 - N ¢
(o] e (o]

~

in which A and B are temperatixi'e dependent empirical constants having

little physical significance. Rees (1974) proposed a truncated

"exponential Series, similar to the above, for the drying of herbage.

M- M= az K18 4 K26 ' () R

P ~
P

where a + b = MO - Me,\while Ky and K; are empirical constants. K

Chen and Johnson (1969) proposed a rate law of the form -

M _ n ‘ ' .
&= KO- ) .- (D




»

. -

in which n, an empirical constant lacking i? phy31cal meaning,
comﬁlicates the significance gf K, Overhults et al. (1973) and White
et al. (1973) used ; similar 2 constant exponential equation to
describe the drying of soybeans and white shelled corn, respectively.
Bunn et al. (1972) proposed the_fb}lowjng equation which they found
descri¥ed the drying of a variety of hggh moisture materials (e.g.,

tobacco, hay, peanutsgand manure) over a wide range of temperatures:

H o
W = We + (WO - We)(0 ¥ H) .. (8)

-

in which W = Qeight, and H represents the drying half life (i.e., the

W-w
e

time when ir—frxi—
2 e

= L) and thus the drying properties of the materdals.

2.1.2.3 Multlpie falling rate
periods’ concept

‘

o

The concept of a single falling rate period in hygroscopic

materials has been challenged by many authors. Bravo and McGaw (1974)

suggested three eésentially linear falling rate periods in the d

. ;
; /"
of cocoa beans. Priepke and Bruhn_(l970) found in addition to an ™~

exponential (rapid fall period), also a "first" period of rapid drying
"and a "last'" period of slow drying for alfalfa. Their findings are

similar to those of Menzies and 0'Callaghan (1971), who suggested

three exponential falling rate periods for the drying of ryegrass.

Jason (1958) reported only two exponential falling rate periods for '

the drying of rectangular fish fillet, while Gorling (1958) found that

the drying curve for potato slices was divided into three distinct

regions by two ''break-points.' j

S ST
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These authors used Information from analyticalostudies of ﬁhe

factors that regulate internal moisture transfer to explain the

~

occurrence of numerous'?até‘pefiodé. No doubt, thqugh, a great deal
more work must still be done before the analytical and empirical

approaches can be successfully unified.

\ ’ ;

2.2 Drying: Biological Perspective

u

The empirical study of arying, based on existing theories for

N\

non-living industrial matetﬁal, has been gainfully conducted on plant
i
parts having reached a dormant stage, such as seeds and woody tissue.

This approach, however, is less successful for the drying of fresh

leaves and stems, for which a fundamental understanding of anatomy and

' physiology is necessary. Hall (1957) reviewed several characteristics

that render the drying of forage plants especially involved:
1) high initial moisture content ;
2) complex morphological and anatomical organization

3) complex chemical composition

4) high physiological activity

A coggidgz%ble amount of research has been conducted on trans-
piration in living plants, even under conditions of moisture stress,
but there has been comparatively little study of this process in

desiccating plants. Warboys (1967) argued that transpiration continues

after a plant has been severed "since there is little evidence to

-~

support the view ;;;} all physiological mechanisms come to an abrupt

end once the water supply is removed". The decrease in drying rate
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following cutting is due initially to the responses of the plants to
moisture stress and subsequently té the gradual breakdown of the

normal watea’transport/transpiration system in the dehydrating tissue.

-

The course of this.breakdown is not‘well understood.

o & ’ .

©2.2.1 The initial condition -

moisture transfer in .
turgid plants ' . : :

2.2.1.1 Vascular water flow
through plant shoots

v .
Water transfer through plants, from the roots to the evaporating

surfaces of the leaves, occurs in the liquid phase. Most of the liquid

¥low through the stem occurs in xylem elements along gradients of
/ - “

hydrosfﬁtic pressuré. Vascular permeability has Bééﬁ”estimated to be
at least three orders of magnit;d? greater than that of any pathway
external to it (Slatyer 1967), since moisture is able to travel not
*oﬁly along the highly éutinized cell walls of gylem vessels but also
through their lumina. iﬁaaéver, for normal flow to occur, continuous-

water columns must exist, as stated in the "cohesion theory of water

1
ascent."

In the nodal regions, where leaves'are attached to the stems,
segments of the vascular system (called leaf traces) separate and
extend through the petioles into the leaf blades, where they beCOmé
known as veins. They branghvand rebranch giving rise to so many tiny

v
veins that few cells in the leaf are far removed from a vein.

S
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2.2.1.2 Non-vascular water transport. ' 3 JA

It is commonly bélieved that extrafascicular water trans;ort
occurs as mass flow across ééll walls rather than through pro}oplasm
or vacuoles, although Raney and Vaadia (1965) postulated a separatev
diffusion pathway which occurs more uniformly tpqgugh the entire cell,

1

It is not clear whether at low moisture contents mass flow or dif-

fusion prevgils or whether there is a transition from one mechanism to

the other due to the retreat of evaporating surfaces during drying.

2.2.1.3 Movement of water through leaves
Two principal sites of evaporation are assumed to exist within
Q
a leaf; one located within the walls of mesophyfl cells surrounding

the extensive but tortuous network of intercellular spaces, and the

other located within the walls of the epidermal cells.

The exact pathway of water from the veins to the leaf surfaces

1

has not been entirely clarified. Williams (1950) suggested that the

- water is supplied to the epidermis directly from the veins. Wylie

(1943) reported that bundle sheath extensions leading to both the
upper and lower epidermis in mesomorphie plants form a pathway for
water, Russe; and Woolley (1961) reported that a significant
proportion of the water diffuses through intercellular spaces as a
vapour, but Kramer (1969) argued that this cannot be significant

because of the slowness of vapour transport. Weatherly (1963)

suggested movement through the mesophyll across cell walls.
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" which is related to wind speed, leaf width and surface texture.

s

., g 4 y

It 1s now generally believed that moisture is supplied to the

d
epidermis from leaf veins by liquid diffusion across cell walls,

)

whereas water which evaporates from mesophyll cells, diffuses threough

. s
inter cellular spaces ang exits leaves throughistomatal pores.. ) "0’

-~

Milthorpe (1959) summarized the components ofﬁleéf resistance to

5
moisture transfer by the following, equation:

, ' s

l H

IR T Sg ¥ Sy (1 ¥ 50075, + 1751 SRS
where / S o > 7
) R = total leaf resistance .

S = conductance (régiprocal of resistance)

d = expefﬁal resistance A . .

C = cuticular i

- .D = stomatal‘ ’

14 = substomatal cavities ) | ® )

W = cell wali ) }“ ’ ,"
which for wheat simp;iéjed to ’

« -
R = d+ 51555 . © ... 0)
C D - - .

The relative magnitude of the resistances indicates the extent to

k]
which each restricts transpiration. .

b - '
’
e

The resistance pathway in the leaf
a) External resistance i .
t

The external resistance is a function of the bdundary layer,

LY
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b) Cuticular reslistance

The cuticular resistance, which comprises the combined

resistances of epidermal cells, cutinised layef, cuticularised layer,

hd s

and epicuticular wax layef{ represents a majqr.hérriér‘to‘ﬁoisture
. ’ v

‘loss (estimated at 10-40 sec/cm for mést crop plants by Kramer, 1969).'
Neither the relative importahce of each layer nor thé lpcation of %the
liquid/gas evaporating interface has as yet been determined, thougﬁ

Hall and Jones (1961) demonstrated the importance of epicuticular

waxes in white clover. In drying, cuticular resistance is generally

thought to be constant (e.g., Sepherd 1964), though Martin and Scott
k " B

(1957) show7@1that the cuticles of grapes which had lost more than

20 percent of their original moisture, thickened and wrinkled, thus

a

increasing thcif-resistance to, water transfer.

5

«

c¢) Stomatal resistance

Stomatal openings are the primary exits of.water vapour. from

-

leaves. 1In physioiogically active plants stomatal resistance is

o

determindd b; stomatal aperture,which in turn is affected by numerous

environméental and endogenows factors. Diffusion resistance through °

open stomata of crop plants ranges between 0.6 and 2.1 sec/cm (in -

[ ]

Kramer 1969).

o

d) Irxercellular resistance ,

The extensiveness of intercellular spaces results in intermnal

.-

surface arga fgr evaporation in leaves being an order of magnitude

.
& °

- \
greater ‘than external area. The resistance to molsture transfer by %

o
P
“
P

4]

°
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internal exposed cell wa}ls,.considered slight by Milthorpe' and

v

Spencer (1957) but significant by Shimshi (1963a) and Laouar (1974),~
- ‘ .

is nonetheless slight in comparison with cuticular resistance. Its
importance, which is ndimally significant only when stomata are open,
. !

may Increase in response to dehydration because of changes in internal

geometry (Kramer 1969). ’

.
’ -

e) Mesophyll resistance

Mesophyll resistance has generally been found negligible in

©

turgid leaves (e.g., aregory et al. 1950; Williams and Amer 1957;

Milthorpe 1959), although it likely becomes significant during drying

L ’
as evaporating surfaces retreat into cell walls, lengthening the

diffusion pathway and lowering the vapour pressure (as in "incipient

drying", Livingston and Brown 1912). £

4
+

22.1.4 Water in cells (Slatyer 1967)

*
"

¥

‘;3 Forces holding moisture in cells
Although mo#sture is often Ehoughé of as.existing in either
bound or free form in plaﬂt material, a more corréct view is that
there is ; céntinuum between theée two extreme states. This continuum
is frequently represented by sorption isotherms wﬁich relate equili-
brium moisture content to vapoeur pre;éure deficit, ox by implication,

binding tenacity (e.g., Guthrie and Collins 1965). These bindiﬁg

forces differ between regions of cells and tissues, - %

-

.
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. .b) Water in cell walls
The majofity of moisture in cell walls is loosely held by

surface tension within interfibrillar spaces of long chain cellulose

-

and pectin molecule matrices, while less than 10 percent of total
f

moisture (in wodod, Stamm 1944) is tigh®ly bound by monomolecular
adsorption or by ionic bonds with methflated galacturonic acid side
chains. The water content of cell wallg in Avena coleoptiles

averages about 50 percent (Preston*® and Wardrope 1949).

!
- »
‘

c) Water in protoplasm

&

Most of the moisture which comprises up to 95 percent of
protoplasm, exists in a relatively free state; while bound water is
. . held by hydrophilic amino acid side chains on protein molecules and

. within their tertiary structural matrices. Some moisture is also

bound to the plasmalemma and tonoplast.
|

d) Water in vacuoles

. Vacuoles contain as much as 98 percent water, most of which is

.~
@

loosely held by osmotic forces, though some moisture may be bound-to

o

colloids.

-

e) Water in the vascular system
Most water in the vascular system exists as aqueous solution
within lumina of vessel elements. Secondary thickening in vessel -

walls limits their capacity to hold moisture.
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f) Water permeability of cells \

" L 3
The ﬁerpeability of individual cells is deteriiined primarily by

the plasma meﬁbrane, although in cells secondarily cutintzed and
lignified, cell walls may also be important. Appafenfly, deh&dratibn
’al first reduces membrane permeability to m?isture, due to increased
prozoplasmic viscosity (Levitt et al. 1936)\and then increasgs
permeability due to plas&olysis (Myers 1951)., Little is known of the

-

effects of dehydration upon cell wall permeability.

2.2.2 Moisture transfer dﬂring drying
’ 2.%.2.1) Water conducting system
Several experimenters have studied the effect of eXisting water

conducting system in plants upon the removal of moisture during drying,

in particular the role of leaves in the evaporation of stem moisture,.

4
Fal

Early work by Jones and Palmer (1933, 1934, 1936) and Jones (1939)
indicated that intact shoots of alfalfa and Johnson grass plants with
attached leaves dried faster than those with detached.leaves. They
reported furth;r that Johnson grass maintained the difference for a
longer time and attributed thi§ to its larger migfikiqishepherd (1964)
found that up to 24 percent of the total petiole moisture in white
clover was lost via the laminae, this quantity’frequently exceeding .
tHat residing initially in the petiole xylem. Pederson and Buchele

y

(1960), héweverﬂ found little difference in drying timé between alfalfa

plants with or without leaves, concluding that little axial but rather

mostly radial water tran&fer occurred in the stems. Byers and Routley .
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Y
(1966) reported that moisture moved through s,eamed alfalfa plants as

long as both leaves and stems remained moist.

a.

Bagnall et al. (1970) investigated the directional tendencies
of moisture transfer in two~inch long alfalfa stem segments, during
drying. They found that both the epidermis and cortex constituted

important barriers'to radial moisture flux; in fact, complete
B ¢

Ay

A N ) " prevention of radial transfer reduced thg drying rate constant
(equation 3) by only 30 percent. They estimated that radial and axial
diffusivities in these stem segments were in the ordexr of 10_5 and

. 10_4 sq.ft./hr, respectively, while in epidermis diffusivity was
roughly 10—8 ;q.ft./hr. However, because they did not consideg the

‘ effects of either capillar;’ flow- or diffusivity wvariation wit§

‘ moisture content, their estimates lack accuracyps ‘

-

2,2.2.2 Stomatal control - \
P4

The role of stomata in drying has been intensively studied.
Open stomata offer the path of least resistance for moisture efflux
from plants; for example, stomatal transpiration exceeds cuticular

- transpiration by a factor of 6.5 in Betula papyrifera leaves (Waisal

et al. 1968). *

Early reports by Hygen (1951, 1953) revealed that drying of
detgched leaves of many species oc¢curred in three distinctrphases:
stomatal, stomatal closing, and cuticular. During tpé\stomatal phase

. 4

(which lasted 10-30 minutes) moisture loss rates declined exponentially

. due to increased internal resistance. The subsequent closing phase
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lasted from 0.5 to 2-hours. Waisal et al. (1968). found a similar
pattern for detached B. papyrifera leaves, though nating both a brief

constant rate period of surface drying and a falling rate period

within the stomatal phase. The stomata closed at a relative water
content, (RWC) of 70 percent after 18 minutes of drying. Laouar
(1974) also found that the stomatal pbase was associated with
increased internal resistance. Gregory et al. (1950) found that
stomata’closed at 90 percent RWC. Several experimenters, including
Gregory et al., Hilth?rpe (1959),¥;d Williams and Amer (1957) found
that internal resistance did not affect the transpiration rate until

- ';.'r

after stomata closed.

Other studies of the drying ~f whole piants have indicated that
earl& fall in drying rate,usually up to three hours after cutting, is
caused by stomatal closure (Jones and Palmer 1932, 1933, 1934; Jones
1939; Pederson and Buchele 1960; Shepherd 1964) . Shepherd, however,
noted that petiolar stomata ih white clover closed only after about

N
70 percent of the petiole moisture had been removed.

Due to lack of proper techniques, the extent to which stomata

-closé, or the role of stomatal leakage after closure has not been

-

determined. Pederson and Buchele (1960) suggested that closure is
complete, as did Sh&pherd (1964), though Jones and Palmer (1933) found

that more than 40 percent of stomata remain partly open throughout

drying. Whitney et al. (1969) showed that (in high temperature) drying -~ ™

rate can be appreciably affected by slight stomatal opening.

2

K
L)
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There have been several reports ¢gn the use of chemicals to

promote drying by inhibiting stomatal closure. Waisal et al. (1968)
found that the anti-transpirant phenylmercuric acetate prevented
coéplete closure of laminar stomata. Stalfelt (1257) reported that
sodiudf azide (NaNS) can inhibit stomatal closure under conditions of

moisture deficit, while Walker and Zelitch (1963) found that 5 x 1074

NaN3 was the only- concentration that prevented closure in the dark.

Mears and Roberts (l970f increased the overall drying rate of whole
alfalfa shoots ﬁsing this chemical, though Tullbegg and Angus (1972)

found it accelerated drying of leaves, but not whole plants.

Other chemica}s have also been tried. Turner (1970) induped<
faster drying of alfélfa with the fungal toxin fusicoccin. Although
this compound was known to sffect sgomatal opening in aﬂwide range of
species, the author was unable to show khis. Morris (1972) accelerated

B 3

the drying of leaves of Dactylis gloperata with this chemical. The

-

hormone kinetin has also been -used to open stomata in barley leaves
(Livne and Vaadia 1965), though no drying studies have as yet ban

. "

conducted.
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- IIT. OBJECTIVES -
. ‘. \—- ‘

- ) . -

?

In view of the complex nature of the drying process in green .

-

plants, the present study was undertdken to clarify some biological "

and physical aspects in drying of fresh plants. Of particular
- 4

interest was the manner in which internal control evolved during the

- o

course of drying. Aspectd under investigation included the akial

movement of moisture in petioles thaty enable the leavés g; act as

-

sinks or evaporators for petidole and stem moisture, the role of .
stomata, and factors which interfere with moisture transfer. In

short, the objective was analysis of the generalized drying coefficient

represented by "K" in equation (4).
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IV. MATERIALS AND\METHODggé

1

4,1 Description of apparatus
4.1.1 Design criteria

Conventional drying studies have been based on gravimetric

techniques. However, because of the dynamic and complex nature of the

drying process in greén'plants, a system was need€d that could
. s ,
directly measure the drying rates of the plants rather than their

moisture content. The requirements for the system were considered to
, °® '

>

be:

1) The ability to measupre desorption rateg from both intact plants
(transpiration) and excised plants (drying).

2) The ability to meaSure separately the desorption rates from

-

individual plant parts such as leavéé and petioles, without

-

disrupting the integrity ofﬁthe plané.
3) The ability to obtain measurements without handiing or manipuiating‘
the plants. . Ii
4) Continuous recording.
5) Rapid respoﬁse.
6) Su%ficient resolution for méa§uring the vapour loss of single

leaves>//J

7) Simplicity and reliability.

v < )

21§




4.1.2 Logical design of the apparatus -, . -

S ——

A gasometric system, using "open' circulation (Sestak et al.

,

. N
- 1971), was assembled to accommodate these criteria (see Figure 1).

The system involved the measurement of the’increase of humidity in the
air surrounding the plants by passing an air stream of known humidity

at a constant, measured flow rate, through a chamber enclosing the

L)

plant and onto a vapour amnalyzer.

The system may be thoughtgof as having four groups of com-

’
B

ponents.

«

1) The air conditiodinglapparatus supplies air of steady state

temperature and humidity to the environment room, in which the

transpiration chambers are maintained.

-

2) The .transpiration chamber encloses ‘the plant or plant part to

prevent escape of evolved vapour. The efflux rates are determined
* from the changes in vapour content of the ambient air surrounding

the plant material within the chamber.

3) The gas analyzer measures vapour content of both control air and

transpiration chamber air, thus estimating moisture contributed by

plants. . ;

a

4) The gas handling system maintains a flow of air through the trans~

piration chamber and channels the air to the gas analyzer for

Iy

neasurement.



4,1:3 Physical design

“ A, The air conditioning systém
The entare gasometric apparatus, ex;ept the recording instru-
ments, was located in a thermally insulated environment room (234 x
"234 x 182 cm, inside dimertsions; Figure 2). An A;inco—Aire unit
(American Instrument Co., Silver Spring, Maryland; Figure 3) supplied
| the room with csnditioned air, maintained at 21 * 1°C and 45 * 4% R.H.
Dry and wet-bulb temperatures were continuously monitored by ; Multi/

Riter Recorder, model FMWDT6C (Texas Instruments Inc., Houston, Texas;

Figures 2, 17) fitted with copper—constantan thermocouple' wires.

For wet~bulb temperature measurements the thermocouple junction
- was encased in a solder-filled brass cylinder wrapped in a psychro-
metriz wick. The wick dipped int5 a reservoir of distilled water and
was subject to a fan forced draught at 1200 fpm., The air was directed

away from -the experimental area so as not to disturb the controlled

environment.

B, Transpiration chambers (T)
Two types o% transpiration chambers (T) were used, lamina

i)

chambers (Figures 5, 6 and 7) and petiole chambers (Figures 5 and 7).

A lamina chamber was constructed from a 10 x 1.5 em plastic
petri dish. The air inlet was a holec(0.6 cm in diameter) drilled .
into the 1id near the edge. The outlét consisted of a hole, fitted

with a tubing connector, near the edge of the bottom dish. The outlet

whs eriented distally to the inlet for maximum air ekchange. -A slit

S

Fy
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(0.4 x 4.0 c2 approx.) was also cut from edge to centre of the bottom

dish., This slit enabled the sliaing of an attached leaf inéo the

chamber. & nastic compound, Apiezon Q (Apiezon Products Ltd., London,
'Eng.), was used to seal the pbp«and bottom dish together apd to caulk

the slit arownd the petiole,
- !

A petiole chamber was constructeg from a plexiglass cyiinder
(12.5 x 1.6 c¢= 0.D.) having walls 0.} cm thick, The cylinder was-slit
into halves znd hinged with plastic insulation tape. The air inlet
éas a hole (0.6 ;m diameter) near an end in one of the halves. The
outlet consisted of a hole of the same size, near the opposite'end of

the other half, fitted with a tubing connector. The unhinged side and

the ends ware sealed with Apiezon Q.

[y

The lz=ina chambers were supported by flat jaw extension clamps,
‘while the petiole chambers were held by three-prong extension amps
(Figure 5). The-chanbers contained np internal regulation air

circulation.

C. Th2 gas handling system

=)

te principal functipns of the gas handling system were:

.

1) To —maintzim a constant neasured flow of air into the transpiratiom
chanbers, -

»

2) To transpert air firoxm the chambers into the gas analyzer for

~
3) To tra~spsr:s a reference air stream into the gas analyzer.

4) To enaablse =hie reasurerent 0f three air streams with the use of a

v
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. a) Transpiration chambers

b The gas&ﬁetric system was designed to compare the drying

pattern of two sets of leaves or petioles (Samples I’ and II, Figure 1)

<

receiving different treatments. .Each set consisted of one, two, foury
. i

or eight transpitation chambers, for measuring a smaller or larger

number of samples.> Air was drawn into the chambers and through the

g

apparatus by a vacuum pump. Although there was no device within the

. chambers to stir the air, itg rapid turnover (at least 0.72 and 6.5

times/minute in the lamina and petiole chambers, respectively) assured

efficient removal of vapour from the chambérs.

b) The airline
Air was transported through the apparatus via 0.6 cm ID tygon

tubing. It was found, with the aid of ‘an air velocity méter, Model
apt

. o .
55A1 (Flow Corp., Watertown, Mass.), thak resistance to flow in the
tubing is proportional to its length and curvature. Consequently, the

connecting tubes used to collect the air from the chambers of each set

into a single stream, were of- equal length and kept free of con-
strictions, to assure equal flow from each chamber. However, the

actual flow from each of the chambers cgu?d:not be measured directly

~

e
with avallable equipment.

4

¢ H

The third (reference) air stream was drawq from the ambient air

surrounding the chambers. s

oL
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‘ ¢) Tlow=zters (f; Figures 8, 9» ’
- Each of the three air streams was then chaﬁnélled into a Tri-
Flat Variable-irea flo;meter (yischer and Po¥ter Co., Warminster,
« Pennsylvania) consisting of a cylinder (FP;1/8~20—G—5) and a sapphire

float (#1530). These rotameters enable simple and dccurate measure-
) - , S \
. ment of air flow to a maxinum of 960 CC (STP) per minute, although

’

flow rates were maintained between 425 and 525 CC per minute. The

Yo

- slight flow resistance offered by the flowmeters éﬁgulted in negative

/D

- ¢ ’
- pressures tetw2en the pump and the meters. This pressure was assumed
1 . a

A

equal for the three meters and therefore ignored in the calculations.

The flow ratas of the three air streams were equalized using, .the -
‘ Al

. needle valves (X) located on fop of_the flowmeter hodsing. '
d) Con=trol box (Figureé 10, 11 and 12)
¢ . .

-

Beczusz the gas analyzer can measure only one ailr stream at a
v 19
. tipe, it is necessary to obtain successive measurements of the threF
. *  air strea—s. -he control box served to channal selectively the air
. rve

streams eithzr into the gas analyzer or through the B&passu
-~ E

. i) Zlez+rical connection ya g

* .8
The coztrol box contained three 3-way solenoid valves (S;

) Ascoelectr:c Co., Brantford, Ont.) and a repeat cycle, 3-cam switch

' 3 -

tﬁﬁef‘(T; Vatr:x, Toronto, Ont., Model No. D6314) with a Synchron

motor (Mcc21 313RC). Each.solenoid valve was wired ‘to.one of the

v

P

timer switzrzes. CEach switch was turned on in sutcession, for a five-

M

o . N N s
This cycls was repeated every fifteen minutes. .

M
. ° K




“ 1i) Pneumatic qonnection

o
~

v Egch solehoid valve has one inlet and two outlets. When the

3
LY

R

) valves’were'energized the air flow was through outlet "A" (Figure 1),
when de-energized through outlet "B". All "B outlets led to the gas

! . ana1§zer (Dph) while all "A" outlets led to the bypass. Since only

o

_ “one valve was activated at any time, only one of the air streams was
,/ channelled to-the bypass. Each air stream thus passed ‘through the

analyzer for five of every fifteen minutes.

’ 3 e [

o

e) System air flow and regulatioﬂ

The air stream passing through the’ analyzer also passed through

T =

an Additional flowreter (FP)’ used as a continuous reference for the

other flowmeters. Because this stream encountered more flow resist-—

»

ancg- than the bypass stream,’ two hosecocks (Hl) were used to equalize
| N .
resistances in the lines, and hence maintain constant flow through the

°

achambers throughout the measuring cycle.

L
J
5

-¢ The bypass and Peferénce streams were then combined and

channelled into datping.jars (D; Figure 13), large volume flasks which
. 2
©  ‘smoothed out fluctuations in the air flow caused by the oscillating

suctibn of the, pump. The\addftional inlet before the pump, together

>

with the hosecocks (HZ)’ served to regulate the overall air flow.

[:4 a2 N N
The punp (P; Figure 14) consisted of a high capacity. peri-

staltic type punphead (Mastertlex, Chicago, I11., model No. 7019) and a
, " 1/3 horsepower utility motor (Canadian General Electric, Peterborough,

Ont.).. It provided fairly constant flow rates yhich had to be
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- “
readjusted =zver— 24-48 hours,.as the tygon tubing In the pump head

fatigued.

«

D. ‘T'ﬁe szas analyzing system .
: L

The

(3

as znatyzeps (Figure 15) used was a dew point hygrometer
(Cambridge S:stens, Wéltham, Mass.; model 880), which has a specified"

/
~ o -— 3 1] ° 3
accuracy of 2 -7 nominal, resolution of 0.5 F nominal, and dew point

3]

> ¥
response oi % © sec = maximally. The instrument was reliable,

i H ty

i
'responsive zn3 tad fairly high resolution. Its accuracy, found {to be

the weakest zttribute was tested before the start of experimentation

lby the prpczcurz described in Appendix I. Ig addition, the measure-

Ad
ments wete werified continually during experiments using the dry and

L

wet bulb tezperztures.

«

.

Tac e_gcrical output of the instrument was connected to a

Heathkit SerTc 2ecorder (R), model EU20B (Benton Harbot, Michiean;
Figure 18), wi_za was located outside the enviromnment room.
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i~
e
P
Oy
v
[
)
\
t
=]
o
e}
L3
[}
a]
~<
p—
o]
39
]
o]
T
¢
2]

Ine r=zorder output (millivolt units) (Figure 16) was non-

linear and tios was converted to dew point temperature with a

tempetaturs v!’?grcentage output chart. The dew point temperatures
!

were converica to vapour densities with psychrometric tables. Drying
] ! ) o

- .

rates war: co=-_ted-as follows: ’

— e ¥

(18
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where

fRS-- Rc) Q ap , ‘ -

ND

4 , -
- .

! . .
drying rate (mg HZO/gm W, - min) “
ht.m.xidity ratio of sample stream (mg H20/mg air)

humidity ratio of reference stream (mg HZO/mg air)

-

flow rate (cc/min) .T

density of air at-temperature T, agsuming' standard,

=, oven dry weight (g)

Nl
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Legeénd for Tizure 1 -

T : . Transpiration chamber .
Fn : Saople flowmeter (n = 1, 2, or 3)
N : XNeedle valve
Sn : ‘Solemoid valve (n =1, 2, or 3)
i . ) .
T : Tizner —otor ' ¢
. m .
. Sw : Can switch . o
? -
) Dph: Dew point hygrometer
R : Peccrdier ¢
Fp ¢ Reference flow meter
H : Hoséccex (n = 1, 2)
' - [¢]
D : Dazping jar (2 jars used)
P : 2w - - )
. .
A : 3Bvpass outlet
B 1+ To kygrozeter outlet
: Pnew—atic line
P————— . b d
= = =~ 3 Electrical line -
- o . .
i -
-
° ' ' Q
o
, . . oo
1= -
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Gasometric apparatus, schematic. See legend.

’Figure 1,



Figure 2. Contralled environment room viewed from outside.

gure 3., Aminco-Aire unit.
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Figure 4,




Figure 5. Leaf and petiole transpiration chambers.

Figure 6. Leaf transpiration chamber,
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Figure. 7. Transpiration chambers (top) and tubing manifold (bottom).

Figure 8. Sample flow meters.
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Flow meter (close-up), needle valve located on top.
Control box, having 3 inlets and 2 outlets.

Figure 10.

Figure 9.




Figure 11. Inside control box; solenoid valves (center) and timer (above).

Figure 12. Timer, showing cam switcheg (#2 activated).




Figure 13. Damping jars.

Figd}e 14, Peristaltic pump.




BALANCE

E Gg‘G

n
LN

o
et
s
2
O
s &
.
T
Z
o
[+ 88
w
o

{

yonceled by

MODEL 880

A

Figure I5.

Dew point hygrometer.

12 min.).

2 in. =

=0

Figure 16

Hygrometer chart output (one small division

JR -
4
} .
_V f—r
+ + +
| ”
, .
i | e
I i .T-
+ »
| .
: i
1 H
|l
4 1 *
t
1 . ..
T T
, .
+ ‘4 .
) i
t
)
1
t
|
» b
+ +
2 DR S
/
P fmﬂ -
4 €4 T,
-
P e




Figure 17. (L-R) Hygrometer and temperature recorders, ice point reference
(used to calibrate temperature recorder).

Figure 18. Hygrometer recorder.
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4.2 Evaluation of the Apparatus el

.

‘

Gasometric methbds have been used frequently in transpiration 7
studies (e.g., Beadle et al. 1974} Decker 19%2; Mooney ézkfiL' 1971)
but rarely in drying research. Butchbaker (1972) used a zlosed
gasometric system to investigate maisture diffusion through surfaces

~ Ps

of dehydrating biological products, Shepherd (1964) used an open

~t

- ) r 1]

system wherein the moisture evolved from detached white clover leave's

was collected by hygrogcopic chemicals which were then periodically..,

weighed. The former system, having non steady state chamber konf -
ditions, required complicated analysis, ‘while the latter did not ¢. B -

provide for continuous and direCt measurements of drying rates.

v
- @
[N

My apparatus combined the steady state environment of open

systems, with instrumentation that continuously monitowed rates of

* - N

vapour flux. The systen, ﬁoyever, did not permit direct measurement
of m01stﬁre content; thus these quantities were calculated by
integrating (graphically) the rate-time curve. When changes in
noisture gonfént estimated graphically were compared with weight 1loss

measurements to test the system's accuracy, differences were found to

be as great as 20-30 percent.

The calculation of the drying rate was based on several ,° «

independently measured quantities (see equation 11), each of which

contributed to.overall error. The estimation gf system

3

based on the combiration of probable errors-aecording to the root-sum

4

square (rss) for Scarborough 1955)«- -

% .
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Q= [GrOur) S+ MGgm wR) S +-(Gq u)® + Grwe)® + G, )
: ) s c T y D D
' . . ) . .. (12)
where . C . N _
2 5 '- }
Q = probable exror of dependent variable, i.e., drying rate
. i -
- ) \ -
. , (Mg HZ_O/gm Wy - min). E
.w = probable instrumept error based on manufacturer's
i s L . . , ‘
( ‘ specification ' . e
-~ J - *
) R = humidity ratio of sample stream (E§_529) i \ . .
. e 8 ' ng air
v ! . mg H,0 B
3 N R = humiditv ratio of control stream {———)
b c - mg air )
. Q =.flow rate (cc/min). .

p

. N
.
- .-
* <

aT-ffdensity of air at temperature T, assuming standard.
{ o . L ) ’
. ! presstre (mg/cc).

»
-

’ K\wD = oven dry weight (gnm).

3
»

The calculated probable error ofﬂ;he\dependent variabl

5, hour 4, control

¢ . - .
sample) was * 1.59 b
- e
. . Humidity ratio measurements, based on the specified hygrometer
// 3 a o - ) _ . .
accuracy range of * 2°F, contributed substahtially to the probable
J . error. Separate experiments (see Appendix I), however, indicated that
. hygrometer error was a unidirectional and almost constant bias, which ,
‘ : 2
y -4 )

wa8 in part subtracted out in calculation of drying rates. A more

’ »-reasonable error value of + 1°F considerably reduced @ (+ 0.93 or

.
v
— —
.

va
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21.7%). The percentage error of the system was sensitive to the

magnitude of the drying rate, ranging from 7.7 to 62.5%7 for values

‘from 23.5 to 1.04 mg HZO/gm WD - min.

In addition to instruﬁentation errors, other factors may have
contribufed to inaccuracy. -These include? /
1) leakage
2) non-standard pressures within flow meters and’ the hygrometer,

caused by flow drag and meteoroclogical phenomena

3) inefficient air circulation in chambers

4) unobserved fluctuations in flow rates

-

’

The svstem's accuracy could be improved with better equipment.
Most importantly, for vapour determination, the Cambridge Systems

hygrozeter (zodel 110S-M) with a dew point accuracy of * 0.54°F

-

(Beadle e* 2l. 1974) can be used. In addition, chambegs with fans for
stirrigg the zir can be employed. Further refinement is possible by
including —znodeters for measuring air pressure in the system (as

Shepherd 1964). i ’

Sestek et al, (1971) suggested that the pump.should be ;
positioned between the chambers and the gas analyzer because greater

accuracy and stability is possible with the analyzer positioned at the

’

o .
end of tha ga235 sample line. This design requires a pump (membrane or

diraphragm) that neither leaks nor contaminates the air. Furthermore,

11 corbinzzion, low pressure membrane regulators and flow regulators

ensare ccnstang air flow, 1rrespective of pressure at pump outlet.
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.

The present study, however, was designed to reduce the need for

Pad L4 5
éxhaustive accuracy. The objective was the detection of differences

g ihbdrying rates between samples and over time, whereas absolute

. . -

quantities were of less interest. It was assumed that most of the

system's error previously discussed influenced all samples approxi-

.

mately equally and remained unchanged through time. The comparative

lack of hygrometer accuracy was of less importance than its high

resolution (0.5°F). 1In addition theruse of a reference flowmeter

enabled continual calibration of the sample flow meters, assuring

equal (if not exactly known) flow rates. And finally, repetition of

.
.

the experiments, with randomization, further authenticated the

. .
¥ _,___/’// results.

The §ystemis error limited interpretation of data to relative
| rather than absolute magnitudes. Nonelheless in the context of the
experimental objectives the system was judged to be efficient.
Response tiﬁe was less than 25 seconds, while equilibration time was
usually well within the f1Ye minutes allotted. Repeated measurezents
of constant rates provided very, similar results, while even slight

»
changes (e.g., passive stomatal opening, Figures 21 and 28) were

detected, attesting to the svstem's precision and resolution. .
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TABLE 1. Magnitudes and probable errors of variablés used in calcu-~-
lating the. probable error for the drying rate (Experiment 1, run 1,
' hour 4, control sample). See text for explanation.

i . - Variable * ' ' « Magnitude Probable error -
g B0 : 3 ( T
— ' - o - o
R, S ir 7.50 x' 10 (2°F) 1.42 (1°F) _ 0.85
!
g HZO . 3 . !
s - (o] (s}
_—e-gair 6.14 x 10 (2°F) 0.72 (1"F) 0.38 '
‘ - T
f“":' tryr o P -
; .Q ce/min © . 425 0.04
. a ng/ec T 1.17 0.16 ' -
W g “¥.185 0.000043 . |
° ) |
'® pg B,0/z W - min 4,29 1.59 - 0.93 . _
4 - o
"% error ) 37.1% . 21.7%
. - . )
’
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’ ’ 4s3 Plant Material Employed
¢ iy
Two forage species were chosen for this study. Trifolium

(%)

o

. repens L. var. Ladino wvas selected for Lts comparatively simple,
b
_uné%orm growth habit, its small number of large leaves, avd,bgcause
‘} A » * -
normally only the leaves and petioles of these plants are harvested.

/

Because T. repens is not commonly a hay crop, an additional species,
T. pratense L. var. Dollard, (known for its slow drying) was also

used. These plants are less uniform structurally, and presented
E ]

a problem in finding complete sets (2-16) of like leaves and petioles.

.\

All plants were grown from seed in a greenhouse, and then
. ° 2
transferred to a grovwth cabinet (21°C day and 19 C night temperatures,

12 hour photoperiod to inhibit flowering, 600 ft. candles illumination)qk

. . .where they remained for the entire experimental.period in 6 inch

1

pots containing a 1:1:1 (loam:peat:sand) soil mix. The plants
were vatered daily, fertilized weekly with water soluble 20-20-20 .

plus minor nutrients (0.3 gm per pot), and trimmed regularly.

T 4.4 Methods: General T . »
» Similar, fully expanded, leaves (avoiding old oned) were i
: . harvested for each experiment, each leaf consisting of a compound o

Tamina; with leaflets each of 3-4 cm2 area and petioles 10-=15 cm

- in leggth. The nu~ver of leaves conprising each sample varied

between experi-ents.?:

Immediately after leaves were excised) the bottom half inch

——

1




tne petiolas was rernoved under-water, in order to eliminate,air

of

from tae xyvlen, » The petiole ends remained submerged while each

lazina (or petiole) was inserted into a chamber. The chambers

=]
were then semaled and transpiration rates measured until they
A

.

stabilized. 1If the sanple rates differed substantlally, some ~

chaabers wezng alternated between samples. Depending upon the
experizen:z, either a preliminary treatment was then applied, or .

tne drving experident begun (by the removal of ¥he moisture source),

Mo W >

The experimental conditions during drying, except where

o
ot“ervise stated, were naintained at 21 C, 30 foot, candles (cool

white Zlourescent bulbs), and 457 relative humidity (see section

I

4.2). -

Aizer 2ach drying experimedt, samples were weighed (final
weight W.), p-aced 1n an oven (80°C) for 72 hours and then

ighed (Z&rv weignt, V. ). Only final moisture contents were
decernined bj‘velgnl.g; all others vere derived by integrétion of*

“

driring rate curves. . .
-

! .
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n of Experiments

+-. Zxperimant 1: Ine effect of stomatal closure, inducgd by

oy,
sodiua azida on drving rates of red clover (one qr two laminae per

samnle). .

T~z rple of stomata in drying vas tested using red clover
©

. . . -3 ,
Taminaa treazzd with sodiun azide (5 x 10 M in 0.01 'l sodium

3

¢



PR

[T

~

I\ . \ | ‘

N

tartrate buffer, as Zelitch 1961) to effect stomatal closure.

After original laminar transpiration rates had 'stabilized, petioles

of one sample were inserted in the sodium azide.solut?ton.
g L

Transpiration rates were permitted to re-stabilize (2-4 hours)

before the petioles (and hence the source of moisture) were removed

©

from all laminae,
Fach sanple consisted of just one or two laminae so that

rate changes would appear more distinct. Additioqal lights

-
.

(incadescent floods, 130 W), p;ovidlng greater illumination (150

o
ft candles) and hlgher cHamber temperatures (27 C), were used to .

.

prorote stomatal qpening and accelerate drying.

s . i ) ' A
' Experiment ras repeated 4 times.

e

-

Experinent 2: Inhibition of stomatal closure vith sodium

)

azide during drving of rad and white clover laminae (4 laminae per

<sannle). ..

1

3 4 4“

Weak solutions of sodium azide (1077, 5 x 10” , 2.5 x 10

in 0.01- ! sodium tartrate buffer) were applied to red and white
clover 1amin§e Jto 1nhibit stomatal closure during dryine (as
)

Stalfelt 1957; Valker and Zelitch 1963; Mears and Roberts 1970;

-
~ .

Tullberg and Angus 1972). ’
' Afteroriginal transpiration rates of illuminated (as .
experi~ent 1) lanimae had stabilized the chambers of one sample

ware re—-opened, and tue laninae sprayed by or immersed in the ;

o



solution of sodium azide (with wetting agent). Chambers were then ‘

resealed and the petioles rémoved either immediately or after
« transpiration rates had re-stabilized. ' )
Other tests-were conducted in which the sodium'azide ’
solution was imbibed by the petioles, as in experiment 1.
. Each trial was repéated at least twice.

-

1 .
Expériment 3: Effect of rubbing white clover laminae on

-~

 drying (4 laminae per sample) -
A After initial transpiration rates had stabilized, the
chambers of one sample were re—opened’,\and the laminae gently
rubbed by .five uniform strokes (per leaflet surface), with a piece
. of soft flannel, to remove epicuticular waxes as Hall and Jones
(1961). The chambers wére resealed, transpiration rates allowed
to re-stabilize, then ﬁetloles removed from all laminae. '

Experiment was repeated 3 times.

Experiment 4: Theeffect of piercing on the drying of

: r'
,white clover laminae (4/ laminae per sample)

N The effect of overcoming cuticular resistance by piercing

laminae (similar to Gregory EE.éif 1950) was tested. The

¥ ’ ~ -

procedure was similar to experiment 3, except that each leaflet,

instead of being ruosbed, r;as pierced 10 times (1-2 mm slits) with

2

the corner of a razor blade.

Experiment was repeated 3 times.

-~ R N
. -
o
e
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Experiment 5: The role of stomata in drying; using light

and dark treated white clover laminae. (8 laminae per sample)

p—— _—

Laminae traﬁspired in their chambers for a 24 hour period,

- *

. v
at which time one set of laminae was subject to its usual photo-

.

period, though with only 30 ft-candles illumination, {control
chambers) while the other was kept entirely in the dark (covered
chambers). At the end of this period, petioles from both samples

were removed. Dark treated stomata were partially open because

0

of endogenous rhvthms.

Experiment was repeated 3 times.
N .

¢

Experiment 6: The role of stomata in the dryving of

detached white clover petioles, using light and dark treatments.

(2 petioles per chamber; 16 petioles per sample)

The procedure was similar to that of expériment 5. Fifteen
cm long petioles were used in 12 cm petiole chambers so that the
ends protruded; Bne end was immersed in water while the other
‘supported the laminae. The laminae were detached from Both samples
at the same time that the water source was removed. The.cut petiole
ends were located outside the chamberslthus evaporation from them

was not measured.

Experiment was repeated twice.

Experiment 7: Effect of laminae on evaporation rate from

white clover petiole surfaces during drying (é petioles per chamber;

16 petioles per sample)

50




Petioles at least 15 cm long were used as in experiment 6.

: L3
Petiolar transpiration rates were measured until they stabilized,

whereupon laminae were removed from only one set of petioles while

~ v

gﬁ.sture source was removed from both.

. , Experiment was repeated 3 times.

Experiment 8: Remogal of petiole moisture by white clover

R A

laminae (8 laminae per sample)

e To znvestigqte whether laminae aid in removing petiole -
moisture, the drying rates of detached and intact (petiolate)

+ laminae were compared. After the initial laminar transpiration

, rates had stabilized, petioles and moisture source were removed

3 P .

’ from one set of laminae, while only the moisture source was removed
from the other set (these laminae retained their 10 cm long petioles).

‘ i
Experiment was repeated 5 times. :
L}

ExQefiment 9: Effect of laminae on removingﬁpefiole

?
“

moisture after stomatal closure, in white clover (8 laminae per .

N -

_n

sample)
This experiment was conducted to investigate whether
petiole moisture continued to move into laminae after stomatal

closure. Procedure followed was similar to that of experiment 8,

3
)

except that petiolés were removed from one set of laminae, only )

)

after. 6 hours, of drying, the other set remaining intact throughout.

p oot

Experiment was repeated 4 ‘times.

. °
.

»



Experiment 10: E;;eét of laminae on removing petiole
<«

moisture after 20 hours of drying, in white clover (8 laminae per ,

sample) -

[y

Procedure followed was similar to that of experiment 9,: -

except that petioles were removed from one set of laminae, only

»

after 20 hours of drying.

3

N
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V. RESULTS AND DISCUSSION :

5.1 The Drying Curve \ 57/

5.1.1 Results o

o

The arying of détached red and white clover laminae occurred
in four distinguishable phases (Figs. 25 and 26, p. 69, 70) and
therafore cannot be descriﬁ%ﬁ by the conventional logarithmic

equations (e.g., equations Z2-4, section 2.1.2.2)..

-

4

4

I order to simplify the drying pattern the effects of
stomata were minimized by promoting thei} closure with sodium azide
(experiment 1, Fig. 19). For red clover laminae treated this w;y
the initial fifteen minutes of drying, during which pre-cutgdng

K}

transpiration rates were maintained, was designated as initial rate

Fa

period (IRP). This petiod was succeeded by rapidly declining

El

drving rates, dekignated as rapid fall period (RF?), which continued
to ooisture content of ca 3647 dry basis (d.b.). Thereafter a
prolonged (6-7 hr.) almost steady-state rate, designated as slow
fall period (SFP) prevailed, until tbg onset at moisturq content

of ca 105-707% d.b., of exponential decline period (EDP) which

continued until woxsture content reached equilibrium.

The data for the drying, curve of sodium azide treated red

s

‘clover laminae were fitted to the logarithmic drying equation 4,

Nt }
$
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(seetton 2.1.2.2) using'thé least squares niethod. The poor fit.

was demofstratively shown (Fig. 19).

i

) ‘ '-J
5.1.2 Discussion . . .
5.1.2.1« The Multiple Rate Period Concept

* Although there are nany reports of ‘single drying rate

periods (eg. Leshem et al, 1972; ‘orris 1972).seVeial studies

(eg. Priepke and Bruhn 1970; Von Bargen 1951) support thé findings
- ! .
of multiple rate periods in drying. These drving perfbds have been

attributed to both physical and biological factors. For example

investigators have suggegted that these rate pertods in food

drying are associated,with the ranner in which water is bound and
. .

the mode of moisture transfer in tissua r Gorling 195S5; Jason

1958, Saravacos and Charm 1962; see section 5.1.2.4). Studies R

of early drying of detached laminae, however, revealed the *

supefimposition of physiological control on phvsical plént/water

L

relations; hence the stomatal, stomatal closing, and cuticular

phases reported by Hygen (1951, 1953). However, drving rate.periods

for intact shoots of alfalfa (eg. Priepke and 3ruhn 1977) appear

to be somewhat less distinct, probably because of the unsynchronized

drying of the shoot parts. 4

°
. P
.

5°1:2.2 The Slow Fall ijiod (SFP)

The drying of moAt agricultural products occurs during the ~

-

v
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falling rate period (Hall 1957; Henderson and Perry 1955; see

séction 2.1.2). Nonetheless, the predominant rate period in

experiment 1 (Fig. 19) was the slou fall period (SFP), which

exhibited fairly cbnstant drying ratess, During the SFP drying rate )

<.

nAeclined from 8.1-6.7 ng HZO/gm Dw/hr (ie. a 177 decrease) while

-
¢ -

the moisture content diminished from 3607 to 1047 d.b. {ie. a 717
decrease), suggesting that moisture content was not a p;inCLpal
rate governing factor during this period. These results agree with
Pederson and Buchele'sfél960) findings that a nearly constant

evaporation rate for alfalfa leaves began after three hours of

drying, (at 56.47 R.U.C.) and lasted until equilibrium moisture

content vas reached. Their data,converted by graphical differentiation,

is shown in Fig. 20. Thev suggested that this constant rate was

due to tue tninness of the leaves and to evaporation taking place
1
only through the cuticle and possible wounds.
The importance of the cuticle in tbis period was investigated

in experiment 3, in which the laminae were rubbed lightly with seft .
. s

—— e -

flannel to renmove epicuticular vaces (Hall and Jones 1Y61; Leshem
g N

et al. 1972). This Areatment markedly increased drving rates

during SFP, caused an earlier @nset of ENP, and left the other rate

periods compararively unchanged (Fig. 21Y. Hall and*Jones (1961)

obtained similar resalts for the drving of lightly brughed, ‘loroccan . o

red clover leaves, . .

.t

In experiment 4, overcoming cuticular interfercnce by piercing

/
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of leaves (as Gregory et al. 1950) resulted in the complete -

disappearance of SFP (Fig. 22), further suggesting the importance

v

of the cuticle in this period. Furthermore; Hygen“kl951,l953)

found that in leaves, cuticular control became important after
L J

-

stomatal closure (designated cuticular phase), at which time there
was, a slight dependence of drying rate upon moisture content. Similar

so-called cuticular phases were reported by Waisal et al. (1968),

<

and Williams and Amer (1957).

Lo

All these findingqﬁsuggest that because of slow evaporation

(in SFP) while the cuticular control prevails, surface moisture is

adequately replenished despite decreasing water content in the leaf--

until moisture depletion becomes too pronotnced. Reducing cuticular
resistance (Figs. 21 and 22), medans that internal control, and thus

probably average moisture content, becomes proportionately more

important. In respect to interfacial regulation of drying rate,

especially its independence of ‘moisture content, the SFP. resembles ——- — — |

the constant rate period of physical models. They differ, however,

in that the SFP is characterized by the predominance of cuticular
resistance over boundary layer resistance, and vapour pressure
gradient at the surface and the diffusivity of vapour in air--all
of which are fundamentally important in rate regulation during the

3

constant rate period.

-
5.1.2.3 (Critical 'foisture FonLv@? (cMe)

k3
It was suggested above that EFP was entered when the rat§
] i‘ -
. \ . . .
of moisture transfer from the interior to the surface became less



N

than the evaporatien rate. Therefore the transition from SFP to

EFP occurs at the critical moisture content (according to

definition, section 2.1.2

The values for this critical moisture content in bogh red

and white clover laminae are presented in Table 2 by intervals,

not discrete values, because of difficulty in locating a precise

point of transition. Despite variability in results due to both

sampling and instrumentation errors, the critical moisture content

ranges can be viewed with a high degree of certaintyv.

Information in the literature concerning the critical

moisture content appears to be limited and contradictorv. Fstimates

of the CMC for alfalfa ranged from 360 to 4687 d.b., depending upon

-

&~
maturity, harvest date, Tand nunber of previous cuts (Von Largen

1961). Hygen (1951), /however, postulated that critical noisture
Y

- — RS, - - - - -

content of leaves of many species was actually greater than thegir

p
initial moisture content. Gregory ét al. (1959) found critical

61

moisture content to be approximately 907 R.U.C. in Pelargonium leaves.

Williams and Amer (1957) disputed Hygen's while supporting Gregorv's

findings. Milthorpe and_Spencer (1957) found little relatlonship

between transpiration rate and water content in wheat leaves down

.

to 702 R.W.C. Further wqrk by ‘fi1lthorpe (1959), based on tissue

water potential analysis, suggested that in a moderate environment

transpiration declined by as little as 4% as a result of internal
3, ., v o
. S -

. . S
resistance from full turgidity to severe wilting? He does not



. TABLE 2. Estimates of the moisture.content at’' the start of tbe EDP.

w

<

»
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+ + Experiment No. of runs Lower . Higher Average
) Estimate Estimate Z d.b.
. ° A Z d.b. % d.b.
.1 White Clover )
A control 3 86.4 110.9 99.9
/B control 3 83.9 105.3 93.5
Range 40.0 - 1117 d.b.
. . - . +
II Red Clover
C (Exp. 1 NaNB) 3 70.4 104.2 85.2
D (Exp. 1 control) 3 65.9 98.9 81.9
E control 8 49.7 79.7 66.7
F contral 6 )/ - ) 75.7
Range 4i;4 - lé?i éjg: N D
S N— ‘ N
. - T U
/ T



indicate the moisture content at ,which internal resistance 1%

likely to become influential (ie. CMC).

, Estimates of the critical moisture content for other materials

are also confusing. Saravacos and Charm (1962) reported values
for vegetable and fruit slabs ranging from 350-5007 and 550-7707
d.b. respectively. They explain that the high values for foods
relative to inorganic materials (Perry 1950) results from their

colldidal and hydrophylic nature. Interestingly Simmonds et al.

(1953) reported critical moisture content values for wheat kernels

(69-85% d.b.) that were much closer to Perry's values for non-

hygroscopic materialsa ,

~—

Menzies and 0'Callaghan (1971) used the term eritical

moisture content to identify transition from one falling rate

periodrto anothar, finding two—such—peints—on the mocerate

temperature drying curve of —grasses;-at-3507-and 4505 d-b+ Their - S

term therefgre appears to correspond more closely to Gorling{é

(1958) "break points'" and Priepke and Bruhn's (1970) "end points'',

-

which also marked transitigns within the falling rate period, than

to the critical moisture content, defined as terminating a constant

rate Eggiod.

It seems that the equivocation in the literature maybe due_

in part to the direct application of a physical concept of crifical

nmoisture content to a biological system without sufficient study

or redefinition. Although critical moisture contents of different




| .
; materials may not be directly comparable, much information may be
|
obtained by studyihg these vii’fs in individual products.
5.1.2.4 Exponential Decline Period (EDP)

It can be seen from Fig. 19 that remaining 'free' moisture ‘
in detached laminae evaporated at continuously declining rates,
until tissue moisture content Fgached equilibrium. The time-rate

_relationship for this region of the dryinghcurve for the sodium
azide treated lamipae in experiment } (Fig. 19) was well represented

by equation 4 (section 2.1.2.2).

The exponential decline period occurred for detached laminae

Y )

of both red and white clover irrespective of treatment, though the _
period was more pronounced for fast drying laminae (see Figs. 21,

22, 23). Apparently, initial aperture of ‘stonata did not signifi-

cantlv affect this period in red clover laminae (Fig. 25). "Removal

\

of eEILutLLuldL waxes - (Fig. 2 € i i 5 5

but analysis of the curves for treated and untreated leaves (Fig.
23) shoéed little éreatment effect. The drying of pierced leaves
(Figs. 22 and 24) occurred almost entirely in the EDP, and thus
resembled drying of non-hygroscopic materials. Apparently factors .
other than the nature of leaf surfaceswwére operative during EDP.

» Assuming static surface characteristics during drying (le.
unaltered cuticular and boundary layer resistances, Shepherd 1964),

1

the diminishing rates were likely the flesult of increasing internal

- P
@ \
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" throughout drying in fruits and vepetables.

resistance to moisture transfer.
4
The reduced mobility of water at low moisture contents in

hygroscopic msterials appears to be related to both mode of moisture

transport and bonding of water molecules. Gorling (1958) suggested

that in vegetable products the migration of water initially takes

LY

place only by capillarity, whereas subsequently evaporation occurs

]

within the porous vegetable material and at least part of the

transport is in the vapour phase. Saravacos and Charm (1962)

’

however found predominance of diffusion in moisture transfer

)
They attributed reduced

drying rates to higher average energy of activation (or latent heat
of evéporation) for the remaining moisture. Jason (1958) surmised
that the transition from one. drying phase to another in fish muscle

was associated with uncovering of monomolecular inner layers of

water arter rtemoval OT_ﬁUTTTmUTECUTEF‘UUttf”f&V&TSr“—Gfﬂﬁkv£$9§8}——————— —_— ]

further suggested that tbe last traces of moisture are generally E \

— — — - - _ -

—_— - Tt T e

removed under conditions of low concentration gradients and
consequently low diffusion coefficients.

These studies suggest that intermal resistanees operative

at lov moisturc content are not necessarily the same as those at

higher contents.

Extrapolation of the EDP (Fig. 19) showed that

b~

if no internal resistive forces

this period existed earlier on,

other than those present during

then the critical moisture content

(assuming 1nitial surface resistance) would oceur at approximately
1

¢
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o

2507% d.b. or 504 R.W.C. Since this estimate is lgw in comparison

‘ »
with data repor;ed in the literature, (see previous section), it
[ 4

. a ‘ - I3
therefore seems likely that other internal forces are operative in
the early stages, but are masked by the high cuticular interference.

v

They may account for the slight rate decrease of the slow fall period.

g ,

5.2 Biological Aspects of Drying /TN

, o >
5.2.1 Stomatal Control ’ ' )‘\\ )
. ,r\ /

; ¢ s
A nunber of experiments were conducted to clarify the role

of stomata in drying. ~

- -

a. The drying pattern of excised red and white clover’
— 3
laminae, having initially open stomata, was investigated (experiment
b .
-

»
1 and 2). The results (Figs. 25 and 26) revealed a sudden though

3

sl#tght increase in laminar transpiration rate aftﬁg’petiole removal.

The increase ended abruptly with a very rapid declime fm the

transpiration rate. This initial rate increase was unexpected

baged on previous drying studies which showed either constant or
falling rates after cutting (see section 2.2.2.2). Meidner and
Mansfield (1968), hp&evéﬁ, noted that sudden mesophyll water deficits
reduce the turgor of the epidermal and subsidiary cells before thats
of the guard cells, causing stomata to open further for a short time
(a matter of minutes) until the guagxd cells lose turgor and effect

'passive stomatal
. .
opening' and Tepresents evidence for stomatal control early in drying.

stomatal closure. This plenomenon is bnown as

B
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The subsequent decline in the drying rate may be under both

stomatal and mesoplivll influence. Silicone impressions (as Zelitch

1961) taken of the Ted and white clover lanminae after two hours of >

drving revealed alnost total stomatal closure. ™Most resedrchers’
agree that stomata close soon after cutt%ng, usuallv within three
hours (Jones and Palmer 1937; Pedersoa and Buchele 1960) and
sometimes within minutes (Waisal et al. 1968) in a moderate

environment . Laouar (1974), however, suspected that resistance to:
\

moisture transfer develops in sub-stonatal chambers hefore stodacal

closing, and Hvgen (1951) also postdlated internal resistance

a
.

'stomatal"” phase. Gregory et al. (1950), Uilliams and ?

3

during the '

Amer (lQSi) and Milthorpe (1959) found no internal impedance before
(9

stomatal closure. Vaisal et al. (1968) reported that within the - -
= . - . o
stomatal phase there i1s a constant rate period exhibiting no internal

’
2
s 0

resistance, and a subsequent period during which the resistance .

\ - .Y

develops. Williams and Aner (1957) suggested that the length of

tirre that-stomata s%ay open, whieh depends on their.previous and
)
current physiological status, detgrnines whether internal resistance
’

to moisture transfer will develop. A fixzed rate of internal meisture

tran,fer may limit transpiration at high surface conductance, but

not at reduced conductance (ie. after steomatal closure).
Y
¢ \

b. ‘The foregoing pattern of transpiration was compared with

that for laminae pretreated with sodium azide (concentration of 5 x

.

-3 . ,
10 ) to close stonata (experiment 1). Cuticular and stomatal

, . ;
7 : " .

&




TABLE 3. Stomatal and cuticular transpiration rates by laminae of Trifolium pratense and

- See text for explanation.

Betula papvrifera.

Control- Treated I Change in
s _ trapsplration rate
. . Red B. . Red Clover B. ’ Red B. ’
-\ Clover papvrifera’ (¥aN,) papvrifera Clover . papyrifera
. _ 3 ,
. ) (P M A)
4
Stomatal Transpiration 29.4 36.7 (2.8)° 7.3 18.6 (1.7) -75.2% -49.37
mg H_0/gm DM/min \ :
Cuticular Transpiration 6.20 57 (1.1) 7.1 8.9 (1.4) +14.57 +56.17
mg HZO/g:':ﬁDM/mln - -
Cuticular rpyyspfration 21.1% 13.5% 97.07, 47.87
Stonatal S .
\/\
*

B. papyrifera data after Waisal et al. 1968. (Cxperimental conditions: temperature 25°C
= 407; light intensity = 1400 ft. candles; air velocity = 3460 m/hr.) , ,

+ . . .
Numbers -in ‘brackets represent stomjgtal aperture in micron units (v). -

s relative humidity

L
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Lo

% .
transpiration rates for treated and untreated leaves of red clover

(Fig. 25) are presented in Table 3, alongside similar data for

Betula papyrifera leaves treated with the anti-transpirant phenyl-

~ mercuric acetate, PMA (after wéfEAI~§EV§l;7 1968). Sodium azide

reduced stomatal transpiration b; 757 to a .rate comparable with the
cuticular rate. Thus sodium azide did not completely close all
stomatd. Results obtained by laisal et al. (1968) also indicated
continued stomatal transpiratibn after application of P\, while
surface impressions confirmed {ncomplete stomatal closure. Conse-
quently, the ensuing rate decline in treated leaves, at least in pa;t,

resulted from further stomatal closure. Waisal et sal. (1968)

observed that stomata closed earlier, and at lower moisture contents,

ih PMA treated leaves®thah those in control leaves, a pattarn

~

confirmed by ny results for sodium azide treated leaves (Fig. 25).
-7

e
- r

The res&lt§ in Table 3 indicate that the sodium azide treatment
in effect increased cuticular transpiration by 14.5%. The higher
moisture content of the treated leaves was probably not responsible
for higher cuticular transpiration rates as these rates are not
greatly affected by molsture content (see section 5.1.2.2). Waisal

et al. (1968), finding a similar responsefin PYA treated leaves,

l
A .
{ R ‘

*Cuticular transpiration rate is defined (as Hygen 1951, 1953) as
~ 4

the rate during the "cuticular phase"” (slov fall pertod) while
v ‘£ .

. . -

stomatal transpirdtion rate is tife initial rate less the cuticular -
¥ R R - - k4

[

’
.

rate, ¢ . .
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attributed this increase to thc/ ailupe of some stomata to close,

/

and verified this with nicrestppic eganination. They suggested

ra

that this failure was due to a process of structural fixation in

either the profoplast or cell wall of the guard cells.

. »,‘y-
The ultimate dtring tine of the leaves was essentially

-

the 1nitial stomatal aperture (Fig. 25).

unaffected by The higher

initial rates of the untreated leaves were offset in part by the

lower cuticular ‘rates. Although the onset of the EPP was at a

somewhat lower molsture content in the untrrated leaves, the

interdependence of rate and noisture content, being the same for
A Y ~

both samples, equalized the overall drving tines.

. ) . -3
¢. Sodiun azide was applied Jdt low concentrations (10 7,
. ~4 - -4 . " . . ,
5x 10 7, 2.5 % 12 {; experineat ?) to red and white clover laminae

to inlnibirt stomatal clpsure, as previouslv done for leaves of

Vigig_gﬁpﬁ~(3talfelc 1857), Nicotiana taBacum (Walker and Zglitch
R e e e -:‘-t‘——————-

1963), and Medicago sativa (fearg and Roberts 1970; Tullbery and

Aungus 1972). Sodium azide vas applied b~ immersion, spray (a

wetting agent added), and 1mbibition throu petioles.  There was

no increase in transpiration or drving rates in cither species.

d. The effect of stonata on drying rate of wbitu clover
-~ - v
laminae was also ezanined using lieht and dark treated laminae
13 .

,(experiment S, I'ig. 27). Light was supplicd by cool white flourescent

-~ .
- ) >

bulb; emitting only 30 ft. candles (to ninimize radiative heating),

) - -

while the (\lrk treated lgaves were Lept in darkened transpiration

.

2

. Prmtem e

.
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chambers. The stomata of treated leaves vere not fully closed at

“ v

time o} cutting because of endogenocus rhythms. Stomata of laminae
&

from both treatments showed rapid closure, briefly preceded by

passive opening, after which ditferences in the drving ratgé,,or .
) . N

~ . P . - ’
overall drying time, became nminimal. This further demonstrates

the transiency of stomatal control in drying.

'\
In a separate experiment (6), the patioles exhibited no

Taeee

discernible response to light.
e. The importance of the stomatal pathway early in drying
is also suggested by experiment 3 (Flg.r27) in which removal of

epicuticular waxes had slicht overall effect while stomata were o

[
v

open, whereas epicuticular removal had a marked 1nfluence during

the subsequent cuticular phase.

-

f. Tae drving pattern of detached white clover petioles
was studicd (experiment 7). - The results (Fig. 30, p. 872) indicated,

instead of either constant or incredased rates, the Immediate onset .
/

of a rapid fall period after cutting. The initial rapid decline

. \
was probd%ly associated with both rapid moisture loss from the cut

]
©

»~

T “
potxﬁiu ends and with closure of stomata, althousrh Shephetd (1964)
”~ Al
reported that stomatal closurce does not occur in white clover

petioles unti1l after removal of the majority of water. The rate
N
decline bvcamg more gradual atter 10 hoyrs of dryiag, appearing

then to follow the exponential decay (cquation 4) dryving pattern
* A ,
(Mg 31, p. 84). L




Petiolar drying rates were found to be comparable with
®

- »

laminar rates (0.45x and 1.3x laminar rates at one hour and 7 hours )

v’

after cutting, respectively), when contrasted on a drvy weight/ basis.
The very high moisture content of the petioles makes a comparison
between the two, on this basis, meaningless. In fact, petiole
drying is so much lower than laminar (on moisture content basis)

.that despite the usage of 16 petioles (12 ¢n 1n length) of white

-~

; clover per sample, the vapour flux was barely within the measuring
sensitivity of the apparatus. Consequently, data of petiole rates

. are less accurate and more scattered than laminar rates (Fig. 30).

5.2.2 Transfer of Petiole Vd{;ture to the Lanmina i .
. a. The loss of petiole moisture via the lamina, in

particular the duration of asial tendencv of moisture transfer,

was investigated. Experiments entailed comparison of drying ratesﬂ
&
of detached laminae to those of laminae with intact petioles
(petiolate). ’ -
. ~ .
In the first exper}peﬁt'(gxperiment 8, Ti1g. 28) petioles
’ ‘

were removed from one set of laminae at the outset of drving. . The -

‘ »
.- drying curves show that whereas the detached laminae exhibited the

B

drying pattern discussed previously (section 5.2.1,a) the petiolate

»
t

laminae maintained their originil transpiration rates for about 1.5

" hours while exhibitine no passive opening. The reservoir of moisture

: 1n tve petioles apparently prevented the sudden developnent of a :
l\ !

water deficit in the mesophyll. In detached laminae this deficit
. . / r
) \‘ '

“ e
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resulted in passive opening of stomata. The existence and abrupt
end of the constant rate in the petiolate laminae, suggests that at - - §0;“
first'the very mobile moisture residing in the xylem supplies the

laminae, and when this is exhausted a water deficit develops in the ’
leaves which ultimately closes the stomata.

The mote graaual drying rate decline of the petiolate
lamin%g probably reflects less“ébrupt and synchronized stomatalr ar
closure, whereas the higher cuticular (SFP) rates of these laminae
may be due to stomatal leakage and/or higher moisture content. After
18 hours of drying the moisture content of petiolate laminae was
1227 higher, and transpiration rate 277 higher, than that of laminae “
wilthout petio]es, suggest ins a tendency for more even drying of ¢

v A . N
laminae and petioles yhen they remain attached. -

b. A study (experimept 9) .was conducted to investigate
whctﬁgr the axial movement of moisture continued after stomatal .
ciosure, ;n;whencg to dLscgver whether these two biological aspects
of drying, both related to the presence of highly wogile moisture,
are associated. 1In this experiment, both setd of laminae reta’yed

-

their petioles for the first o~zhours of dryine, whereafter thé

L »

petiolses of one set were removed., The dr;lng cu”ps (Fig. Z9) show

little difference in drving rates of the two samples for the :

\

follgwing 10-12 hours, a gradually increasing difference for the next
s
4 nours, and a rapidly groving difference as soon as the exponential

decline neriod was reached by the detached laminae (moisture content
'
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’ .
of 757 d.b.). The drving of petiolate laminae had Jo exponential

Gecline neriod du}iﬁg’the entire dyration of the experiment. o )
* The final moisture contents after 38 hours of drying were
. ‘ 96.2 and 13.57 for petiolate and dgféchéd laminae respectively; and L
in Edditlon, 1177 d.b. more moisture was lost by petiolate laminae.
’ Altogether, 1in this experiment about 200% d.b. of petiole moisture
R was removed by the laminae’after the first 6 hou;s of drying. h

c. A similar experiment (10) showed only a very sli

transfer of moisture to the laminae after 20 hours of dryin

~

d. The effect of laminae upon the direct evaporation( from
[ R N 3
petiole surfaces was tested (experiment 7)¢<by determining e moisture ¢

I

loss from 2 sets of pctiole?,'one retaining its kaminae the other

lacking then. Petioles with laminae attached (Fig. 30) had a more I

.

B AN

rapid-drop in transpiration rate than those without laminae, indicating
- — , ' ‘

the 1nportance of laminae in removing petiole moisture. However,

after 100 hours of drying, moisture contents of the two sets of
petioles were quite similar, though above storageable levels. This
- 4

Suguests, as Pederson and\Buchele (1960) hawe inditated (see section /V .
4
2.2,2.1), that over the entire course of drying the role of lamihae

. .
in removing petiolefmofstyre may be unimportant.
'

Apparently pvtiolar transpiration is a function of moisture
w

-

only by the cuticular layer, but also by the internal proceas of

t
s

. . -
radial rorsture transfor, especially tlln)ugh‘thc cortex (section

-

content (section 5.2.1,f), sufgesting that drying is inhibited not . '
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2.2’2717 Bagnal et al. 1970), which may be moisture dependent __

(section 2.2.1.2). Thus the geometry of the petiole @nd the

iy

. thickmess of the cortex may be important rate goﬁerqing”féétors,min

.

addition to the cuticle. * .

Further study ghould be conductad to establish the importance .

. o . ;
. o ¢ = 4 « 7
of leaves in removing stem moisture. <o
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) VIi. CONCLUSIONS
\" - ' . / “

N .

a

A gasometric apparatus was devised to study the drying of

o
0

white and red clover plants. The apparatus monitored the drying

.

patterns of laminae and petioles that were either attached or

segirate. :
Apbarently drying in thin layers is controlled by

[}

atmdgpheric conditions, as well as surface and\internal plant "

characteristics., Because these factors vary in importance during

-~

a

drfing, the drying mechahism of plan?s is complex.

Shepherd (1964) and Leshem ét al. (1972) showed that
¢ : ]
atmospheric conditions, such as air velocity and vapour pressure

deficit, control drying only in the early stages, qspecially

while stomata are open; while the present study has indicated

a transition from surface (stomatal and CUticular3 to'internal
Sl .

control in the dryigg\of\laminae. Moisture transfer, through

stomata lasts briefly, therefore cuticuiar resistance to moisture

transfeF is important through much of the drying period. Cuticular

control (cuticular phase or SFP) ends at moisture contents well

above safe storage levels when intlernal resistance becomes

v

relatively great (in EDP). :

g
The importance of cuticle has been stressed in many hay

drying studies (eg. Byers and Routley 1966), probably because It

.
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. a .
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i% easy to demonstrate that its disruption results in accelerated

L3 r v

dryinmgs- however, the significance of interna% resistance to moisture

-

‘ \ transfer in forage drying as demomstrgted in ry study, has

not been widely recognized. In much of food drying, because of

)

~

] . .
the thickness of the food morsels and the, absenee of skins,

-

> internal resistance is more obviously important and has' been

4
. »

studied by mapy workers. Increase in internal reéisspnce during
. drying has )één attributed to mode of moisture transfer and form
. »

. of water binding (eg. Jason 1958; Saravacos and Charm 1962; , 4?

-

see section 5.1.2.4). -+In forage plants, howeveg; there is little

- .
°

indication of the mode of moisture transfer inp the latter stages

)
- - 4

of drying; it is not kndwn, for example, whether moisture transfers

=™
r ‘I’ e 7

at this time as a liquid or vapou?, or‘even whether 1t ;moves

predominantly axially a}(has often been reported (eg. Jones and

Palmer 1933) or radially as suggested by jthis study (see section
L :

5.2.2,d). Further research, uging tritiated water, may Indicate

A

the pathway of moisture transfer th}pughouﬁ the different stages

of Mrying. ) ‘ : .
e ! 7
The tenacity with which moisture is bound in tissues is
: sqown b& sorption isothérms, wh'ich may be simplisticly represented
[ ’ - - ~
: by single equilibrium moisture content (EMC) values. Though EMC,

. -

\

has rgceived little atténtion as a factor which Yegulates drying, ;
. L ¢ - .
- Rees (1974) atctributed the faster drying of (finely chopped) the

S23 cultivar of Lolium perenne (relative to Sabel) to its lover

N

. . EMC. Furthermore Guthrie and Collins (}965) showed that the



2

t
-

growing enviromment influences sorptive capacity (EMC). of plants.

v -

' ¥
Therefore; there appears o be scope for research in this’ area;

]
both for the Selection of cultiyars which have low EMC, and for

Ey
- 4

management practices to promote low EMC. ¢

1
o
o .

- . v 3
The results of Rersoa and Sorensqn (1970), that alfalfa —

! dries faster than bromegrass at high, but s}ower at low moisture

. - ’
»

contents, supports our findings that drying is govérnéd by
: differenf)factors as it progresses. Therefore, the search for
improved lines or management prac&fces should include a study of

both, surface and internal properties which would favoﬁr'drying.

s

°

s
-
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,

whether they exhi it a similar drying pattern.

-

LS
\

]

VII:“ SUGGESTIONS, FOR FURTHER RESEARCH - .
) , o " ‘
. . ‘ * »

The present study was limited in that only two species were

'

investigated. Other forage species should be examined to determine

»
2

‘

For white and red clover, internal resistance, insaddition to

. ‘

cuticular resistance, is apparently important in impeding drying,

espetially in its latter stages. In view of this, three avenues of

o £

research nay be followed in order to improve drying characteristics of

forage plants.: A ¢

l)ﬁBasic résearch on water pathwaxs within pl;nts, especially ‘during
=T

the latter stages of drying, possibly using tritiated water.
2) Applied agronomic research to improve the drying characteristics of
plants. This may include the search for genetic lines having low

EMC and permeable cuticles, or for ménagément‘practices that would

favour these properties.

N ~

3) Engineering research in post harwvest treatments that would overcome

< . N
. barriers to moisture loss that could not be minimized agronomically.
- .
13
" > N ‘ N
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CALIBRATION OF THE DEU POTNT HYGROMETEP .

® -
. .
D - . o

‘( . ) . .
. " In order to calibrate the déw point hygrometer, dew poipt

0

o
measurements were compared with egyilibrium dew point values for
b N o

PR

R < .

aiﬁ/above water or, saline solutionms. , :

. . . .
o . . . . .
A closed air circuit (see diagram above) was assembled, which
. 0

’

, included a“peristaltic pump (P), dew point hyqromete} (Dph), flowmeter

.u»(F), needle valve (¥), and six-liter flask (J). The apparatus was located (

’ )

in the controlled environment room (Fis. 2) where temperature vas
maintained at 68°F, Separate trials were conducted in which air wvas

bubbled through either distilled water, or saturated solutions of

.

sodium chloride or calcium chloride, in the flask. The air was pum?gd .

(vl .

through the circuit until stable dew point measurements were obtained.

The dew poiﬁt-measurements for the 3 liquids yere compared with
o
. K
P



' L3
&

4 ;
standard values (Hall -1957):

' ) . ' .

98

2
Liquid . Dew point témperaéures (°F) ) .
. Statidard (from-Hall 1957 * * Dph measurement = Error
. " < . { i .
distilled water -- 68.0 - . 66.1 1.9
sodium chloride ' —~ 59.7 . ~ 58.0 1.7
calcium chloride ° 38.3 36.7 1.6
. 4
» - i .l e
The results indicate that the hygrometer readings were consistantly .
. 1 o i
less than 2°F below standard values. o \ ‘
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