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ABSTRACT 

M.Sc. SHABTAI BITTMAN. Agronomy 

A STUDY OF THE DRYING HECHAl'HSNS OF T!)IFOLIUM REPENS L. AND T. 

PRATENSE L. 

. . 
A gasometri~ apparatus was devised to continuously monitor 

, 
rates of rnoisture eÜlux hom' laminae' and petioles of Trifolium 

repens L. and T. pratense L. 

The resul ~s showed that tlle drying of detachsd laminae .. 
occurred in fôur Qistinct periods: initial rate period (IP~), 

rapid faU period (RFP), slo,., fall perio<i (SFPY, and exponential 
". 

decline period (EDP). Apparently, the rate7~overnin~ factQrs in 

these periods t1ere stomata, stoMatal closure, cuticle., and internaI 1 

resistance 'ta moisture transfer, respectively. Most of the moisture 
, 

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

SFP. The instrumentation did nat detect this pattern .in the dr~ing 

of petioles • 

.. Th'is study indicated the importance of internaI resistance 

to moistur~ transfer in the drying of plant shoots. 
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S OMl-!i\I RE , 

/ 

M.Sc. SHA.l3TAI BITT~fAN Agronomy 

.... 
A STUDY OF THE DRYING HECHANISHS OF TRI FOL IillI REPENS L. AND T" 

PRATENSE L. 

On a construit un appareil ~azométrique pour ~ésurer 

continuellement les pertes d'humidité de~ limbes et des pétioles 
, 

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

Les résultats montrent que le s?chag~.àes iimbes détachés 

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

(PTI), la phase de perte rapide (PPR),' la phase de perte lente 

(PPL) et la phase de déclin exponent iel (PDE). Il semble que les 

facteurs lnfluençant le taux de sécha8e durant chaque phase 

respective aient été les stomates, la f~rweture des stomates, la 

cuticule et la résistance interne au passa~e de l'eau. ~La majeure 

partie de l'humiditë s'est échapp~e dura~t la phase PPL même si la 

phase PDE ~ duré plus longte~ps que la précédente. On n'a pu 

retrouver le même sd1'ème de séchage dans les pétioles. 
.. " . . 

Les ré~ulla~s.~ cett~ expérience ont démontré l'i~portance 

de la réslstànce interne au passage de l'eau dans le séc.ha~e ~~ \' 
k 

plantes. 
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.. GLOSSARV 

.-te' 

Leaf 

Lamina leaf <lblade 

Petiole - leaf stalK , ' 

~iol~te l~mina*- lamina \dth ~petiole, 

Deteched lamina*- lamina witnoùt pet~ole 

HoQistpre content , 

~ .. . .. 
,;: i 

, 1 

~D* - dry weight (aven dried at 80°C for 72 hrs) f 
--'",-

, 

Û
F 

* - final weight (t"elght of rnp.terI~l at end of ~ny, ?rying . , .. 
expe,'t'irtlentl 

d.b. dry basi~, (Il'~isture 
J 

expresse"d content as: 

wei ht of Hater 
106) 

, 
dry wei~ht ... 

. 
RVC- - rèlative water'co ent (e~pressed as: 

w~ir,ht of material dry weight 

'1 

\ieight at saturq.tlon dry w~tp,ht x 100) -;-----,- --------------

E~!C" - equhl ibriu~ ';:noistur'e content -(mo'isture content. of 

fi .. 

hygroscopie material in conraet with air at a given 

• 
~elative hum~dity for an indefinite a~ount of time). 

; 

c~rc - tritical mOlsture content (moistÙ're content at end of 

constant rate Feri~d, and start of fallfng rate ~eriod, 

q. v. ) • . 
" 

vÎi .. 
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G~bSSA..l{Y CONT' D 

, ' 

Rate periods 
'/ 7. " \ ,,0. :\. 

i) 'in physicai ~odel 

" CRP - constant rate P~rf()d (dr:ling in a manner aompar~~J"e 
to that of an open-faced body of water) 

FRP - falling rate pen.od (drying at d,ec1ining rates, when 

rate of internaI I!loisture tnins1er,'is i"ess rhan"rate 
~ t ~ .. 

of evaporation from 

if)· in dry:!-ng of red and white 

IRP* initjal rate period 
, 

, RFP* rapid fall p~rlPd 

SFP* . - slow fall period ~ , 

EDP* 

- , 

su:r face) 
L 

1 
1 

clover 

f 
.1, 

.,. 

laI'lina,e "'. 

" 

. 
.. -------

*Terms having specifi~ meaning in this report. 
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I. INTRODUCTION 

Conservation is a vital element in the eff~cient use of forage 

resou~es, especially where year round grazing is not possible. 

Efficient conservation methods should combine,low unit storage costs 

as weIl as maximum nutrient preservation. 

0' Hay and silage are the two most i~portant forms of conserved 

forag~. The production of both requires a period during which the cut 

material is allowed to lose moisture to the surrounding air. In 'its 

high moisture state in the field, this materi~l is susceptible to 

nutrient and dry matter losses through respiration, leaching, 

bleaching,' and leaf shattering. These losses have been-estimated to 

total 30-SÔ percent of the original crop in much of the hay mad~ in 

the United Kingdom CHatson and Nash 1960)'. 
o 

The reduction of nutrient losses is associat~ with maximizing 

the rate of moisture loss,from the cut plants. Mu~h effort has gone 

into developing mechanical and chemical treatments to achieve this. 

Nonetheles~,' the âctual mechanism of moisture loss from cu~ plants 

remains comparatively obscure. 

Basically the transfer of moisture away from wet material is 

subject to the cont~ol of a combination of physical conditions such as 

vapour pressure and energy gr~dients. The d~ying of whole plants, 

however, is uniquely affected by the presence of an existing water . , 

transport system. The interaction of these physical" and trfological 

factors renders the understanding of hay drying a particularly 'evasive 

and interdisciplinary problem. 

-
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II. REVIEW OF LITERATURE 

" 2.1 Drying: Physica1 Perspective 

The drying of solids is generally regard~d as removal of water 

by evaporation - the process involving simultaneous mass and heat , 

transfer (Fulford 1969). The mass transfer inc1udes the movement of 

moisture within the materiaî in 1iquid or vapour 
~ 

of moisture in vapour form away from the surface 

form and ,the moveme~ 

o~ 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 materia1 and the atmosphere. The atmospheric 

vapour pressu~e is a funetiôn of dry bulb temperat~re and humidity, . 

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

the wateL in the material. 

The basic the~ry for the drying of solids, deve10ped by ~he'r" 

study of non-hygroscopie materia1s Ce.g., Lewis 1921; Sherwood 1929), 

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

the constant rate period and the fa1ling rate period CSherwoo~ 1929; 

Henderson and Perry ~955; Hall 1957; etc.). 

2.1.1 Constant rate period concept 

The factors governing the constant rate period are weIl 

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

2 

( 
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3 

t ) 
6W = f A (P' _ P ) = (1) s 

where: 

cSe v s a 

ôW 
6e = 

, 
\ 

drying rate, lb H2ü/hr 
". 

f = vapour (mass) transfer coefficient, Ib/(hr sq ft psi), 
v 

A 

P . 
s 

P 
a 

= 

0: 

water surface area, 

vapour pressure at 

vapour pres~ure in 

sq ft 

t s' 
lb/sq in 

the air, lb/sq in 

=' thermal conductance of air f.;i.lre.. Btu/ (hr sq ft . deg F) 

• t 
s 

h
f 

g 

As.. shown by 

= temperature of air, deg F 

= water temperature, wet bulb, deg F 

= latent heat of vaporization, Btu/lb .. 

the equation, it is the water and air conditions at t~e 

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

rate of drying. 

2. L 2 . Falling rat~ perioe! ciflcept , 

The ~falling rate period is generally of gr~ter'interest as 

e' nihst agricultural and food products dry in this period (Henderson and 

Perry 1955; Hall 1957; Saravacos and Charm 1962), It begins at the 
q 

~itical moisture content when the migration rate of water from the 

int<erior to the s~face,.becomes' le~s ~han "the rate of evapora~i~n from 

the surface. The JrYing rate i9 then governed by the migration~~àte , 
". 

~~. which is dBtermined by the properties of the material (Charm 1963). 
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Internà1 moisture transfer, particu1arly in complex nygroscopic 

bio1ogica1 mat~rials, has been studied intenslvely. 

Two fundamenta1 a~proaches have been used, as reviewed by 

, ( Fulford (1969): 

2.1.2.1 Analytical approa~ r 

Attempts have been ,ide to identify and quanti!~~ysic~l 
parameters in order to pre~ict internaI moisture (and heat) transfer 

"" ~ ; 
rates and thus drying behaviour during thè~~:ling.rate peri~d, 

Several factors cornplicate this approach. Firstly, whi1e as muCh as 

80-90 percent of the woisrure_ in fonds (proba~ly less in hay crops) 

exerts a vapour pressure nearly equal to that of pure water (Labuza. 
, r , 

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

t~nacity, depending upon the form of binding (Kuprianoff 1958): 

l) adsorption jn a monomolecu~ar film -. 
2) adsorption in additional mo1ccu1ar 1ayers 

'"' 3) adsorption of condensed water, inc1uding dissalved solutes, by 

capil1ari ty. '. 

This b.ound \"ater requires additiona1 energy for: its remova1. Secondly, 

1iquid-gas phase interchange may occur interna11y during moisture 

transfer. Thirdly, changes in physical properties of materia1s due to 

shrinkage', rupture, or crust formation accompany drying. Fina11y, the 

meisture may be tr~sferred by severa1 different mechanisms, depending 

on th~ nature of the rnateria1, type of bondi~g, moisture content, 

,-. ~1' 

temperature, etc., as reviewed by Van Arsd~1 (1963): 
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, 
,. 

1) liquid movement forces; 

2) liquid diffusion due to concentration gradients; 
r • , 

3) surface diffusion of adsorbed water on pore surfhcrs; 

'1 • 
4) vapour diffusion within pores due to partial pressure differenèes; 

5) vapour f10w due to pressure chpnges caused by shrinkage; 

6) liquid flow caused by gravity. 

Fu1ford (1969) reported two additional mechanisms: .. 
7) movement as a direct resu1t of temperature gradient; 

. 
8) (iqUid movement as a resu1t of shift in vapour pressure gradients 

due ta coup1ing of 1iquid and vapour transfer pro cess. 

Z~1.2.2 Empirical approach 
, . 

By contrast, fn the empirical approach, only the overall 

1 drying behaviour of materia1 samples is investigated and q'uantif.i~d. 
," 

" Lew~s (1921) indicated that drying rate ls proportiona1 to the 
, 

,~ , 

difference between average moisture content in materials at any time 

end equi1ibrium content. This can be expressed by the equation: 

5 

/ 

1 
1 

éM 
-K(M - M ) 

68 (2) • e 

where: -, -. 

e time 
. 

M average moisture content at time e 

M = equi1ibrium moisture content 
e 

-., -' 
~ 

K = drying constant » 

• 

, .. 
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~n this equation, K r~esents.the overall heat and mass transfer 
. 

properties of the material. The integrated ~orm of this equation 

describes the relationship between "free moisture ratio" and time::· 
, 1 

, M - M e 
M - M 

-K8' 
e • , ',' (3) 

where 

0- e, 

e = base of natural logarithms 

1 

o = original 

M - M 
e 

M M' 
= free mo:tsture ratio 

r--,ç e 

giving also the relationship , 
<SM -K8 41 

68 
::: -Ae 

~ 

where 
1 , 1 

-A initial drying rate 

~ 

These mathematical rela410nships ca~ describe the thin layer 

drying of shelled corn (Hall and Rodrigues-Arias 1958), wheat kernel~ . . 
~ 

(Simmonds et al. 1953), and such high moisture products as formed 

poultry fxcreta (Nidden ~ al. i9~j) 

(Saravacbs and Charm 1962) . 

and vegetables and fruits .. , 

These equations have been applied ta describe ,hay drying by 

many workers. Leshem ~ al. (1972) found eq~ation (3) suitable for 

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

• and O'C~llaghan' (1971) su~cessfully fitted it.to their thin layer 
........ 1() • 

( ! ! 

, . drying data for Italian ,and perennia1 ryegrass between 80 and 200°C 

but, ni ~bove or be10w these temperatures. . Morris (1972) used the'" 

.f 

\' 
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ti t d ib t~ d' f 1 i at 20
0 e same equa on 0 escr e lie ry~ng 0 ~,(.era grass spec es 

, 
inc1udin,g Lolium EerËl1net(>w .. S24,. Anthoxanthùm odoratum, Agrostis 

", ~';" l, "" , 

sto1onifera, Cynosui!s'cristatus, and Festuca ovina. Priepke and . .' . 4:-
Bruhn (1970) found. it appropriate for most of the faUing rate phase 

o 
of alfalfa plants drying at 97 F; BagnaJ1 ~ al. (1970) found it 

appropriate for detached alfa1fa stem'segmen~s at 80°F; and Whitney 
, 

~ aL (1969) applied it for the high temperature O,o0-1400
o

F) drying 

of alfa1fa 1eaves. 

Support for these equations has been widespread due to the:i..r 

root in mass transfer theory and their simplicity. Severa1 aut,hor,s , 
have found a lack Of fit when apply:i.ng them to their data aJld have 

thus proposed p1ternative equations. For example, Paulsen and 

Thompson (1973) proposed the follo}'ling polynomial ,expansion for the 

drying of grain sorghum: 

8 

M-M M-M 
e e 2 Am (M M ) + B [Zn CM - M )] 

. (5) 

o e 0 e 

in which A and B are temperature dependent empirical constants havi~g 

1ittle physica1 significance. Rees (1974) proposed a truncated 

'exponentia1 seriies, sim11~;r to the above, for the dry.ing of herbage. 

M-M e 

where a + b = ~ ..,!, M ,while KI and K2 are empirical constants. 
o e' 

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

6M 
68 

1 

= 
n 

-K(M - M ) e 

. (6) 

(7) 

__ .....:_ .... ....;..1 
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in which n, an empirica1 constant 1acking in phys1ca1 meaning, 

complicates the significance of K. Overhults ~ al. (1973) and Whi te 
" 

~ al. (1973) used a similar 2 constant exponential equation to 

describe the drying of soybeans and white shelled corn, respectively. 

-
Bunn ~ a'l. (1972) proposed the .fo;llowjng equation which they found 

descri~d the drying of a variety of high moisture rnateria1s (e.g., 

tobacco, hay, peanuts/and manure) over ~ wide range of temperatures: 

8 

W H + (~7 
e 0 

(8) 
, , 

), --' 1 

li. " '\', . 
in which W = weight, and H represents the dryi.-ng half life ~i.e., the '1'1'1'1 

t.J - H 
time when H _ ~ !:î) and thus the drying properties of the m~terrials. 

2.1.2.3 

':l e 

Mult1ple farling r,te 
periods' concep t 

The concept of a sin~le falling rat~ period in hygroscopie 

materials has been cha11enged by many authors. Bravo and McGaw (1974) 

. "'-.. 
suggested three essentially linear falling rate periods in the d71'n~ 1 . /' 
of cocoa beans. Priepke and Bruhn (1970) found in addition to an ~ fJ 

, , 

exponential (rapid fall period), also a "first" period of rapid drying /, 
,/, Ct , ~ 

'and a "lastlt. period of slow drying for alfalfa. Their findings are 

-
similar t-o those ot Henzies and O'Callaghan (1971), who suggested 

three exponential falling rate periods for the drying of ryegrass. 

Jason (1958) reported only two exponentiÇl.l fal11_nJL!..at~r lods for 

the drying of rectangular fish fillet, "'hile Gorling (1958) found that 

the drying curve for potato slices was divided into three distinct 

regions by two "break-points." 
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o 

These authors used information from analytical studies of ~he 

factors t'hat regulate internaI moisture transfér ta explain the 

,,', r.t, ~ 

occurrence of numerous rate periods. 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 

The empirical study of drying, based on existing theqries for 
\ 

non-living industrial mater~l, has been gainfully conducted on plant 
J 

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 (19S7) reviewed several characteristics 

that render the drying of forage plants especially involved: . 
1) high in~tial moisture content 

/ 

2) complex morphologicdl and anatomical organization 
~\ 

3) complex chemica'l composition 

4) high physiological activity 

A conside~able 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 eyidence ta 

support the view ~ aIl physiologiêal mechanisms come to an abrupt 

end once the water supply is removed". The decrease in 'drying rate 

l, , 



~ .-./ 

1":;" 

-""'t' • 

;/ ~'~ 

... 

la 
r-

~. 

, 
folloHing cutting is due initially to the resPQnses of the plants to 

• {,J' 

moisture stress and subsequently tô the graduaI breakdown of the 

normal water transport/transpiration system in the dehydrating tissue. 
" 

,The course of this-breakdown is not weIl und~rstood. 

, 2.2.1 The initial condition -
moisture transfer in 
turgid plants 

2.2.1.1 Vascular water flow 
through plant shoots 

'Y 

•• 

Water transfer through plants, from the roots ~o the evaporating 

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

110w through the stem 
1 

occurs in xylem elements along gradients of 

" , 
hydrostatic pressure. Vascular permeability h~s bèén~estimated tô be 

- 1 
at least three orders of magnit~dT greater than that of any pathway 

external ta it CSlatyer 1967), since moisture is able ta travel not 

-ouly along the highly cutinized cell walls of xylem vessels but also 

through their lumina. '~o~ever, for normal flow to occur, continuou~~ 
'-

water C91umns must exist-, as stated in the "cohesion theory of water 

ascent. " 

In the nodal reg~ans, where leaves are attached ta the stems, 

segments of the vascular system (called leaf traces) separate and 
, 

~ e}Çtend through the petioles in ta the leaf blades, wh~re they became 
, 

knawn as veins. They branch and rebranch giving rise to sa many tiny 

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

" , 



2.2.1. 2 Non-vascu1ar water transport. " 
'\ 

It is common1y believed that extrafascicu1ar water transport 

occurs as mass flow across ;~ll walls rather than through pro}oPlasm 

or vatuoles, a1though Raney and Vaadia (1965) postulated a separate 

n 

difjusion pathway which occurs more uniformly through the entire cell. . -, 

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

fusion prev~ils 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 
Cl 

a leaf; one 10cated within th~ walls ot mesophy11 cells surrounding 

the extensive but tortuous network of intercellular spaces, and the 

other located within the walls of the epidermal ce11s. 

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

has not been entirely c~arified. Williams (1950) suggested that the 

water is supplied to the ~pidermis directly from the veins. Wylie 
• 

(1943) reported that bundle sheath extensions leading to both the 

upper and lower epidermis in mesomorphic plants form a pathway for 

water. Russel and Hoolley (1961) reported that a significant 

proportion of the water diffuses through interce1lular spa ces as a 

vapour, b~t K~amer (1969) argued that this cannut be significant 
.f' 

because of the s10wness of vapour transport. Weatherly (1963) 

suggested movement through the mesophy11 across ce Il walls. 
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It ls now generally believed that moisture is supplied to the 
li 

epidermis fro~ leaf v~ by liquid diffusion across cell walls. 

whereas water which evaporates frGm mesophyll cells; diffus~s thrgugh 
. , 

" inter cellular spaces ans exi ts leaves through',stomatal por.eS.n 
') , 

Milthorpe ~l959) summarized the components of leaf resistance to 
\ 

m~isture transfer by the following,equation: 
.' 

fl 

l1. d + S 
1 (9) = 

SD/ [l + SD (1/Sr l/SW) ] 
. 

+ + 
C , 

where 
p 

l1. = "total leaf resistance 

S = condue tance ( reciprocal of resistance) 
.<\ 

d = external resistance 

C cuticular , 

D stomata;L 

r" substomatal cavities '" 

W = cell wal~ ) 

which for wheat simp~iiied to , , 

é 

1 .. 
R d + S + 0.98 SD 

(10) 
C 

The relative magnitud~ (jlf the resistances ind1:cates the extent to 

whi'ch each restricts transpiration. 

Th~ resistance pathway in th~ leaf 
\ 

a) Extema1,resistance \ .. 
The extemal re5istance is a function of the bdundary lay~, 

which i5 related to wind speed. leaf w~dth and surface texture. 

," 

, J - () 

~ 

J , 
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b) Cuticular reslstance 

The cuticular resistance, which comprises the combined 

re~~stances of epidermat cells, cutinised layer, cuticu1ari~ed layer, 

and epicuticular wax laye!, represents 2 maj'lr ,b,.~rri~r, to "moisture 
l, 

'loss (e~tiffiated ~f 10-~O seG}cm for mest crop plants br Kramer, 1969).' 

Neither the relative importance of each layer nor th~ Location of ~he 

liquid/gas evapoTating interface has as yet been d~termined, though 
" 

Hall and Jones (1961) demonstrated the importance of epicut\cular 

L 

waxes i~ white clover. In Qrying, cuticular resLstance is generally 

thought to be constant Ce.g., Sepherd 1964), though Martin and Scott 
:.... 

(1957) show1d:that the cuticles of grapes which had lost more than 

20 percent of'the1r origlnal moisture, thickenea and wrinkled, thus 

-~-
increasing thei-r' resistance toc water tré,lnsfer. 

"," " 

c) Stomatel resistance 

Stomatal openings are the primary exi ts of-water vapour, from . , 

leaves. In physioiogically active plants stomatai resistance is 

4 ' , .., 
determin d by stomatai apertu~e,which in turn ~s affected by rtumerou~ 

envirQnmental ~d endogeno~ factors. Diffusion resistance through ' 

., 
~ open stomata af crop plants ranges between 0.6 and 2.1 sec/cm (in 

.. 

• 
Kramer 1969) . 

d) ,Irtercell~lar resistance 

Th~ extensiveness of intercellular spaces results in internaI 

surface ar~a f~ evaporation in leaves being an arder of magnitude 

. \ 

greatèr'than external area. The resistance to moisture tr~nsfer by\ 

" . .. 

" 

, 
, r 



, 

• 

t, 

-'. 

, 
'" 

internaI exposed cell wa~ls, considered s1ight b~ Mi1thorpe' and 

Spencèr (1951) but significant by Shimshi (1963a) and Laouar (1974), .. ('. 

is nonetheless sligh~ in comparison~with cuticular tesistance. Its 
. 
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importance, which is nèrma11y significant only when stomata are open, 
1 

may increase in response to dehydration because of changes in internaI 

geometry (Kr amer 1969). 

e) Mesophyll resistance 

Mesophyll resistance has generally been-founJ negligible in 

.' 
turgid 1eaves"" (e.g., Gregory ~ al. 1950; Hilliams and Amer 1957; 

~tilthorpe 1959), although it likely becomes significant during drying 
~ '~ 

as evaporating surfaces retreat into ce11 walls, 1engthening the 

diffusion pathwa.y an<l 10wering the vap0ll;r pressure (as in "ïncipient 

drying", Livingston and Brown 1912). 

2.€.1.4 Water in cells (Slatyer 1967) 

.. 
o 

~ ''-
.. " 'a) Force:s holdJ-ng -mois.ture in cells 

A1though molsture is often thought of as.existing in either 

bound or free form in p1aqt material, a more corr~ct view is that 
, , 

there is a cOntinuum between these two extrene states. Th~s continuum 

i5 frequently represented by sorpt!on isoth~rms which relate equili-

brium moisture content ta vapour pressure deficit, ot'by implication, 

binding tenacity (e.~., Guthrie an~ Collins 1965). These bindi~8 

forces differ between regions of cells and tissueS~ ., 

'. 

, 

J 
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4 p) Wa t'er in cel! waHs 

The majofity of moisture in cell walls ls loosely held by 

surface tension within interfibrillar spaces of long chain cellulose 

and pectin m~lecule matrices,'while less than 10 percent of total 
1 

moisture (in wood, Stamm 1944) is tigh~y bound by monomolecular 

adsorption or by ionic bonds with methy'lated galacturonic acid side 

chains. The water content of ce11 wall~ in Avena cOfeoptiles 

averages about 50 percent (Preston.t an~. \-lardrope 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 ls 

held by hydrophilic amino acid side chains on ~rotein molecules and 

within their tertiar~ structural matrices. Sorne rnoisture is also 

bound to th~ plasmalemma and tonoplast. 
1 

cl) Water in vacuo{es 

1. 

15 

.. 

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

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

colloids. 

e) Hater in the vascular sy~tem 

Most'water in the vascular flystem exists as aqueous s6l~ion . ~ .. 
within lumina of vessel elements. Secondary thickenlng in vessel 

walls limits their capacity to hold moisture. 

.. 
( 
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f) Water permeability of cel1s 
• 

The permeabi1ity of individual ce11s is dete~ined primari1y by 
1 

the plasma me~brane, a1though in ce Ils secondari1y cutinlzed and 

1ignified, ce11 wa11s may a1so be important. Apparent1y, dehydration 
, 

'at first reduces membrane perrneabi1ity to moisture, due to increased 

~ \ 
protop1~smic viscosity (Levitt ~ al. 1936) and then increas~s 

perrneabi1ity due to p1asmo1ysis (Myers 1951). Little is known of the 

effects of dehydration upon ce11 wall permeabi1ity. 

2.2.2 Moisture transfer dhring dryi~g 

2.2.2.1 Water conducting system 

Several experimenters have studied the effect of e~isting water 

conducting system in plants upon the remova1 of moisture during drying, 

in particu1ar the role of 1e~es in the evaporation of stem moisture. 

Early work by Jones and Palmer (1933, 1934, 1936) and Jones (1939) 

indicated that intact shoots of a1falfa and Johnson grass plants with 

attached leaves dried faster than those 't-lith detached leaves. They . 
r~ported further that ~ohnson grass maintained the difference for a 

longer time and attrlbuted this ta its 1a~ger midrib. Shepherd (1~64) . -----

faund that up to 24 percent of the total petiole moisture in white 

clover was lost via the laminae, this quantity frequent1y exceeding . 

t~at residing initia11y in the petiole xylem. Pederson and Buchele 

(1960), however~ found 1ittle difference in drying time between a1fa1fa 

plants with or without 1eaves, conc1uding that little axial but rather 

. 
~ost1y Tadia1 water tran~er occurred in the stems. Byers and Rout1ey 

.. 
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~ 

(1966) ~eported that moisture moved through steamed alfalfa plants as 

long as both leaves and stems remained moist. 

Bagnaii 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 facç, complete 
- \ 

prevention of radial transfer reduced the drying rate constant 

(equation 3) by only 30 percent. They estimated that radial and axial 

-5 diffusivities in these stem segments ,vere in the,orde( of 10 and 

-4 
10 sq.ft./hr, respectively, while in epidermis diffusivity was 

-8 
roughly 10 sq. ft. /hr. Hmvever, because they did not consida the 

effects of either capillary flow-or diffusivity variation wit~ 

màistu~ontent, their estimates lack accuracy, 

.-J 

2.2.2.2 Stomatal control 

The role of stomata in drying has been intensively st~ied. 

Open sto~ata 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 Ieaves (Waisa! 

et al. 1968). .. 

Early reports by Hygen (1951, 1953) revealed that drying of 

det~ched leaves of many species oecurred in three distinct' phases: 

stomatal, stomatal closing, and cuticular. During tr~stomatal phase 
\ 

(which las.ted ).0-30 minutes) moisture loss rates declined exponentially 

due ta increased internaI resistance. The subsequent closing phase 

\ 
\ 
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lasted from 0.5 to 2.hou~s. Wa~sa1 ~ al. (1968). found a simi1ar 

pattern for detached B. papyrifera 1eaves, though nqting both a brief 

constan~ rate period of surface dry~ng and a fa1ling rate period 

within the stomata1 phase. The stomata c10sed at a relative water 

conten~ (RWC) of 70 percent after 18 minutes of drying. Laouar 

(1974) a1so found that the stomata1 pbase was associated with 

increased internaI resistance. Gregory ~ al. (1950) found that 

stomata c10sed at 90 percent RWC. Several experimenters, inc1uding 

Gregory et al., }fi1th~rpe (1959)....II'Pl'd Williams and Amer (1957) found 

that internaI resistance did not affect th~~transpiration rate until 

af§er sto~ata closed. 
... i , 

Other studies of the dryin" ('If whole plants have indicated that 

ear1y fall in drying rate,usually up to three hours after cutting, is 

caused by stomatal c10sure (Jones and Palmer 1932, 1933, 1934; Jones 

1939; Pederson and Buchele 1960; Shepherd 1964). Shepherd, however, 

noted that petiolar stomata ih white clover c10sed on1y after about 
\.. 

70 percent of the petiole moistu~~ had been removed. 

Due ta lack of proper techni~ues, the extent to which stomata 

-,-clo.sQ.,. or the raIe of stomatal leakage aft_er c10sure has not 'been 

deterrnined. Pederson and Buchele (1960) suggested that c10sure 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. h'hitney ~~. (1969) showed that (in high femperature) drying 

rate can be appreci~bly affected by ~light stomatal opening. 

'!.. 

• 
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There have been severa1 rep0.rts on the use of chemica1s to 

promote drying by inhibiting stomata1 closure. Waisa1 ~ al. (1968) 

found that the auti-transpirant pheny1mercuric acetate prevented 

complete c10sure of laminar stomata. Stalfe1t (1957) reported that 

sodiwi azide ~(Nfu~3) can inhibit stomatal c10sure under conditions of 

moisture deficit, whi1e Walker and Zelitch (1963) found that 5 x lO-4M 

.NaN
3 

was the only- concentration that prevented c10sure in the dark. 

-
Mears and Roberts (1970) increased the overa11 drying rate of whole 

alfalfa shoots using this chemica1, though Tullbebg and Angus (1972) 

found it acce1erated drying of 1eaves, but not who1e plants. 

Other chemica1s have aiso been tried. Turner (1970) induced 

faster drying of a1fa1fa with the funga1 toxin fusicoccin. A1though 

this compound was known ta iffect stomatal opening in a wide range of 

species, the author was unab1e to show this. Morris (1972) acce1erated 

" the drying of leaves of Dactylis glo~~rata with thts chemica1. The 

hormone kinetin has also been,used to open stomata in bar~ey leaves 

(Livne and Vaadia 1965), though no drying studies hav~ as yet bern 

COllducted. 

" 

/ . 

\ 
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III. OBJECTIVES 
~ 

In view of the complex nature of the drying pro cess in gr~n 

plants, the present study was undertaken ta clarify ~ome bio~ogical' 

and physical aspects in drying of fresh plants. Of particular 

interest was the manner in which int~rnal èontrol evolved during th~ 

course of drying. Aspects under investigation included the axial 

movement ~f moisture in petioles th&t enable the leavès 10 act as 
. ' .... 

sinks or evaporators fo.r petiole and s"tem moisture, the.role of 

stômata, an9 factors which interfere with moisture transfer. In 

short, the objective was analysis of the gen.eralized drying coefficient 

represented by "Kil in equation (4) • 

., 

• . , 
.. <'" 

\ .. , 
20 .. 
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IV. mTERIALS AND \METHOD~ 
1 

4.1 Description of apparatus 

4.1.1 Design criteria 

Conventional drying studies have been based on gravimetric 

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

drying process in green plants, a system was nèed~ that could 

directly measure the drying rates of the plants rather than their 

moistu~ ,content. The requirements for the system were considered to . .~ 

be: 

1) The ability ta meas~re desorption ratei from both intact plants 

(transpiration) and excised plants (drying). 

2) The a!>i1i ty to lIleasure separate1y the desorption rates from 
.. 

individua1 plant parts such as leaves and petioles, without 

disrupting the integrity of the plant. 

3) The abiÙty to obtain measurements without handling or manipulating 

the plants. 

4) Continuous r~cording. 

5) Rapid response. 

6) Sufficient resolut·ion for measuring the vapour loss of single ,.. 
leaves./ 

>1 

7) Simplicity and ~liability. 

1 

21 , __ ~ ______ _ 
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4'.1. 2 Logica1 design of the apparat us ,~ ----"-
A gasowetric system, using "open" circulation (Sestak et al • . 

'\, 

,1971), was assemb1ed to accornmodate these criteria (see Figure 1). ,. 

The system involved the measvrement 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 , 

plant and onto a vapour analyzer. 

The system may be thought of as having four g!OUPS of com-

ponents. 
,< . ~ 

1) rne air conditioning apparatus supplies air of steady state 

te~?erature and hunidity to the environment room, in which the 

transpiration cha~bers are maintained. 

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

?revent escape of evolved vapour. The eff1ux rates are determined 

fro~ the changes in vapour content of the ambient air surrounding 

the plant material wi~hin the chamber. 

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

transpiration chamber air, thus estimating moisture contributed by 

plants. 

4) rue gas handling system maintains a flow of air thro,ugh the trans-

piration chamber and channels the air to the gas ana1yzer for 

::J.ep.surernent. 



. , 

4.1.3 Physical design 

A. The air conditioning system 

The entire gasometric apparatus, except the recording instru­
~ 

ments, was located in a thermally insulated environment room (234 x 

-234 x 182 cm, inside dime~sions; Figure 2). An Amineo-Aire unit 

23 

(American Lnstrument Co., Si1ver Spring, Maryland; Figure 3) supplied 

o 
the room with conditioned air, maintained at 21 ± 1 C and 45 ± 4% R.H. 

Dry and wet-bulb temperatures were eontinuously monitored by a Multil 

Riter Recorder, model FMfDT6C (Texas Instruménts Ine., Houston, Texas; 

Figures 2, 17) fitted with copper-constantan thermoeouple·wires. 

For wet-bulb temperature measurements the thermocouple junction 

, was ~ncased in a solder-filled brass cylinder wrapped in a psychro-

metric wick. The wick dipped into a reservoir of disti1led water and 

was subjeet 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 of transpiration chambers (T) were used, lamina 
• • 

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

A lamina chanber was constructed from a 10 x 1.5 cm plastic 

petri dish. The air inlet was a hol~~(O.6 cm in diameter) dri11ed , 

into the 1id near the edge. The out1Jt consisted of a hole, fitted 

~ith a tubing connector, near the edge of the bottom disb. The out1et 

w~s ~riented distally to the inlet fbr maximum air e~change. -A slit 
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(0.4 x 4.0 e~ a?prox.) was ~so eut from edge ta éentre of the bottQ~ 

dish. This s1it enabled the sliding of an attached leaf into the 

ch~ber. A ~àstic compound, Apiezon Q (Apiezon Proàucts Ltd., London, 

Eng.), was 'used to se al the ~op<and bottom dish together and to caulk 

the slit aro~d the petiole. 

A petiolè chanber was constructed from a plexiglass cylinder 

(12.5 x 1.6 c= a.D.) having walls O.~ cm thick. The cylinder was-slit 

into halves and hlnged with plastic iusulation tape. The air inlet 

was a hale (0.6 cm diameter) near an end in one of the halves. The 

outlet co~s~s~ed 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 w~re sealed ~~th A?iezon Q. 

The l~-"na chawbers were supported by fIat jaw clamps, 

'whlle the ?et~ole chawbers were held by three-prong extension amps 

(Figure 5). =he-ch~bels'contained np internaI regulation 

circulatio:1. 

Tee ?r~~cipal functi~ns of the gas handling system were: 

1) Ta ~aintaL~ a constant neasured flow of air into the transpiration 

ehanbers. 

2) Ta tr~~5?~~t air fro= the chili~bers into the gas analyzer for 

::le as ur ë:::e:l : . 
/' 

3) Ta tr~3?2=~ a referenee air stream into the gas analyzer. 

4) To 2:1able ::12 l'eaSè!re::-e:1t oi: three air streams \vith the use of a --

slngle sas 2oalyzer. 
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a) Transpiration chambers 

The gaso~etric system was designed ,ta compare the drying 

patt,em of two sets of leaves or peti0ies (Samples r ~nd II, Figure 1) 

receiving different tt'eatments .• Each set consisted of one, two, four,' 
J 

or eight transpiration chambers, for measuring a smaller or larger 

number of samples." AV was drawn in to the chambers and through the 

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

. chambers to stir the air, its~apid 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 transporëed through the apparatus via 0.6 cm ID tygon 
. , 

tubing. lt was found, with the aid of'an ai~velocity meter, Model 
. \ , 

55Al (Flow Corp., Watertown, Mass.), tha~ reslstance to flow in the 

tubing ls ~roportional ~o its length and curvature. Consequently, the 

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

int~ a single stream, were of-equal length Qnd kept free of con-

strictions, ta assure equal ~l~w from each charnber. However, the 

actual flow from each'of the chpmbers ~u~d not be measured directly 

with available equipment. 

"', 
The third Creference) ~ir stream was dra~ from the ambient air 

surrounding the fh~bers. 

.. 
, 

1- • 

-- ( 

1 

, , 

" 

,) 
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c) ?lc-~-:::'2ters (f; Figures 8, 9)' 

Eac:! or the three air streams was then channèlled in to a Tri-

Flat Varia~le-AIea flo'WIIleter <,yischer and Po~ter Co., Warminster, 

~ Pennsylvan~a) con~isting of a cylinder (FP-l/8-20-G-5) an~ a sapphire 

float (~lS30). These rotameters enable simple and âccurate measure-
, 

ment of air flo~ to a maxinum of 960 CC (STP) p~r minute, although 

flow rQtes ~ere maintained between 425 and 525 CC per min~te. The .. 
slight flo~ resistance offerad by the flowmeters ~sulted in~negative 

7: 
p~essures bet~een the pump and the meters. This pressure was assumed 

1. • ~ 

equal for t~e ~hree oeters , and therefore ignored in the calculations. 
, -. 

The flm.; ra tes of the three air stl:eams were equalized using,.the 
l ' 

, 
needle valves (~n located on j:0P ofv·the flowmeter housing. 

cl) CCJ~rol box (Figures 10, Il and 12) 

BeCéUS: the gas analyzer can measure only one air stream at a 

tipe, it is ~e:essa~J to obtain successive measurements of the thr~e 

air strea~s. :he control box served to chann~l selectively the air 

stre~~ ei~~er iuto the gas analyzer or 
". 

i) ~le:~rical connection 

" 

'. 
bypass .' 

The co~trol box contained three 3-way solenoid valves (S; 

Ascoelect~:c CJ., Brantford, Ont.) and a repeat cycle, 3-cam switch 

til,er CT; "e'::-:x, Toronto, Ont., Hodel No. D63l4) with f- Synchron 

motor (~1cèel :'13RC). Each,.solenoid valve waS wired 'to ,one of the 

ti::-,er SWlt::'-.e5. Lach switch was turned on in succession, for a five-• 

~inute pe~~2~ ~~ the clock motor, thus activating its respectfve valve. . ~ 

This c)',cle -.. -25 reeJeated every fifteen ffi:inutes. 
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ii) Pneuma~ic ~onnection 

E~ch solenoid valve has one inlet and twa out1ets. When the , , 

.. "" valves'were energized the air ~low was through outlet "Ait (Figure 1), 
! ' 

when de-energized th'rough outlet "B". 
, 

AlI "B" out lets led to the gas 

analyzer (Dph) while aIl "A" outlets led to the bypass. Since anly 
~ 

'one valve ~as activated at any time, only one of the air streams was 

~ channelled to·th~ bypass. Each air stream thus passed 'through the 

.. 

analyz~r for five of every fifteen minutes. 

e) System air flo~ and regulation 

The air stream passing' through the' analyzer also pasaed through 
t 

'an âdditional floWM~ter (FR)' used as a continuous reference for the 

othe,r flmYTIleters. Because this 'stream encountered more flow resist-

anc~than the bypass stream,f two hosecocks (Hl) were used to equalize 
1 

" 

resistances in the lines"and hence maint~in constant flow through the 
~ 

• 1/ c~ambers throughout the measuring cycle . 

. ~ The bypass and ~eferènce streams were then combined and 

channelled into ootnping ,jars (0; Fi'gure 13), large volu~ {lasks which , 
,) 

'smoothed out fluctuatiuns in the éllr f~ow caused hy the oscillatfng 

suctton of the, pump. The, additional inlet before the pump, .t:ogether 

with the hosecocks (H 2), served ta regulate the ov~all air Flow, 

" '{he pU":1p CP; Figure IL.) consisted of é1 high ,cap,lcity. peri-

staltic type pU":1phead (~wstertlex, Chicago, Ill., model No. 7019) and a 

1/3 horsepower ut111ty motor (C~nadian G~neral E~ectrjc, Peterborough, 

Ont.) _ It fTi"ovided fairly constant flow rates which had to be 

, . 
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,., ... 
readjusteè ",':e::-'" 24-48 hoursJ ,as the typ.;on tuhing in the pump head 

<i -'/ 

D. ,\-=-;'-,2 'Jas analyzing system 

T~e ~as a~atyzeF~ (Figure 15) used was a dew paint hygrometer 

(6ar!lbridg~ S:"ste::ls. Haltham, Eass.; Il'ode1 880), Hhich has a specified' 

o ! 
accuracy 0:: :> 

2 ': nominoal, resolut.ion of 0.5 F nomipa1, and dew point 

response of , -... r 
-1 t 

sec naxina11y. The instrument was re1iable, , 
J 

responsive ~~~ \ad fa~rly high resolution. 
" 

1. 

Its accuracy~ ,found ~o be 

the weakest attribute was tested bef~fe the start of experimentation 

I~y the pr}~~s~re described in Appendix 1. In addition, the measure-
t 

meuts \o;et~ ':êr::ied cOrltinua11y during experiments using the dry and 
, ' 

1 

wet bulb ~è=?êr2tures. 

1.:12 ê='2::::rica1 output of the ~nstrument was conne.cted to a 
, 

Heathkit Sê~~O ?ecorder (~), ~ode1 EU20B (Benton Harbnt, Mich~gan; 
) . . 

Flgure 18), ~~_:::.:1 was located outside the environment room. 

4.1.~ Çalc~:2:~ilg of dry~ng rates 

1.:12 ==:::~=der output (~i11~vo1t units) (Flgure 16) was non-

linéar ailG ::~":5 ':~as converted to de\.-l p'oint temperatur.e with a 

te:::~2taturê ':~r~entage ou~put chart. The dew point. tempe'ratures 

1 

wen CO:J.\."è::=,2 ta vanour densH:i'es \.,rith p~ychrometric tables. Drying 

,. 

.-
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Figure 2. Contralled environment room viewed from outside. 

Figure 3. Aminco-Aire unit. 
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Figure 4. Gasometric apparatus in controlled environment room. 
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Figure 5. Leaf and petiole transpiration chambers. 

Figuré 6. Leaf transpiration chamber. 



Figure 7. Transpiration chambers (top) and tubing manifold (bottom). 

Figure 8. Sample flow meters . 

• 
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Figure 9. Flow meter (close-up), needle valve located on top. 

Control box, having 3 inlets and 2 outlets. -

, 
";v 1 ~ '1: .. 
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~~ _ Figure 11. Inside control box; solenoid valves (center) and timer (above). 

/ Figure 12. Timer, showing cam switch~p (#2 activated). 
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Figure 13. Damping jars. 

1 
Figure 14. Perista1tic pump. 

" 
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Figure 15. Dew poi~t hygrometer. 

Hygrometer chart output (one small division ~ 0.2 

-t 1 : f J!!: l r :: 
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Figure 17. (L-R) Hygrometer and temperature recorders. ice point reference 
(used ta ca1ibrate temperature recorder). 

Figure 18. Hygrometer recorder. 
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4.2 Evaluatiùn of the Apparatus 

Gasometric methods have been used frequently in transpiration 

st'ùdies (e. g., Bead1e 5'~ al. 1974: Decker 1%2; Mooney ~!!!.. 1971) 
'\ 

but rarely in drying ~esearch. Butchbaker~(1972) used a closed 

gasometric system to investigate molsture diffusion thro~gh surfaces 

of dehydrating biological products. Shepherd (~~64) used an op~n .\ 

system wherein the moisture evolved from detached white e10ver leav~~ 

was co11ected by hygro~copic chemica1s ~h1ch were then pe~ iodi~ally , . ( 
, . 

weighed. The former system, having non steady state chamb~r ~on7 

ditions, reqùired complicated analysis,'while th~ latter did not v 

provide for continuous and direCt measurements of drying rates. 

Hy apparatus combir;ted the steady state environment of open 

systems, with instr~entation that cont1nuously monit~ed rates of 

vapour flux. The systel'l, 1"!.owever, did not permit direct measurement 

of m01sture content; thus these quantities were calculated by 

integrating (graphically) ehe ratektime curve. When changes in 
\ 

. 
moisture content esti~ated graphically were compared with weigh~ 10S5 

1 

measurel'lents ta test the system's accuracy, differences were found ta 

be as great as 20-30 percent. 

The calculation of the dryln~ rate was based on several 

independen'tly l'leasured quantities (see equation 11), each of which 

contributed to"o\'E'riill errOf. The estimation q{- system 

> • --~ 1 

based on the co,,':J1f'~tion of probable aH'"01"s-tlt-cording to the root-s$ 

square (rs,;) t'955)·:· -

o 

..., 
1 

, , 
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(12) 

g ~ probable e~ror pf dependent variable. i.e .• drying rat~ 
i -:--

. w ~ probable instrumEipt error b{i.sed on manuf~cturer's 
---' . ' .. . 

.. 

specification ~-----------------------

R 
s 

R 
c 

= humidit'y ratio of sample st~eam 

humidit u ratio of control stream 

Q =.~lm" rate (cc/min). 

(mg H20) 

1':1g ait 
mg H

2
0 

-<mg air} 

~ 

~. -~.'density of air a t temperature T. assuming standard. 
, Q 

. (. pressûre (mg/cc). 
'l 

= oven dr.y weight (gm). 
. , 

The calculated ~robable error o~'~he dependent 

l' 
the conditions in Table l control 

m~'surements, based,on the specified hygrometer 

acsuracy ran;e of ± 2°F, contributed substahtiàlly ta the pro~able , 
, -

error. Separate exporiments (see Appendix I), ho\vever, indicated tnat 

hygrometer error vas a unidirectional and alrnost constant bias, which 
.. 

",as in part subtracted out 'in calculation of drying rates. A more 

: reasonable airor value of ± lOF considerably reduced g (± 0.93 or 



-' 

II. 

e.· 
_1'.---

43 

21. li:') . ~he ?ercentage error of the system was sensitive ta the 

~gn~tu~e of t~e drying rate, ranging from 7.7 to 62.5% for values 

In addition to instrumentation errars, other factors may have 

contribu't:'ed to inacc'uracy. . These include~ 

1) leakage 

.2) non-sta~dard pressu~es within flow meters and'the hygrometer, 

cau&ed by flow drag ~~d meteoralogical phenomena 

3) inefficie~t air cir~ulation in chambers 

4) unobserved fluctuations in flow rates 

Tte systew's accuracy could be imp'roved with better equipment. 

Host i;:?or~a:1tly, for vapour determination~ the Cambridge Systems 

hyg:::-o::leter (::.:odel 110S-}1) with a dew point accuracy of ± O.54o F 

(Beadle e~ al. 1974) can be used. 
, 

In addition, chambers with fans for 
Q 

stirri~ t~e ~ir can be eaployed. Further refi~ement i8 possible by . 
includi:-tg :'.2-:.o::leters for mea8uring air pressure in the system (a'8 

She?herd 19é4). 

Ses~~~ et~. (1971) sug~ested that the pump,should be r -

) 
positio~ed be~~een the chawbers and the gas analyzer because greater 

accura~y 2.-'1d stability is possible with the analyzer p08itioned at the 

.. 
e:1d or tr.e g23 sample llne. This design requjres a 'pump (membrane or 

d1a?hrag::.:) ~h~t neitner leaks nor contaminates the air. Furthermore, 

1:1 CO:-,bl:":2.::::'O::, low pressure ''1embrane regulators élnd flow regulators 

e:'S.He C.C:-.5~20;.t air flo',,:, Irrespective of pressaJre at purnp out let • 

---~ -~- .. 

.. 

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

~xhaustive accurpcy. The objectiye was the dete~tion of differences 

i~rying rates between samples and aver time, whereas absolute 

quantities were of less idterest. It was assumed that most of the 
<, 

system's errar previously discussed influenced aIl samples approxi-

mately equally and remained unchanged through time. The comparative 

lack of hygrometer accuracy was of less importance th an its high 

resalution (O.SoF). In addition the~ use of a reference flowmeter 

enabled continuaI cali~ation 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 system~s error limited interpretatian of data ta relative 
1 

rather than absolute magnitudes. Nonetheless in the context af the 

experimental objectives the system was judged ta be efficient. 

Response time was less than 25 seconds, while equilibration time was 

usually weIl within the f~ve minutes allotted. .. , Repeated measurernents 
'.\ 

of constant rates provided very. sirni1ar results, whlle even slight 

'" changes Ce.g., paSSlve stomatal opening, FIgures 21 and 28) were 

detected, atte.sting to t~e svstem's precis~on and resolution. 

.. 

'.-. , 

o 

: 

• 

-----
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TABLE 1. ~agnitudes and probable errors of variables used in calcu­
l~ting tbe· probaQle error for the drying rat~_. (E?Cperiment 1, run 1, 

hour 4, control sample). See text for explanation. 

Variable' , Magpittide 

, -3 
7.50 x 10 

g ,R20 . '-3 
R. 6.14 x 10 

Probable error -

_~~...a.l.J:-__ . ______ _ 

- -----. '-:-----------

• Q cc/Trin . 425 0.04 

-
a T::lg/cc 1.17 0.16 

. -
"15'.185 0.00004.3 

. Q T::lg :&20/g ;"D - min 4.29 

" 

.. ie: error 31.1% 

.:.::.. 

: 

1 

--' 

-.-

0.93 

21.7% 

" 
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4,1'3 Plant ~tateria~ Enployed 
.-

Two forage species \vere chosen for this stucly. Trifolium 

repens L. var. Ladino vas selected for lts comparatively simple; 

_ unt~orm grm.,th habit, its small number of large leaves, ard ,b~cause 
-. , 

} 
nor-mal1y only the leaves and petioles of these plants are ha~vested. 

Because!. repens is not commonly a hay crop, an additional species, 

," 
!. pratense L. var. Dollard, (known for its slow drying) was aIs a 

usecl. These plants are less uniform structurally, and presented 
• 

a problem in finding cOillJ>lete sets (2-16) of like leaves and petioles'. 

------
---------- -------AlI plants ,.;ere grm.,n from se~d in a greenhouse, and then 

\ 
° transfer~ed'to a gro~th cabinet (21°C clay and 19 C night temperatures, 

12 hour photoperiod to inhibit flm"ering, 600 ft. candIes illumination) 

,where they renained for the entire experimental,period in 6 inch 

pots containing a 1:1:<1: (loam:peat:sand) soil mix. The plants 

were. va tered . daïly, fer tilized ueekly ,.,ith water soluble 20-2()-20 

plus minor nutrients (0.3 gm per pot), and trirnmed regularlY. 

", 

4.4. :fethods: General 

Si~ilar, fully expanded, leaves (avoiding old oned) were 

harvested for each experinent, each leaf consisting of a compound 

-------ramIna; ~.;i th leafle ts each or---r-:/+ cm2 area and petioles 10-j.5 cm 

in lenJgth. The nUI'Jet- of leav,es conprisi,ng eac~ sample variE~ll 

between experi"lents., 

tn.':1cdlately after leaves ,.;cre excised, the bottom haU inch 

,,' 

j 

.. 

"'''' 
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.r 
or t:1e pe:io~~3 '..las rer.oved.under-water. in order to eliminate ,flir 

fro::J t:1e xyle:; . b The pe::iole ends remained submerged while èach 

la::lina (or ?ê!':iole) ~,'as ins~rted into a chal'îber. The chambers 

II> 

• 'Jere the~ ~aled and transpiration rates measured until they 
• 

'. 

stabiliz,=è.. If the saJJ?le rates differed substantially, sorne -~ 

cha.-:ôers ',,:a::l.f! alternated bet~.;een samples. Depending upon the 

ex?eri::len:, either a preli~nary treatment was th en applied, or 

the dryb.g eX?eririenc begu:l. (by the rernaval of 'the moisture sou~ce) r , • 

...,-... 'v'" 

-::~e e:qerinental condi tian!> during drying, excep't vhere 

o 

ot"\er07"iSE: s:ated, were :Jaintained at 21 C, .30 foot. candIes (cool 

w~ite =~o~ras~ent bulbs), and 457, relative hurntdity (see section 

4.:') . 

each dr:'ing experimerlt, samp}es were weighed (final 

~eight :.;.), ?:'aced ln a:1 OVe:1 (80°C) for 72 hours and then 

Only final rnoisture contents vere 

# 

a11 others uere'derived by integration of-

ra:e curves. 
~-

1..5 :~e;:""::':"5: Jescri?tion of Experiments 

?:.:qer:':.:ent 1: 1.:2 effect of stomatal closure. induq:d by 

'" so:l.l' .. n az:2e on dry.l~g rate~ of red' claver (one 'lr two"laminae per 

sa-.?2.e) . 

-- ro:'e of sto-:a:a ~n drying HilS tested using red claver 

=-a..-::l~a2 ::-22::''': ~dt: 1 sadi'..!:; aZidet> (5 x 10-
3 

'1 in O,fll '[ sodium 

.. 

) 
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, 

tartrate buffer; as Zelitch 1961) ta ef(tct stom3tal closure. 

After origlnal laminar transpiration rates had 's~abilizcd, petioles 

0i one sanp1e ,.,ere insf.'-rted in t-he sodium azidc .. so1u.t"tun. 
~ ... '" 

Iransplràtion Tates ~ere permitted to re-stabifize (2-~ hours) 

before the petioles (and hence the source of mois,turc) vere removed 

froD aIl lamlnae. 

Each san.p1e consisted of just one or tHO laminae so that 

rate changes \lou1d appear more distinct. Additiona1 1ights 
l, 

(incadescent f100&s, 150 ~), provid1ng Rreater illumination (150 

-
o 

ft ca:1à1es) and :ügher dta!'lber temperatures (27 C), w~e used to • 

pro,ote sto~atal qpenlng and acèelerate drying. 

Experinent ':as repeated 4 tlmes. 

Experlnent 2: lnhibltion of stol'latal closur.e uith sodIum 
1 

aZIde durwg drYInp., of red and IVhlte clover )aminae (4 laminae per 

1 • 

3 . -4 -4 
Weak solutions of sodium aZ1de (10- , 5 x 10 , 2.5 x 10 M 

ln O. Dl· :1 sodIum tartrate buffer) \vere applied ta red and \"hite 

St a lf e 1 t 1957; \: al ke r <tn d 

stomatal closurc durin~drYin~ (as 

Zelitch 1963; Mears ana Roberts 1970; 

, After'origlna1 transpiration rates of il1uminated (as 

expc:ri~ent 1) 1aIllI'kle had stab11ized the chambers of one S<llT'p](, 

',;arè re-openecl, and t:le 12illnae sprayed by or immersed in the 

48 . 
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solution of sodium azide ('.,Tith \"etting agent). Chambers were then 

~ ~ 

resealed and the petioles rélTloved either immediately or after 

transpiration rates had re-~tabilized. 

, Othe~ tests'Yere conducted in which the sodium azide 

solution was imbibed by the petioles, as in experiment 1. 

Each trial was rep~ated at least twice. 

1 . 
Expdriment 3: Effect of rubbin& white clover laminae on 

drying (4 laminae per sample) 

After initial transpiration rates had stabilized, the 

chambers of one sample weJ;e re-opened~and the laminae ~ently 

rubbed by.five unifor1!l strokes (per leafiet surface), with a p'iece 

of soft flannel,. ta rer:1.ove epicuticular vaxes as Hall and Jones 

(1961). The chambers were resealed, transpiration ~ates allm.,ed 

• ta re-stabillze, then petloles removed from aIl laminae. 

Experlment was repeated 3 times. 

Experiment 4: 

white clover laninae 

~effect of 

C!)llaC'1inae per 

piercing on the drying of 

salTlp1e) 

The effect of overcor'ling cuticular resistance by piercing 
, 

1aminae (slmllar ta Gregory ~~. 1950) was tested. The 

49 

.. -----------------
procedure was sinl1ar ta exoeriment 3, except that cach lenflet, 

Lnstead of beinb rUJ!:Jed, ·;~s piercl'd 10 tlmes (1-2 mm .slits) t.,ith 

the cornef of a Félzor hlade. 

Expcrincnt was repcnted 1 tImes. e.- ~ 

fi 



Experiment 5: The rol~ of stomata in drying; using light 

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

Lamina~ tr~~;ired in their chambers for a 24 hou~ period, 

-> 
at which time one set of laminae was subject to its usuai photo-

period, though with only"30 ft-candIes illumination, (control 

chambers) while the other was kept entirely in the dark (covered 

chambers). At the end of this period, petioles from both samp~es 

were remov~d. Dark treated stomata were partially open because 

of endogenous rhythms. 

Experim~nt was repeated 3 times. 

" 

Experi~ent 6: The role of stomata in the drying of 

detached \.,rhite clover petioles, using light and clark treatments. 

(2 petioles per chamber; 16 petioles per sample) 

The proc~dure was similar to that of experiment 5. Fifteen 

cm long petioles were used in 12 cm petiole chambers sa that the 
1 

ends protruded; one end was immersed in \.,rater while the otJ1er 

'supported the laminae. The laminae \.,rere detached from both samples 

" 

at the sarne time that the water source was rernoved. The cut petiole 

ends were located outside the chambers thus 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 (~ petioles per chamber; 

16 petioles per sample) 

50 
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Petioles at least 15 cm long were used as in experiment 6. 

, ~ 

Petiolar transpiration rates were measured until they stabilized, 

whereupon laminae were removed from only one set of petioles while 

~isture source was removed from both • 
. . 

• Experiment was repeated 3 times. 
.;0'" • 

-: ., 
Experiment 8: . Remo~al of petiole moisture bl: white clover 

. 
laminae (8 laminae per sample) ) 

To lnvestiga~e whether laminae aid in vremoving pe:i~le 
moisture. the drying rates' of detached and intact (petiolate) 

laminae were compared. After the initial laminar transpiration 

rates had stabil~zed, petioles and moisture source were removed 

from one set of laminae, while only the moisture source was removed 

from the other set (these laminae retained their 10 cm long petiolesj. 

1 
Experiment was Fepeated 5 times. 

Ex~eriment 9: Effect of lamlnae on removing petiole 

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

samp],.e) 

This experiment was conducted to investigate whether 

petiole moisture continued to move iuto laminae after stomatal 

c'1osure. Procedure followed was ~lm~lar to that of experiment 8, 

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

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

Experim~nt was repe~ted 4 ~imes. 
--'" ':. 1 

1 
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e. 

Experiment 10: E~t of laminae on removing petiole 

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

sample) 
r 

Procedure followed ~~as similar to that of experiment 9, 

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

. 
after 20 hours of drying. 

"""",. 
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\'. RESUL TS AND DISCUSSION 

5.1 The Drying Curve 
\ 

5.1.1 Results 

The drying of detached red and white clover laminae occurred 

in four distinguishab1e phases (Figs. 25 and 26, p. 69, 70) and 

.... 
therefore cannot he descrih.tf • .çl hy the conventional logarithmic 

equations (e.g' 1 equations 1-4, se~tion 2.1.2.2) •. , 

f 
In order to simp1ify the drying pattern the effects of 

stoC2ta were minHll.Zed by promoting their c10sure .with sodium azide 

(eX7erimen t l, F~g. 19). For red claver laminae treated this \vay 

t~e initial fifteen ninutes of drying, during which pre-cut+~g 

tra~sp~ration rates were maintained, was designated as initial rate 
, : 

period (IRP). This petiod was succeeded hy rapidly dec1ining 

drying ratès, de __ :i:gnated as rapid fall period (RFP) , which continued 

to ~oisture content ~f ca 364% dry basis (d.b.). Thereaf~er a 

prolonged (6-7 hr.) al~ost steady-state rate, designated as slow 

fall periad (SFP) prevailed, until t~~ anset at maistur~ cantent 

0: ca l05-70X d.b., of exponential decline period (EDP) which 

con::3Ulled !lnti] œQJstllre content reached eQ-uilibrium. 

The data for the drying! C'llYVe of sodium azide tre3ted red 

cl~-,7er laminae wer~ f~ tted ta the logarithmic drying eqllation 4, 

53 
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, . 
(se&.tion 2.1.2.2) Qsing the 1east squares nèthod. The poor fit'. 

Wi;lS demor<strative1y RhoW'Il. ("Fig. 19). 

5.1.2 Discussion 

5.1.2,1' rhe Multiple Rate Periud Concept 

• Although th'ere ar~ nany reports. of 'single drying rate 

periods (eg. Leshem ~ al. 1972; '!orris 1972), several studies 

(eg,. Priepk: and Bruhn 1970; VOél Bargen 1(1) supPÇ>rt t~ fihdings 
1 

of multiple rate periods in drying. These èrying perfods have been 

attributed to both physical and bio1ogical factors. for exampl~ 

investigators lllive suggested that these rate perfods in food 

drying are asso~iatedrwith the ~anner in which water is bound and . . 
the mode of moisture transfer in tissuer~' Carling 

1958, Saravacos and Charm 1962; ~~e sectiQ~ 5.1.2.4). 

1953; Jason 

Studies 

of early drying of detached 1ar'linae, hm.Jever, revea1cd the • 

superimposition of physïologica1 control on p~ysical pla~thvater .. 
relations; hence the stomatal, stomatal closing, and cuticular 

phases reported by, Hygen (lqSl, lQS3). Hcy ... ev~r, drvin:s rate- periods 

for intact shoots of éilfalfa (eg. Priepke and. 3ruhn 1971) appear 

ta be somewhat less distinct, probably beca~si?; of the uélsynchronized 

drying of the shoot parts. ~ 

• 
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r \ 5",1: 2.2 The Slow Fall PjiOd (SFP) 

The drying of mM't agrieultural products oecurs during the 
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!alli~--.!él te pe-riod (Hall 1<)57; Henclerson and Perry 195'); _-q(>(' 

s~ction 2.1.2). Xonetheless, thE' predominant rate perlod in 

exhi hi ted fair ly c,o 93 tan t dry~n,~ ~,~c~.~:.:.:, ~' .... Dur iE~Jt ~l.le .. ~l<:~ dE.Y"~~~L]".~.!:~, ___ ,~~_ ~ __ .. __ ._, - - - -~ --<. 

declirted from 8.1-6.7 ng 1I
2

0/gTTl D\/hr (ie. a 17% decrC'élse) Hhile 

the moisture content diminished from %07, to l04~ d.h. (ie. a 71% 

, 
decrease), suggesting that moisture content was not a princIpal 

:ate govern;i.pg factor during thiq period. These resu] tg agree ,,,ith 

, Pederson and I3uchele's :(1')60) findings tildt a l1(~Arly constant 
'-

• Evaporation rate" for Jllfalfa leaves bagan, after t 11ree ho urs of 

drying, (at 56.4~ R.ll.Ç.) and lasted until equilibrium moisture 
, ' , 

content lias reached. :heir data, ConVl!rle~ by grJp1liçal differcntiation, 

ie; shOlm in Fig. 20. They suggestpd that tllis cow;tant rate was 

due tü t~le thinness of t;1(:' ,leave<> and to evaporation taking place 

only through t:le cu ticle and pO~5ibl(t Ilounds. 

The iJTlportance of the clllicle in tblS ,period was i,nvestigated 

in e~perinent 3, in ,,,llich t\w la"nnae ~"ere rubbed light'ly Hith -~oft 
~ _____ t"( 

flannel ta re:'lave epicuticular Il,1{CS (llaii and Jones 19n1; Leshem 
~---------- --...., '\ 

~~. 1972). This ke,:1tment markedly incrca3cc! drving rates 

during SFP, causee! an earl ier ~c;et of EDr, and 1er t the othpr LI te 

per 10:15 cor.paratlvc:l '; unchanged (Hg. 21}. Il el U. and ',fonp<, (l961) 

o':lta-lncù sir.tilar res,llts for the ùrying of llgllllv brll~h(>d, '!oroccdn 

red clover leavl!s. 
. ,,.' 

in e::perir'.1ent fT, oVèrcoming cuticular inter[erC'Ilce hy piercin<~ 

/ 
.. 
• 
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of leav~s (as Gregory et al. 1950) rcsu1ted in the complete 

disappearanc~ of SFP (Fig. 22), further suggesting the importan~e 

of the cuticle in th15 period. Furthermore', Hygen -(1951,1953) 

-
found that in 1eaves, cuticular control became important after 

• 
stomatal closure (designated cuticular phase), at wllich time there 

60 

was, a slight dependence of drying rate upon moisture content. Slmilar 

so-called cuticular phases vere reported by Haisal ~ al. (1')68), 

and Williams and Amer (1957). 

~ )-... 
AlI these findings suggest that because of slm-1 evaporation 

(in SFP) while the cuticular cont;ol prevails, surface moisture 15 

adequate1y replenished despite dccreasing water content in the leaf--

until moisture depletion becomes tao pronoünced. Reducing cuticular 

resis tance (Figs. 21 .and 22), medns th3t internaI control, and thus 

probably average moisture content, becomes proportionately more 
------ ------- --------

important. In respect to interfacial regulation of drying rate, 

'eSp~.c_i~\~LJ-t:.S indep~ndèfl(::e or'''_moi!?tu_:r~ content. the SFE. resembles--- ---­

the. constant rate period of phys1.cal mod-els. They differ, hm.,rever, 

in that the SFP is characterize-d by thl' predominance of cuticular 

resis tance over boundary layer resist,mce, and vapour pressure 

gradient. nt the surface, and the diffusivlty of vapour in air--all 

of which nre fundamentally important in rate regulation during the 

constant rate period. 

..., 
5.1.2.3 Critical ~!oisture fO:1lPll't (C~1C) 

0#> .. 
l t was sugges ted above tha t EFP was entered \.,rhen the rat1 

of moistuJe transfer from the interior ta the surface became 1ess 
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than the evaporatüm rate. Therefore the transition from SFP to 

EFP Occurs at t~e cri~ical Moisture content (according to 

definition, sec tian ~':l. 2) . 

The values for this critical moisture content in boW1 red 

and \.;hi te é'lover laminae are presented in Table 2 by intervals, 

not discrete values, because of difficu1ty in locatin6 a precise 

point of transition. Despite variability in resu1ts due ta bath 

samp1ing and ins trumentation errors, the cri tica1 mois ture content 

ranges can be viewed with a hig~ degree of certainty. 

Information in the 1iterature ~oncerning~the critica1 
} 

moisture content appears ta be limited and contradictory. Estimates 

~f ;he C~fC for ,alfalfa ranged from 360 to 468% d.b., dependihg upon 

~~ 

maturity, harvest date, ~and nunber of previous cuts (Von rargen 

1961). Hygen (19.,51), ,'hm"ever, pos tula ted tha t cri tical nais ture 
J. ' 

content of leaves of rnany specie~ \"as ae tually grea ter than th~ir 

moisture content t'o be appro:dnate1y 901; R.\J.C. in Pelargonium 1eaves. 

Hïl1iams and Mer (1957) disputed Hygen' s while supporting Gregory' s 

findings. Hil thorpe and.-Spencer (lQS7) found 11 ttle relationship 

bet,,,een transpiration rate and ;"ater content in \.,11eat leaves dmm 

ta 70i. R.H.C. Further ,~';Qrk by 'f11thôrpe (,1959), based on tlssue 

,.;att3r potential analys;i.s, sugges1:.ed that in a moderate environment 

transpiration dec1ined by as little as ~% as a r~su~t of internal 
'. "'If 

f f 11 . cl ' '1" 'l" l~ cl resistance rom u turgl lty to severe" ,011 tlng: le oes not 

, 

i 
1 

~- 1 

'1 
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xi 
~ TABLE 2. Estimates of the moisture·content at' the- start of the EDP. 

. ~xperiment No. of runs Lo\ver 
Estimate 

} % d.b. 

r 

{ 

Higher­
Estimate 

% d. b. 

Average 
% d.b. 

62 



. ' 

• 

1---

indicate the moisture content at,which internaI resistance iS 

likely to become influential (ie. C'-IC). 

Estimates of the critical mois turc content for other materials 

are also confusing. Saravacos and Charm (1962) reported values 

for vegetable and frui t slabs ranging from 350-500% and 550-770% 

d.b. respeetively. They explain that the high values for foods 

relativ-e to inorfj.anic materials (Perry 1950) reAults.from their 

coll'bida1 and hydrophy1ic nature. Interestingly Sirru:lOnds ~~. 

(1953) reported critical rnoisture content values for wheat kernels 

l 
(69-857, d. b.) that were mueh closer to Perry' s values for non-

hygroscopie matcrials~ 

~lenzies and O'Callaghan (1971) used the terrn critical 

moisture content ta identify transition from one falling.rate 

63 

penod to anothar; fLldillg--two- suclt point9-eft the mO&€Frda ... t-€o>-----------___ -I 

temperature drying curve or grasses; -<rt- 35070 and 450:-: cl .h...---'rl:te-ir---

terI!! therefore appears to correspond !!lare closely to Gorling's • 
(1958) "break points" and Priepke and Bruhn's (1970) "end points", 

whieh also mar~ed transiti~ns within the falling rate period, than 

ta the cri tical mois ture content, defined as. terminaong a cons tant 

rate period. 

It seemS that the equivocation in the literatu.Fe may~ ~~.". ______ _ 

in part ta the dlreet applicat10n of a physieal concept of cri.tical 

reoisture content to a biological system without sufflcient study , 

or redefinition. AltllOugh critical moisture contents of diffcrent 

, 
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mai~rials May not be directly comparable, much information may be 

obtained by studyihg the~e vjjlfs in individual products. 

5.1.2_A ExponentiaJ. Decline Period (EDP) 

It can be seen from Fig. 19 th~t remaining 'free' moisture 

in detached 1aminae evaporated at continuoûsly declining rates, 

unti1 tissue moisture content reached equi1ibrium. The time-rate 

~~lationship for this region of the drying curve for the sodium 

azide treated laminae in experiment 1 (Fig. 19) was weIl represented 

by equation 4 (section 2.1.2.2). 

The exponential decline period occurred for detached laminae 

of both red and white clover irrespectlve of treatment, though th~~_ 

period was more pronounced for fast drying laminae (see Figs. 2i, . 

.' 
64 

1 
~\ 

22,23). Apparently, initial aperture o[Jstonata did not signifi-
---~------'- - - ----- ------------- ---------

cantlv affect this period in red clover lal'1inae (Fig. 25). - Kemoval 

-(F1g. 21»)re~ulted in earlier ons2t of EDP, 

but analysls of tha curves for treated and untreated leaves (Fig. 

23) sholved little treatment effect. The drying of pierced leaves 

(Figs. 22 and 24) occurred almost ,entirely in the EDF, aild thus 

resemb led drying of non-hygroscopie matena 1 s. Apparent ly factors 

other than the nature of leaf surfaces wére operative during EDF. 

Assuming statie surface characteristics during drying (ie. 

una1tered cuticular and boundary layer.~esistances, Shepherd 1964), 

the diminishing rates \..rere likely the t'esui t of increasing internal 

, 

, 
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resistance ta moisture transfer. 
< 

The reduced mobi1ity of water at 10w maisture contents in .. . 

hygroscopic mEteria1s appears to be re1ated to bath mode of moisture 

transport and bonding of water mo1ecules. Gor1ing (1958) suggested 

that in vegetab1e products the migration of water initia11y takes 

place only by capillarity, whereas subsequently evaporation occurs 

within the porous vegetable ~ater~al and at least part of the 

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

hmoJever found predominance of dlffusion in moisture transfer 

~ 

throughout drying in frults-an~ve?etables. They attributed reduced 

drylng rates to higher average energy of activation (or latent heat 

of ev~poration) for the rer.laln~ng moisture. Jason (1958), surmised 

that the transition from one. drying phase ta another in fish muscle 

was assoclated with uncovering of monorn01ecular lnner layers of 

water atter--removâror multll'iTCJT2cutar ootcrL-lvers-;- Crank (1958) 

further suggested that tl1C last traces of moi5ture are genera11y 

67 

\ 
----~-

removed under conditions of Iow concentration gradlents and 

consequently Iow diffusion coefficlents. 

Thèse studies suggest tl,.at wter,Ral resistanees-np-crative 

at Iml moisture content are not necessariIy the same as those at 

hlgher, con tents. Extrdpalation of the EDP (Fig. 19) showed tha t : 
~, 

if no întcrnal resist~ve forces other than thase present duriftf, 

thlS period existed earl1er on, then the critlcal maisture content 

(assumlOg lnltial surface resistance) \JOuld oceur at ap'proximately 

" 

," 

. 
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2507, d. b. or 507, R. H. C. Since this estimate is l~ in comparisan 

\ , 
with data report;ed in the literature, (sec previous section). it. 

• • therefore seems Iikely that other internaI forces are operative in 

the 'early stages, but are masked by the high cuticular interference. 

They 'may account for the slight rate decrease of the sIm., fall period. 

5.2 Biologicai Aspects of Drying 

5.2.1 Stomatal Control 

A number of experiments were cpnducted to raIe 

of stamata in drying. 

a. The drying pattern of excised red and white claver" 

-laminae, having initially open s.toPlata, was invest1gated (experiment .,. . .. ,. 
land 2). The results (Figs. 25 and 26) revealed a sudden though 

slrght increase in laminar transpir.:1tion rate aftfpetiole removal. 

The increase endeÇi ahrup tly vil ttl a very rdpül decline ln the 

transpiration ratè. This initial rate increase was unexpected 

bapccl on previous drying stUGlles \.,hich shm.,red either constant or 

falling rates after cutting (see section 2.2.2. 2)'. ~!eidner and 

J -
nansfieid (963), however, noted that sucfden mesophyll \·mter defici ts 

( 

reduce the turgor 0;: the epidcrmal and sllbsid~ary 'ce Ils before tha~ 

of the guard cells, causing stomata ta open furthetr for a short time 

(a matter of nnnutes) until tlù~ guaJ'dcells 10se turgor and effect 

stomatal closure. This p11enomenon is 5nO\ffi as "passive stomatal 

• 1 
opening" and ,represents evidence for stomatal control early in drying. 
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The subHequent Jt;cl.i.ne in the drying rat\2 [;l,W he under both 

~toMalal dnd mesoph\ll influence. Silicone irnpr .. "r,ion'l (a'l Zelitch 

1(61) tclken of the "red and \.Jillte cluver laninat:' after two houre; of 

ar,ree thdt stomata clost~ soon .:lfter cutting, usuallv vittlÎn three 

hours (Jones,ar'\d ['<llmer 1')]2; Pederso:1 and' Huchele lC)60) and 

sometimeg \<Tltltin minutes (\~disâ1 et al. 1()68) in él moderate 

environment. Lwuar (lCJ7/.),lw'.Jt'ver, suqpectcd that resistance to' 

moisture transfer deve1op;, in sub-stondt,il chambers hefore ~~atal 

closin~, and Hygen (lr.l'il) a150 posttlldt.ed internaI rt'slstance 

durin~ the "sto;nat<ü" phd",e. (;J;cgory ~~ ~_~. (lfJSO) , l:l11iams and 

Aner (ltJ57) dnd ~!ilthorpt> (lC)')\) found no internaI impedance beEore .. 
stornatal cluc,ur,~. \:a1',,11 et al. (196'"l) reported th,lt within tile 

~ 

8ItoPl,-ila1 ph,I'l\2 th~p 15 a ~_O.!..l_.,_t_~l~_t_~r_a_t~_1'..~~_~Ù exhihi t ing no internal 

reqie;tan..:e, élnd a f>llht:;equent perioJ durlng \.Jhich the rl'sistance 
\ 

dcvelops. Hilliams élnd AIler (lC)')7) s\lggc<Hed that the length of 

cu rn-nt phV5io1ogi cal q L1 tu,>, de t çrnl nps \.Jlte t her int prndl rco:; ic,taIlce 

. " tran,fer fndy limit tr,lilc,plrcHl(J11 .lt hl{;IJ t,lIrface condu..:Llllce, hul 

not dl n'(hlC(~d conduct<1IH:e (ie. aft('r ..,tO~l,1till closul'e). 

h. TIIC' forr::g(1ill~ p~ttern of t ranc;piration H:1S compar('d \.,i. 
that fur lamin,w l;retre<1ted \.,rith sodiur.:l· a1.ltle (coneL-ntratiol1 of 5 x 

-1 
10 '1) to cLose 'HOLlaLi (l"<periment 1). Cuticul,tr and !ltom,ltal 

l t' 

.. 
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TABLE j,.. . Sto~atal and cuticu1ar transpiration rates 3y 1a~inae of Trifo1ium pratense and! Betula papyrifera. 
.. See text for exp1anation. 

. \ 

Stomatal Transpirat~on 
mg H20/~m D~/~in 

Cut1cular ~ransp1r~tion 
mg H

2
0 1 g:'l.'>mlh:nn 

Cuticular Transpiration 
StOi1.at.:Jl 

Red 
Clover 

\9.4 

6.20 

21.1% 

Control-

B. 
- ''c 
p.:1pyr if era' 

... 
36.7 (2.8)' 

>~1~ (LI} ...-.. ~ 
13. )~ 

treatcd 

!"let! Claver 
C~a~'3) 

7.3 

7.1 

97.07. 

B. 
papyrifera 

(P ~ A) 

18.6 (1.7) 

8.9 (1.4) 

47.8ï: 

, Ch:1nRe in 
tra~s~~ratlon r3te 

Red 
Claver 

-75.~%, 

+14.57 

B. 
papynfcra 

-49.3;: 

+56.1:': 

* B. paI1yrifcra data after i-,Ta isa1 ~~. 1968. ([xrcrimenta~ conditions: tem~erature 25°cl; relative humidity 

= 407.; 1ight intensity = 1400 ft,' ca~d1es; air ve10citv = 3460 m/hr.) 

+ .... .. 
9umb~r~'in\br3ckets represcnt stom~tal aperture ln ffilcron units (~). 

~ 

'-' 
-,", 

.... ~ 
... .. 

~ ,J . ..... , 

• 

! 

..,J 
N 
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* transpiration rates for trcatcd and 1I1ltreated leaves of red clover 

(Fig. 25) arc pregented in Table 1. alonggide similar d~ta for 

~etula ~'.E.Zrlfera leaves trt.!i1ted witt! the anti-transpirant phenyl-

-- ----~~ -- nercllric deetate, P'IA (a[ter l.JdlsdI-~t:.- ai:. 1(3). Sodium azlde 

• 

reduced stomatal tranSpiratlon hy 75"7. to a -,rate cpmpardhle \"ith the 

cuticular rate. Thus SOdlU~ azide did not completely close aIl 

stomata. Results obtained by llaisal et al. (l96f3) also indicatcd 

continue'd stol'latal transpiration after appl:lcation of P\l\, while . 
surface impressions Confèrmed incomp1ete stonatal closllre. Conse-

quently, the ensuing rate d~cline in treated leaves, at least in part, 

resul ted frol'l further s tomatal closure. Ha isal et aQ 1. (1968) 

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

in r'lh. treated leaves 'th/th thosa in conçrol ledves, a pat t~n 

confirmeJ by ny resultc; for sodlum al!ide tr<-'aled leav(H, (Fig. 25) . 
. , . 

The resu1ts' in Table 3 indtcate th:1t the sodium azide treatl'lent 

in ef fec t increased cuticular transpiration by 11 •• '5%. The higher 

moisture content of the tredted leaves was prohably not responsible 

fQr hlgher cuticular transpiration rKles as theqp rotes are not 

greatly affected hy moisturf' content ('lue section 5.1.2.2). Hdisal 

et al. (l06'n, [tnding il <;lniLlr rcsponsp,\n l''IA trpaled lyavec;, 
! 
\ 

*Cuticul~r transpiration rate 
;:w in d1ineù (ns Hygt-n It)')l, !f)5J) 

the rate during thE' "cuticular pha{jp" (6.1011 [ail perrod) while . ,. 
as 

<;tomatal transpiràtion rate ls tire initi~l ra.te l('s,", the cuticular 
~ 1 

rate. .; . 

'. 

- . 

• 



, 

; 

" 

/ 

attriLuted this increasc to rh~ dlluGe of so~e stamata ra close, 
/ 

,/ 
and verified this \.lHll rHcr~cpplc e.<.lninatlllll. TIlPy sug~èsted 

/ 

that thl'> failur .. ,,;a{ t1uG ta a proces,> of st.ructural fixàtiùn in 

ei Char the prot"üp las t or c't!ll \.la 11 of ttlll t;udrd cells . 
., Î,.., .. 

The ultinate d'r:'lng' tine of tile lcaves W:1S f'SSentidlly 

unafft'cted by the l'1ltlal stoGlatal aperturL' (Fig. 25). 'Ille higher 

ini,'tial rates of til~ unt.reateJ leavp'i ,Jere' offset in part bv th~ 

Im"er cllticular·rates .. \lthou:;h thp on"èt of the [DP ,,,as at a 

sorney/hat 1m../er mOlsturç content ln the u'1tr':dted leave", the 

interdependence of rate and noisturL' contpnt, hClng thl' sane for 

bath sarnp1es, equallZeJ the ov~rdll Jrvin~ tines. 

c. Sodium ande "olS applled .;it lOI'; concentrations (l0-3, 

5 x 2.5 x -', 11J !; c:<pprine,1t :) tn rl'J and I<hit(' c lover 1amtn::w 

to i nIaI)! t s tOMa t,11 C'lQsurt.!, as -p n'viou s 1 \' dont> [or l ('ilVtc' <, of 

V1Lia fdbh (StaHelt 19.~l), :;lcotiana \ (\Jtllker a ml Z~litch 
--- --- - - ------ -- !:.<ll~l:.cum ...,. 

Angus 1972). SoJlIrl ,lzidl' "clS app1J,;.d Il' i[;)mersion, SpLI',' (a 

nu inCre,lSl' in tr':Hbpir,ltlon or drJing rd~l', ln either (,pf>cips. 

\ 
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,«('){perimf.'nt '1, l'ig, 2'/). I.lf;ht \.,7,lS ',uppU ('Ù hy cao l \,,11 i t e f lourl"lccnt 
t • 

#' 

" bulb; (·mitt"l.llg only '30 ft. C,lÎldles (ta ninu'lizf' radiative hp~tlng), 

while tht' t\lrk t rl'.1l,·d ~t;ilVl''l 'lcrl' Ll'pt in dar!:f'nerl tr.îll·,pLr.lt iun 

1;" 

i •. 

/ 
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Figure 27. Drying curves f~r li~ht and dark treated 
laminée of ~hite clover (exparjment 5). 
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chambers. The stomata of treateq. leaves uere not fully closed at 

tiMe o'f c.u t ting because of endogenous rhythf:13. 5 tomd ta of laminae 

from bath treatments showed rapid tfosure, brief ly pre~'eJed by 

passive opening, after which ditferences in the drving rates, or 
~ • '- 1 

overall drying tlme·, became ninimal. 'Chis further demonstr'ates 

the transiency of stomatal control in drYlng. 

\ 

In a separate experiment (6), the petioles exhibited no 

d lscernible response ta l ight. 
, __ t 

c. The importance of the stoTTla"tal patln.;ay e:Hly in drying 

Is also suggested by experiment 3 (Fl~.' 27) in \~h lcll renoval of 

epicuticular I,Jxes h,lÙ sli~ht overall eHl'ct \.;rhtle stomata were 

" 
open, WhL'rl',lS epicut iC'.ular rel"ov;~l had a m"rked lnfluence during 

the sllbo,eqlll'nt cut H ul.lr phdse. 

f. T:le drving pdttern Of d,·t.JclH'd \,htte clovt'r !ll'tlOles 

\Vas studiL'd (experimpnt 7), ,The H'sults (Fi?,. 30, p. 82) indlcated, 

, 
of d raplll fdU pl'riod ,lftl'r c\ltting. The initial r'JPld cll'cline 

/ 

~ 

• \~as pr'ôhJt11y aSS0(' j-üt'd \vith bottt r;Jptd nltlistur,' los" frol') the cut 
~ 

~~ ~ 
pet 10'l,' enJs and \"lth cloc;llre of stomata, alt11Olll'h Sill'phetd (1964) , . 
rcportC'd tildt <>t umataI closurl' dl1l'C, not Ol'( ur in 'l!lit~· clllvL'r 

dpcl1nl' bpcarne mon' graduai attl'r 10 hOl.!,l"s ot d'ryitar;, appl'aring 

thl'n tn fol lm." the' ('xpunl'l1tidl d"cay (l'C}U,l~ ion 4) drylIl~ pflttern 

li 
( f' q~ • 11, p . 8 '.) . 

\ \ 

, . 
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.. 

Petlolar drylng rates were found ta be cümpar?ble with 
w 

la~inar rates (O.45x and 1.3x la~lnar rates at one hour and 7 hours 

after cut~ing, r8spectively), wh~n contrabted on a dry wei~hd basis. 

Thti very hip,h moisture content of the petiole~ ~~e9 a cO"l?arison 

between the two, on this basls, oeaningless. In fact, petiole 

drying is so much lower than laolnar (on ~olsture content basis) 

.that despite the usa~e of 16 petloles (12 CD ln length) of white 

claver per 5a~ple, the vaEour flux was barely with1n the measuring 

sensltivity of the apparatus. Consequently, data of' petiole rateS 

are less accurate and more scattered than laminar rates (F1g. 30). 

5.2.2 Transfer of Petiole "~ture to the La01na 

a. The 10% of petiole "'1oisturp via t1le lamina, in 

particular the duration of a~ial tendencv of l"Olsturc transfer, 

was investigated, Experlmenrs cntailed CO~?ar1SOn of dryin~ rates 
'" 

of detached laminae ta tho~e of laninae ~lth intact petioles 

(pt>t ioLlte). 

" ln the f irst exper?neqt' (.:.xperiment 8, fIg. 2,8) petioles 
l ' 

were rl>moved from one set of 'lam1nae at the outset' of dryinv, .• The 
.. 

dtylO~ curveS show that wllere.:1s the detached 1,1;:11nae exhibl ted the 

drylOg p,lttern discussed prvv10usly (sC'ction 1.2.1,.:1) the petiolate 

laminde mJintained thelr orLglnll transpiration rateb For about 1.5 

77 

haurs \"hill' ('xhibltin~ no passivt! Qpenln~. TIH' reservolr of moisture 

ln ttl ' pet ioll'S app,lrcntlv prevpnb>d the f'udtlt:'n developnent of' a 

..... 
\.J,üer dcf ie it in the mesophyl,l. In d~taL.:hed 1,minae this 'deficit 

, . ) 
. ,,,\ 

.. 



, ' 

.' ,~ 

resulted' in passive openinR of stornata. The existence and abrupt 

. 
end of the constant ratp in the petiolate laminae, suggests that at 

first' the very nobLle moisture residlng ln the xylem supplies the 

laminae, and when this 15 pxhausted a ~mter def1cit develops in the 

1eaves which ultlrnately closes the stOr'l.ata. 

The l'lote graduaI dr:ying rate decllne of the petlOlate 

laminae probably reflects lessr:brupt and synchronized stornatal
t 

~. 

closure, wl1er~as the higher cuticular (SFP) rates of these laminae 

may be due ta stor1atal' leakage and/or l11r,her moistul"e content. After 

18 hours of dryin~ the mOlsture content of petiolate laminae was 

122% higher, and trdnspir~tion rate 27% hlgher, than that of laminae 

wlthout petioles, suggestin~ a tendency for more even drYl~g of 

" laminae and pt'tioles vhen they H'Pl3.1n att:lched.· 

b. A study (expt'rimeL1t 9) ,\.1,15 cond1lCU'd tà investigate 

whettrer the axial movement of moisture continued after stoMatal 

closure, and henc,e to d~sc~ver \ll1l'th.er these t~vo bioloç;ical aspects 

of drying, both related to the prc'>l'nce of highly '1oh ile MOl~ture, 

are associatpd. In this exper iment, bath seut of L:lr11nae retéf~ed 

. . 
thelr petioles fur the first CN1uurs of dryill~, whereafte.r thi 

" 
pet ioks of one set were removed. The dry lnf, c7,t's (Fl~. Z9) show .. 

1 ittle ~ifferenc~ in Jryi~g rntps of the two sdmples for the 

follQwlnR 10-12 hours, a ~raduallv increJsinr, dlff0rl'nCe for the next 

ô 

4 llLlurs, and a rapidly grm"inp, differenc(' as soon ;18 the exponential 

dpcl ine perior \135 rp,lched by the detached larÜnde (moisturc content 

.. .. 

\, 

78 

.r 



• "' • , .- -.. l " 

....... " , , ,,. 
15 1 • -. 

--. . . 1 

, ,,-
\ 

\ 
~ , , ,. \ \ 

\ 1 

\ • 
\ 

\ . , 
\ 

~ 

ê 10 f .\ \ 
\ 

1a , \ 
À '. \ 

\ ~ ~ 

~ ;. \ 

oc -0 
N 

::z: 
\ 

.0.:; • \ 
13 \ 
'-' \ 

Q.) 
\ 

.,; \ " 10 \ 
~ , .' ,. , . ~ 
CD \ 

~ 

ç: 
,~ 

, 
-ri " 

, 
>. , 
1-1 

... • ... 
Q ... 

, ...... 
--- .. s -------=-=-~'-.:. 

..... 
.. --- ------- ... _- 1 

1 ',. 
'- t Il 

183% d.o. t'11 
.-- --_.:\ 

... :, 
82% d.b. 

0 1 1 
F , 1 

1 2 3 4 5 6 7 17 • 18 -..j 

1.0 

~ Time (hr) !;; 

\" \. 
, , 

-.Figure 28. Drying œurves for petialate and detached laminae af white claver. , 
-- - detached laminae - peUolate laminae - .... 



• of 7j- tl.h.). Th,' drvlng of petlOlate bmil1<le hadfo expon('~.!l:1J. _ 

_ decl~~2r2..c:A du·r irig tht' t'nt 1 rc d4[.ltlon oC the expcriment. 

The fin,11 \llOl'~turc contents "fter 38 hours of dryinr. were 

96.2 and l3.5~ for petiolate and dctachcd laminae respectively; and 

in \dditlO~, 1171 d.h. more moisture was lost by petiolate larninae. 

Altog~ther, ln this experiment nbout 200% d.b. of petiole moisture 

J was rcmoved by the laminae after the tirst 6 hours of d~ying. 

c. A similar experiment (10) showed only a ~ery Sli~ 

transfer of moisture to th~ laminae after 20 hours of dryln • " 

d. The effect of laminae upon the direct eVdporation 

80 

! 
~ ~ .~ 
petiole surfaces was tcsted (experiment 7)Lby determinlng e lnois ture 

10s5, fro:-: 2 sets oJ petioh'J' 'one retalning its l!aminae the other 

lo.(~l!1g thL'ïl. Petiolvs wlth laminaI:' attdched (Fig. 30) had a more r 
, 

rapid "drop ln tranc,plL1tion rate than those without lamin.!le, indicating 
.-/ 

th ... lnportance 01 laminae in remo~ing petiole mOlsture. However. 

after 100 hours of drying, mOlsture contents of the two sets of 

petwles were quit: Simll(r •. though above, storage.,ble level". Thi~ 1 
.sug~ ... sts, dS Pl>derson ,and\Buchele (1960) h;w(' indlcated (see section 

/ 

2 . 2. 2,. 1), t ha t ove r t: entin~ course of. drying thp ro1p 0'[ laminae 

in rt''1()Vln~ r)('tiol.~ muy be unlmportant . 

radLll 

. \)p"rt'llt 1y P ,t io1:u tr.1nSjJl ration if, a function of moistllrC' 

(s('dlon 'j.~.l,f), C;ll~8:('c,ting thnt dry.ing ic; inhihitcd not 

. 
T (1 l "t ! 1 r,t.' t r.1 n " f l' r, t' ~ Il ( '(' i :t J 1 Y t II r () 11 g h .. t il (' (0 r t (' x ( s (' c{ ion 
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1970), ",hic~ may be moisture dependent 
, . , . 

(s~ction 2.2.~.2). Thus the geometry of the petiole §nd the 
. , 

thickness of the cortex may be important rate go~erqingnfâètorst_ in 
". ~ .. 

addition ta the cuticle. 

Further studv should be conductèd ta ~stablish the importance 0 . \ 

of leaves in removing ste~ moisture. 
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VI. CONCLUSIQ~S 

k gasometric appar~tus was devised to study the dryinB of 

white and red ~lover plants. The apparatûs monitored the drying 

patterns of laminae and petioles that were either attached or 

s~rate. 

) Apparently drying in thin layers is controlled by 

atmo:pheric conditions, as weIl as surface qnd\int7rnal plant 

characteristics. ,B-ecause these factors 

drying, the dryi~g mechahism of plants 

vary in imp~rtance during 

is CO~lex. 
Shephe"(d (1964) and Leshèm ét~. (1972Y shmled that 

-
~ 

atmospheric conditions, such as air velocity and vapou~ pressure 

deficit, control ~rying only in the e~rly stages, ~peCiallY, 
\.,rhile stomata are open; while the present study has \ndic-ated 

a transition from surface (stomatal and cuticular) toi internaI , 
, \ 

control ~n the dr'li~l-aminae. Hoisture transfer \ througb 

stomata lasts briefly, therefore cuticu~ar resistance to moisture 

. transfer is important through much of the dryin~period. Cuticular 

control (cuticular phase or S'FP) ends at moisture contents \.,rell 

above safe storage levels \.,rhen intOernal resistance becomes 

relaeively great (in EDP). 
.... 

The importance of cuticle has been stressed in many hay 
. 

drying studies (eg. Byers and Routley 1966), probably because1t 
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it easy to demonstrate that its d~sruption re~ults"in accelerated 

dt~;-i<tQwever, 'the significance of int~r-rla.l resistance to moisture . \ 

transfer in fomge dPidirl{/ as demo'nDtl''4tcd in My yt:udy ~ has 

not been \.Jidely r:ecogniz.ed. In much of food drying, .becB)Jse of 

~ . 
the thickness of the food morsels and the, abse,nee of skin5, . , . 
internaI resistan.ce is more ob'v.io'.lsly imoortant and has' been 

studied by mauy \vorkers. Increase in internaI resistfnce during 

dr~ing has ~n attributed ta ~o'de of moi'stÙre transfcr and form 
• 

of ~ater bincling (eg. Jason 
. ' 

1958; Saravacos and Charm 1962; 
• 

see s~cti9n 5.1.2.~). 'In forage plants, hO\:ever~ there is little . . 
indication of the mode of moisture tLansfer i~ the latter stages 

of drying; it is not kn~wn, for exanple, whether moisture transfers 
.'-

~ ... 

at this time as a liqUld or vapou'r, or'even ,.,11ether It,,"moves 

predominantly 'axially ajl has often heen' repol'ted (.eg. ,Jones and . , . 
Palmet 19]3) or radially as suggested by ~his study (see section 

! " 
5.2.2,d). Further research, u8'ing tritiated ,-Iater, .may indicate 

, ,~ .. 
the pat.hway of moisture tran'c;fer thjoughout> the different stages 

The tenacitv with which moisture i5 b&un8 in tIssues 15 

- ) 

~1own by $orption isothérms, w~ich may pe si~~isticly represented 

1 .... ~ ", 

by s'ingle equilibrium mOlstU!e content (P;~[C) values. Though EHC
1 ," 

has r~eived Ilttle' attèntion as i1 factor ,.,hic'h r~g.ulates drying, 
. • 1-

" Rees (1974) at.tribute.d the ,f,aster dry~n~ of (finely c.hopped) thf= 

S23 cultivar of Lolium perenne (relative to Sabel) to ,its louer 

E~rc. Furthermore Guthrie and Collins <}:65) showed that the 

) \ 
" 
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growing enviro~ment influences sorptive capacity (ENC), of plants. 

, 1 

Therefore; there appears ~o be scope for resea~ch in this area; 

, . 
both for the selection of cult~rs ~ ... hich ~e 10\0/ ErIC, and' for T 

, 

management pracrices to promote low EMC. . ~ 

The results of jerson and Sorenson (1970). that alfalfa 

oms faster than bromegrass at high, but slouer at low moisture , 
, ' 

contents, supports our findings that drying is gove~é~ by 

" different~acèOrs 

improved lin~~ or 

as it p~o8resses. Therefore. the search for ., 
management ~ractices should include a s~udy of 

" 

bo~h.surface and intèrnal properties which would favour' drying. 

1 

-~--

/ 

" 

1 

! 

" 
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VII.. SUGGESTIONS, FOR FURTHER RESEARCR" 
,~ 

.'" 
The present study was limited in that only two species were 

# 

investigated. Other forage speeies shouid be exarnirted ta deteTmine 

. 
w~ether ~hey exh~lt a" similar drying pattern • 

.. 
For '-lhi ~e and red elo~er, internaI resistanee, in~additio~ to 

'cuticular resistance, is apparently important" in impedjng" drying, 

espe~ially in its latter stages. In view of this, three avenues of 

" research may be follm-led in order ·to improve drying charaeteristies of .' 
forage plants.· 

. 
1) Basic rèsearch on \-later pathwaxs \ ... ithin plants, especially'during 

the latter stages of drying, possibly using tritiated water. 

2) Applied agronomie researah ta improve the drying characte~sties of 

plants. This may include the seareh for genetie lines h~ving low 

.. " . . DIe and permeable cutieles, or for management pract1ces that would 

favour these properties. 

3) Engineering rese'arch in post harve~t treatments that would overcorne 

• . barriers ta moisture loss that could not be minimizcd agronomieallY • 

• 

) 
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CALIBRATIO)l OF THE DEU P01NT HYGROMETEP 

. , 
'In order to ·cal1.brate tha dèw pofnt hygro(l\eter, dey! poipt 

• rneasuramenfs were compared with, eqlJilibr~um de\o1 point values for 
~ . ..," 

air/above water o~. ~aline sol~tions. 

N 

.. 
p 

.... 
F ., 

, 

" 
A closed air circuit (see dia~ram above) \·ms assembled, \vhich 

.-<i 

included aÎJeristaltic pump (P), dew point hy~rometer (Dph), flm'l1Tleter 

._" (F), needle valve (N), and six.&liter flask (J). The apparatus was located 

in the controlled environl'lent room (Fi~. 2) whére temperat'ure uas 

rnaintained at 68°F. Separate trials \.,Tere conducted in H~ich air \las 
~ 

bubbled through either d1.stilled water, or sat~rated &olutions of 

( 

?odium chloride or calcium chloride, in the flask. The air was p~mped 
( 

through the circuit unt il stable de\.,T point measuremen'ts \-.1ere obtained. 

The dew point. measurements for the ~ liquids Were compare~ w~th 
• 4 

1 97 , . 

.. c • 

( 

1 

'1 , 
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t., 

f "'-standard values (Hall ~957): 

'J. 
-. 

Liquid Dew point t~'\lperatures (oF) 
Statldard (from 'Hall 1957) .... Dph measurement . Error 

" 1 ~ 
distilled water 68.0 

-' 
66.1 1.9 

'" 
sodium chloride 

C-
59. 7 ... 58.0 1.7 

calcium chlorid~ c 

38.3 36.7 1.6 

, 
1 

The results indicate that the hy~rometer readings were consistantly 
i dIl 

less than 2°F below stanŒard values. 
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