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CHAPl'ER 1 

INTRODUCTION 

This t hes is is concerned w'ith certain f actors relating to t he 

abil ity of 'vetland pl ants to exploit soils devoid of molecula r oxygen . 

I n uns aturated soils t he aerobic metabolism of soil organisms is 

f acilitated by the presence in t he soil of non-capilla ry pore s , 'vhich 

provide a lo,v resistance pat lnvay for gas exchange 'vith t he o.tmosphere o 

This aeration process is chiefly diffusive , t hough under cert·mn circum-

s tances (eg . during r apid temperatur e fluctuations) mas s flow mo.y occ u~ 

(Grab le , 1966 ; rood and Gre emvood , 1971) . I n t he uns atura ted soil 

diffusion 'viII t o.ke pl ace lar[;e l y in the gas pho.se and mving to the high 

diffusivit ies of t he a tmospheric gases i n a ir i t is li~ely to be f airly 

r apid . HOlvever , soi l orgo.n isms , i nc l uding roots , aTe i nva riably surrounded 

by ,vater f ilms , hence t he l ast stage in t he aeration pat hway wil l t ake p l a ce 

in t he liquid phase . In the ca se of oxygen , t he diffusion coefficient in 

. . ( 6 - 5 2 - 1 water is some 10 , 000 times less t han 1n a1r 2 . 2 7 x 10 and 0 . 205 cm s 

r espectively ) . I n additi on t he concentrat ion of oxygen undergoes a 29- f old 

dr op in pas sing from ga s to liquid pho.se . Consequently the greatest 

physica l i mpedance to the diffusive flmv of oxygen i n a s oil is t hat. provided 

by water . 

The high re s i stance to oxygen di ffusion offered by the 1nlter po.t h may 

be illustrat ed by use of an equat ion derived by r ris tensen and Lemon (1 964) ; 

by means of t his equat ion t he t h i ckness of wat.er f ilm 1vhich wi ll a llow a 

root to remain 1vholly aerobic may be predicted . The equat ion is : 

"There 

r D 
( r) e '1>1 

log b = D-
e,r 

2 D C e ,w 1v 
11'1 r 2 

e r 

r = t he root r adius (cm) 
r 

b = t he critica l r adial distance from c entre of root to t he outer 

boundar y of t he "rater film o.t whi ch t he root remains just 

whol l y aerob i c ( cm) 
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D = ~he eff ective diffusion coefficient for oxygen within the 
e,w 

( 2 -1) water film em s 

C = the equilibrium oxygen concentration at the outer boundary 
w 

of the water film (g cm-3 ) 

D = the effective r adial diffusion coefficient for oxygen within 
e,r 

( 2 -1) the root cm s 

M = the rate of root oxygen consumption (g cm-3s-1) 
r 

For example, in t he case of a root of r adius 0.05cm and res pir atory r ate 

-3 -1 100ng 02 cm s the critica l water film t hiclGless (b r ) 1fOuld be 
r 

only 0.0423cm, even if the outer surface of the water film was at air-

s aturation (D and D t aken as 1 x 10-5 and 7 x 10-5 cm2s-1 
e,w e,r 

respectively - Armstrong , 1978). 

If oxygen sinks were not present within a soil t here would be no 

net diffusive flux of oxygen and t he soil would remain a t air s aturation 

regardless of t he magnitude of the physica l diffusion barriers . The 

presence of aerobica lly-respiring organisms may be s a id to effectively 

magnify the r es istance to oxygen diffus ion, and the ae r ation status of a 

soil will depend upon the r ate of oxygen supply on the one hand and the 

rate of its depletion on the other. This synergism between physical 

diffusion barriers and oxygen siru~ activities may be considered as 

"effe ctive resistance" t o oxygen diffusion. An increase in either or both 

components of effective resistance 'rill r esult in a decrease in t he 

aeration status of t he soil. Anaerobiosis will ensue if effective 

resistance becomes infinite. Clearly , excessive soil water will increase 

the diffusive i mpedance, and waterloggi ng is a sure way to produce 

infinite resis tance. Unless the soil i s flushed by r unning wate r i t will 

become anaerobic in a ll but a shal low surface layer (Ar mstrong and 

Boatman , 1967; Ponnamp~ruma , 1972). This may be illust rated by use of 

an equation derived by Greenwood (1967b): 

D .1 C 
L = etSO~ o,a 

M "1 so~ 

em (1.2 ) 
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D 01 = the effective diffusion coefficient of oxygen 
e,80l. 

C 
o,a 

M .1 
SOl. 

L 

in waterlogged soil (cm
2
s-

1
) 

= the concentration of oxygen in air (g cm-3 ) 

= the rate of soil oxygen consumption (g cm-3s-1) 

= the depth at 'vhich t he O2 concentration falls 

to zero (em). 

For example, if D .1 is 1 x 10-5 cm2s-1 (Greenwood and Goodman, 1967) e,sol. 

and M .1 is 5.27 x 10-8 g cm-3s-1 (Tea l and Kanwisher, 1961), oxygen 
SOl. 

will penetrate the soil to a depth of only 0.057cm. 

Plant organs situated in waterlogged soil are subject to a number 

of physiological stresses arising directly or i ndirectly from the 

absence of oxygen in t he rooting medium. 

Some Char acteristics of Waterlogged Soils 

Water displaces air from soil pores, and a lthough wat erlogged soil 

may cont a in up to about 10% gas-filled pore space (Grable and Siemer, 1968) 

this will be discontinuous. Oxygen present within the gas-fill ed pores 

and dissolved in t he soil water is r apidly depleted by the aerobic 

respi ration of soil organisms and its concent r at ion f a lls quickly to zero. 

This has been demonstr ated by Scott and Evans (1955) who monitored the 

f all in oxygen concentrat ion in air-dried soil after flooding with air-

saturated water. They found that the oxygen conc entration bec ame zero 

after only 6-10h. Greenwood and Goodman (1967) used a polarographic 

method to s how that the oxygen concentration fell from air-saturat i on at 

the surface to zero within 0.2cm inside saturated soil spheres. They 

found a lso that the diffusion coefficient of oxygen in such spheres was 

a factor of 2 x 104 less t han its va lue in ai r. 

It is of importance to note that in unsaturated soils a lso oxygen 

supply to the root surface may fall below that optimum for respiration, 

particularly when the root lies within a loca lised anaerobic zone. 

Greenwood (1968 ) has suggested that unsaturated soi ls consist of water-
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saturated pockets surrounded by gas- fi lled unsaturated regions. Direct 

observations on t he distribution of water in translucent porous materials 

tend to confirm this (Williams , 1967) . Intra-crumb capillary pores 

become water-filled before t he lar ger inter-crumb pores and Currie (1961, 

1962) has shown theoretically that anaerobic zones may occur within 

s aturated crumbs which are ab ove a critica l r adius even t hough the 

inter-crumb pores may be gas-f illed. Since roots a re often situated 

within t he i ntra-crumb pores (Currie, 1961) they may be embarrassed by 

low oxygen levels even t hough the gas-filled fr action of the s oil as a 

whole may be considerable. 

Exhaustion of soil oxygen following wat e rlogging result s i n the 

quiescence or death of obligate a erobic microorganisms and the prolifer-

ation of facultative or obligat e anaerobes. Using organic matter as 

subst rate and various oxidised soil components as electron acceptors t he 

microbes effect drastic chemica l changes within t he soil environment. 

Ponnamperuma (1972) lis t s these as: (a ) decrease in redox potential, 

(b) increase in the pH of acid s oils and decrease in the pH of a l kaline 

soils, (c) changes in specific conductance and ionic strength, (d) 

shifts i n minera l equilibria , (e) cation and anion exchange r eactions, 

(f) sorption and desorption of ions. Among the more important changes 

in i norganic equilibria a re the following r educt i ons: N03-~ N2 , 

Fe3+~ Fe2+, 

+ H ~H2 0 In addition many organic compounds accumulate, including lower 

fatty acids, a lcohols and ethylene. Amongst t he numerous products of 

reduction are many substances of proven phytotoxicity (see Rowe and 

Beardsell, 1973). 

The reduction process proceeds in a step'iise manner and its 

i ntensity is reflected in a sequential lowering of the soil r edox potential . 

The sequence is basica l ly that predicted by t hermodynamics (Ponnamperuma , 

1972). For example, experiments by Turner and Patri ck (1968 ) indicate 

that nitrat e reduction is the first to follow (or accompany) t he depletion 
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of oxygen, and the presence of nitrate prevents reduction of other 

so i l components, mainta i ning t he redox potention (E
7

) at between 0.2 and 

0.4V. Re lease of exchangable manganese , due to r eduction of insoluble 

Hn0
2

, follm-rs t he disappearance of N0
3
-. Reduction of iron is assoc­

i ated with redox potentia ls of a round 0.15V, high concentr~tions of 

2+ soluble Fe compounds being pr esent at -O.15V. Sulphate r eduction is 

probably associated 1-rith a redox potentia l of zero volts, whilst methane 

format i on may commence only at the lower va l ue of -O.15V (Takai and Kamura , 

1966) • 

~he reduced components, togehher with facult ative anaerobes, 

constitute a latent oxygen siru{ within t he soil (Scott and Evans, 1955; 

Tea l and Kamdsher, 1961) and soils of low redox potentials may be 

considered to be "negatively aerated". Hm.ever, no constant r e l ationship 

between redox potential and soil oxygen regime has been r eported, t hough 

at low oxygen levels redox potentia l s hm-rs a r api d i ncrease f or a very 

small rise in oxygen concentration (Scott and Evans, 1955 ; Armstrong 

1967a ; Turner and Patrick , 1968 ). 

Adverse Effects of Soil 'faterlogging 

The subterranean organs of plants growing in permanently waterlogged 

soil a re f aced with two potentia l cause s of physiological disturbance: 

anoxia itself and t he pr esence of s oil phytotoxins. There is much int er-

specific variation in tolerance to soil waterlogging. A l a r ge assemblage 

of pl ants are endemic to wetland sites whilst others may suffer dr asti-

cally if subjected to soil anoxi a ; between t hese extremes a re varying 

degrees of tolerance. According to their ability to withstand water-

loggi ng plants may be roughly d i vided into "wetland" and "non-wetland" 

s pecies; in general the latter suffer impeded grmvth when subjected to 

low oxygen levels in the rooting medium . There is abundant evidence i n 

t he literature to i llustrate t his and the follow·ing are but a fel. examples. 

Yu et ale (1969) observed the re sponses of barley, corn , sunf lower, 

tomato and wheat pl ants sub jected to various degrees of soil waterlogging 
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and found that full flooding produced decreased growth r ates and dr y 

Heights in a ll species. Similarly, Sojka et al e (1 975) f ound that 

decreasing soil oxygen leve ls between 21 % and zero reduced total, root 

and t op dry weights , leaf area and t i llering in wheat . Geisler (1 967) 

found that root gro,vth in barley and pea declined at soil oxygen concen­

trations below 7 and 14% r espectively . Heal y (1975), a lso worki ng 

with pea , fo und that pr ima ry root elongation in liquid medium cont inuously 

bubb led wi tIl nitrogen was much slo'ver than t hat in air-bubbled medium; 

root grow~th ceased in the N2-bubbled medium after four days (root length 

5.8cm) whilst roots i n air-bubbled medium continued their grmvth 

unchecked . There was also a reduction in shoot grorlh in t he plants 

subjected to nitrogen bubbling. 

Armstrong and Boatfnan (1967) found that Holinia caerulea (L.) 

Moench . grew well on va lley bog so i ls only 'vhere the soil was "f l ushed" 

with running water; they suggested t hat this was a cons equence of the 

increased soil oxygen levels in comparison to the unflushed parts of the 

bog . Summerfield and Rieley (1974) similarly concluded that increased 

productivity of Narthecium ossifragum (L.) Huds . on areas of mire with 

l atera l water movement was at least in part a consequence of improved 

aeration . 

Root gro,vth of pine and spruce seedlings was found by Leyton and 

Rouseau (1958) to fall r apidly when the roots were subjected to a liquid 

phase oxygen concentration corresponding to 10% in the gas phase; if 

completely deprived of oxygen the seedlings died ,vithin two days . 

Boggie (1972) grew Pinus conto~ta Loud. on deep peat having various 

heights of water table and found that root growth 'vas severely r estricted 

to aerobic horizons. Working with sitka spruce on upland peaty gleys 

Armstrong- et ale (1976) showed that the largest and most stable trees 

were found on areas having improved soil aeration. They conel uded that 

high ,vater t ables were a cause of poor tree grorlh. Adams et a1. (1972) 

had previously arrived at a similar conclusion. 
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Precise Phys~ologic al Effects of Anoxia 

Although t he pr ecise manner i n which soil waterloggi ng causes 

reta rded gro,vth is not yet fully understood, the following have been 

sugges t ed as contributing f actors. 

1. Format ion of Autotoxic Substances 

I n roots complete ly depjived of oxygen aerobic respir ation will 

oease and anaerobic respiration will ensue. Vari ous end products of 

anaerobic metabolism have been reported and s ome of t hes e are potentia lly 

phytotoxic (Fulton and Erioks on, 1964; McManmon and Crawford 1 1971; 

Rowe and Bear ds ell, 1973). Crawford (1966) and :tvIcHanmon and Craw'ford 

(1971) showed a positive correlat i on bet,. een ethanol a ccumul at ion and 

s ens itivity to '~terlogging in species of Senecio. However, it has been 

assumed, r a ther than sho,vn, t hat ethanol accumulates within plants to 

toxic levels. In f act Rm.e (1966) s hm. ed a se lf-regulating mechanism 

for ethanol production i n roots of peach, plum and pear. Severa l other 

s pecies , including Iris pseudacorus L. (Boulter et a1., 1963) and Nys sa 

sylvatica O"alt.) Sarg. (Hook et al., 1971) have been s hown to produce 

ethanol without apparent ill-eff ects. 

Rowe and Bea r dsell (1973) have reviewed work whi ch shows t hat 

cyanide may be an important autotoxic substanc e produced i n certain pl ants. 

When the roots of pea ch , apricot and plum, for example, were subjected to 

anaerobiosis, the hydrolysis of cyanogeni c glycoside r eleased phytotoxic 

amount s of HCN. This lead to inhi bition of respiration and e ventua l 

root death. 

Rowe and Bear dsell (1973) cite work by Kawase (1972 ) in which ethylene 

production was apparently induced by waterlogging in cutti ngs, roots and 

bulbs of severa l horticultura l s pecies. More recent l y other workers have 

obta ined a n appar ent corre l at ion between flooding damage symptoms and 

increased ethylene concentration in f looded p l ants (EI-Beltagy and Hall, 

1974; J a ckson and Campbell, 1975a,b). Et hylene may t heref ore be r egarded 

as an autotoxic substanc e , but i ts role has not yet been determined. 
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2. Water Absorption and Nembrane Permeability 

A common fe ature of waterloggi ng injury is the wilting of leaves . 

Rowe and Bear dsell (1973) review wo r k by vari ous aut hors which indicat es 

t hat oxygen is nec essary f or upt a ~e and transport of w"ater. 

Inhibitors of metabolism, such as cyanide and H2S, produce effe cts 

simi l a r to ,.,aterloggi ng and Slatyer (1967) suggests t hat the energy 

depletion resulting from anoxia causes decreased membr ane permeabi lity 

and reduced water uptake. Weakened osmotic gr adients due to a r educt i on 

in ion absorption ( q . v.) may enhance the eff ect of l owered membr ane 

permeability. 

3. Uptake and Transport of Nutrients 

The uptake of nutrients by the root is at least in part an active 

process (Kr amer , 1966; Etherington , 1975). Therefore, it may be expected 

t hat a drastic reducti on in t he energy output of the root system , such as 

t hat caused by t he onset of anaerobic r es pir a tion, wi ll re sult i n r educed 

nutrient absorption . There a re many examples in t he literature whi ch 

s how t his to be t he case and RO. fe and Beardsell (1 973) have r eviewed 

several of t hese . The upt ake of nitrogen , phosphorus , potass i um and 

ca lcium is especia l ly dependent upon adequat e root aeration. 

4. Synthetic Activites and Hormone Imbalance 

It is kn01ID t hat in va r i ous s pe cies orrrnnic nitrogen , sulphur and 

phosphorus compounds are synthesised i n the roots and pass into the 

xylem. Kramer (1 966) suggests that reduced synthesis of such compounds 

due to inadequate root aeration may reduc e s hoot grmnh . 

Roots a lso produce hormones and it is likely t hat cert a i n of the 

symptoms of waterlogging , suc h a s leaf epinasty , a re due to hormone 

imba l ance brought about by anoxia in the root system (Kr amer, 1966 ; Ro,.,e 

and Bea rdsell, 1973). 

5. Susceptibility to Pathogens 

Soil waterlogging may i ncrease the susce ptibility of pl ants to 

pathogenic organis ms (eg . Zent myer, 1966). The root systems themselves 
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may become more susceptible t o atta ck or the s hoot system can become t he 

centre of i nfecti on due to metabolic disorders in t he anoxic roots. Ro~{e 

and Bea r dsell (1 973) lis t possibl e reasons for t he i ncreased acti vity of 

pathogenic phycomycetous fungi in waterlogged conditions; these i nclude: 

t he dependence of zoospore production and dis pe rs a l on free water, t he 

ability of t he fungi to tolerat e i mpeded gas exchange , weakening of t he 

host due to root as phyxiat i on, and i ncreased f unga l substrate exudations 

from t he host under anaerobiosis. 

6. Disruption of cell ultrastructure 

Vartapetian (1973) and Vartapetian et ale (1970) have obt a i ned 

evidence of mitochondrial damage in the roots of V'cLrious s pecies when 

subjected to anoxi a . Their re s ults suggest t hat i n t his respect wetland 

plants may be t he more sensitive. Mitochondria l damage wa s evident in 

meristematic ce l ls of det a ched ric e roots aft e r only 4 to 5h of nitrogen­

bubbling , whi lst after 7h mitochondria l disruption was extensive and 

apparently irreversible. On the other hand in pumpkin , bean and tomato 

the mitochondria l ultrastructure rema i ned i ntact at 24h but was irrevers i bl y 

damaged at 50h . 

Adaptation to the Wetland Environment 

There appear to be t wo basic adaptive mechani s ms which enable h i gher 

plants to gr01{ in permanently waterlogged soil; these a r e metabolic 

modific ati ons, and t he f acility for the interna l transport of substant ial 

quantities of oxygen 1dthin t he pl ant body . 

1. Hetabolic da ptations 

The supposition t hat a lcoholic fermentation may l ead to the 

a ccwoulation of letha l l eve ls of ethanol in submerged organs has prompted 

a sea rch for a lternative metabolic pathways in flood-tolerant s pecies. 

For example, relatively non-tox ic shlki mic acid has been s hown to a ccumulate 

during anaerobic metabolism i n rhi zomes of Iris pseudac~s L. and, Nuphar 

lutea (L.) Sm. (Boulter et a le 1963; Tyler and Crawford, 1970). 

Crawford (1966, 1967, 1969), and McManmon and Crawford (1 971) have 
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suggested that flood-tolerant species a ccumulate non-toxic ma l ate r ather 

than ethanol. The suggestion is based on t he inability of t hese 'vorkers 

to detect malic enzyme in tolerant species; in intolerant species malic 

enzyme catalyses the decarboxylation of malate to pyruvate, which con­

tributes to ethanol accumulation . 

However , the scheme proposed by Crawford and co-workers is open to 

criticism. EviQellce already cited (p o 7 ) suggests that although the 

capacity for ethanol production exists the product may not rise to lethal 

levels. In addition malic enzyme has now been detected in several flood­

tolerant species (Davies et a I, 1974) including s pe cies studied by 

HcManmon and Cra'vford (1971). Furthermore , John and Greenway (1976) 

found increased levels of alcohol dehydrogenase (which cataws es the 

conversion of acetaldehyde to ethanol) in rice roots subjected to anaero­

biosis . This result is at va riance ,vi th t he suggestion by Cra,.,ford and 

co-workers t hat increased levels of t hi s enzyme lmder anaerobiosis are 

confined to flood-intolerant species . 

In terms of energy yield anaerobic r espiration is an inefficient 

proc ess compa r ed with aerobic respiration . Because of this the former 

may be regarded more as a means of susta ining viability rather than an 

a id to norma l gro,rlh acti vi t ies. 

2 . Int ernal Oxygen Transport 

For many years it had been generally assumed t hat t he high leve l of 

gas space provision in wetland plants served an ae r ating function (Ar ber , 

1920), but resea rch proper into interna l p l an t aeration began in the 1930s. 

Comvay (1937), La ing (1940b ) and van Raalte (1941,1944) clearly demon­

strated the continuity of the gas spa ce in the shoot and roots of ,.,etland 

pl ants, and the dependence of the submer ged root upon t he shoot f or its 

oxygen supply. In his 1941 paper van Raalte sta t ed that "In t he normal 

rice plant oxygen penetrates the aeria l parts and is transported to the 

roots. By this transport the roots a re capable of living in a medium 

whi ch is nearly completely devoid of oxygen." 
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There is a correlation between t he ext ent of t he ga s space system 

and the degree of tole r ance of wat erlogged so i ls (Arikado and Adachi, 

1955; Martin , 1968 ). Thus, t he tissues of non-wet l and species a r e 

us ua l ly of low poros i t y , whi l s t wetland pl ant s a r e char acteris ed by t he 

possession of s pec ial i sed "aerenchymat ous" tis s ue and may be up t o 60'}~ 

porous. I n aerenchyma t he "int erce l lul a r spa ces" t ake t he f orm of large 

gas-f illed chambers ca lled "la cunae" (se e p .40)o The available evidence 

suggest s t hat unless a spe cies either poss es ses , or has the ability t o 

develop , an ext ensive gas - spac e system i ts potentia l f or withstandi ng 

prolonged periods of soil s ubmer gence is s everely r estr icted • . ,For example, 

Arikado and Adachi (1 955) fo und t hat Kent ud:y-31-fescue,wi th i t s w'ell­

developed l a cuna r system , was r esistant to waterlogging whe r eas Gange, 

w·hich l acks t he capacity for l a cunae development, was highly s uscept ible. 

Yu et 0.1. (1969) subjected s evera l non-wetland s pecies to va r ying degr ees 

of soil wate r loggi ng (f ull-flooded , half- fl ooded and dr a i ned ) . I n t he 

ful l -flooding treat ment roots of corn (of poros i ty 1 5-1 8~~ ) and sunflm"er 

(porosity 11 %) penetrat ed to dept hs of 17 and 15cm r especti vely . Barley 

roots , t hough only 3.55b porous, atta ined 12cm dept h but Pato wheat, 1d t h 

a porosity of 15~~ , rooted to only 5cm. Yu et 0.1. concluded t hat enhanced 

root growth was a cons equence of the bette r interna l ae r ation a s sociated 

wi t h hi gher porosHies; t he apparent excepti ons of barley and wheat ,,,ere 

due r espectively to except i onally 1m" and unusua lly hi gh r espi r a t ion r ates . 

Root poros ity has be en sho1-rn to vary depending upon the degree of 

' 'I'ate r logging t o which a s pe ci es is s ubjected . For example , Armstrong 

(1 971 0. ) fo und t hat l acunae fo rmation 1'1'aS mor e extensive i n roots of rice 

grm-rn i n w'aterlogged , compar ed with t hose grown in non- 1vo.t erlogged , so i l ; 

Das and J at (1977) obtained a simila r result. fu et 0.1. (1 969) s hm'l'ed 

i ncreased ' root porosit ies i n several non-''I'et l and s pecies when gr mm i n 

f ull-f looded , r ather t han ha l f - f looded or dr a ined s oils . 

Although certain f actors (eg.temperat ur e and bar ometri c fluctua t i ons , 

diffusive inequa lities of t he at mosphe ric gases) may cause mass - flow 
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(Ar ber, 1920; Sifton, 1945; Scholander et a l., 1955; Wood and 

Greenwood , 1971), it is genera lly a ccepted that oxygen moves t hr ough t he 

gas space system chiefly by diffusion. The existence of oxygen concen­

tration gradients bet,.een aeria l and submerged parts has been abundant l y 

demonstrated (Conway , 1937; Laing 1940a, b ; Vallance and Coult, 1951; 

Coult and Vallance, 1958; Barber , 1961; Tea l and Kan,.isher, 1966 ). 

Oxygen diffusion t hr ough t he plant body has a l s o been demonstrate~ numerous 

times, not only in wetland plants , but a lso in certa in mes ophytic and 

woody s pecies (yan Raalte, 1941; Bro,m , 1947; Barber et al., 1962 ; 

Armstrong 1964, 1967b ; Greenwood, 1967a ,b; Ar mstrong and Read, 1972 ; 

Healy and Ar mstrong , 1972). 

Besides providi ng for t he respiratory requi rements of organs situated 

in anaerobic soil oxygen trans ported i nterna l ly may di ffuse across the 

root wall i nto t he surrounding medi um . This r adia l oxygen loss (R.O.L.) 

is most pronounced in wetland species (van Raalte, 1941, 1944 ; Armstrong 

1964 , 1967b ) and may account f or an amount of oxygen a s high a s a t hird 

to twice t hat conswned i n root respi r ation (Tea l and Kanwisher , 1966) . 

However, it a lso occurs in mes ophytic species (Greenwood, 1967a ,b; Healy 

and Armstrong, 1972) and in woody plants (Arms trong , 1968; Armstrong and 

Read, 1972). 

There is an increasing volume of evidence to indicate that R. O.L. i s 

necessary f or pl ant surviva l in permanent ly ,mterlogged soil. Oxygen 

leakage has been s ho"m t o contribute t o t he formation a round the root of 

an ox idised zone i n an otherwise reduced soil. Within t his zone reduced 

t ox ins are nullif ied by t he ir re-oxidat i on (Molisch , 1926; POIUlamperuma , 

1955; Jeffe r y , 1961; Ar mstrong 1967b, 1970; Engler and Patrick , 1975; 

Green and Etherington , 1977) and a re t hus rende red ha r mless t o the plant. 

Although other subs t ances diffusing f rom roots have been shown to affect 

soil oxidation it seems that t hes e ar e eff ective only i n t he pr esence of 

molecular oxygen (Yamada and Ota , 1958 ; Ar mstrong , 1967c). 

Species differ in t heir capacity for rhizos phere oxidations (Yu and 
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Li,1956; Doi ,1 952; Ar mstrong , 1964, 1967b,c, 1970) and t hose with t he 

gr eat est capacity appear the more tolerant of intense so i l reducti on 

(Flli~ui, 1953; Bart l ett, 1961 ; Ar mstrong and Boatman , 1967; Boatman 

and Ar mstrong, 1968 ; Martin, 1968). Root oxidising activity has a lso 

been correlated w'ith resistance to injury by s oil phytotoxins such as 

sulphide and ferrous iron (eg . Goto and Tai, 1957 ; Baba et aI, 1967; 

Ar mstrong, 1969). 

The magnitude of R.O.L. has been s hown by Armstrong (1972) to be 

markedly influenced by root porosity. Us ing an " a rtificia l roo:t" constructed 

from glass capillary and silicone rubber t ubing he demonstrated that R. O. L. 

,ms still increas ing significantly when t he root porosity w'as as high as 

25%. Williams and Barber (1 961) apparent ly nea lected t o t ake into account 

the importance of R.O.L. to plant survival when they suggested t hat the 

function of the gas s pace system of 'fetland plants is not primarily one 

of oxygen transport, but is r ather to provide a r eduction in r espiring 

tissue. 

Objectives of the Present Study 

Interna l oxygen t r ans port i s now widely recognised as t he most 

important me chanism enabling h i gher pl ants to successfully exploit 

permanently 'faterlogged soils. It is not surprising , t herefore , t hat 

plant aeration, particularly t hat of 1fetland s pecies, has 11 een the 

subj ect of muc h r esearch. However, t he analysis is f a r fro m complete, 

and severa l aspects of the process rema in obscure. I n particular the 

part played by the leaves and stem in c ()ntrolling the internal oxygen 

suppl y to t he subterranean organs has been neglected , ,·rhilst the poss i ble 

role of the gas space system as an oxygen res ervoir has as yet been no 

more than s peculated upon. The pr ecise internal oxygen concentrat ions 

ne cessary to mai nt ain complete aerobic respiration have never been 

determined , neither has the influence of anaerobic s oil upon the internal 

oxygen regi me of the roots been investigated. The maj or part of the 

pr esent study was an attempt to elucidate these i mportant points : the main 
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objectives were as f ol lows : 

1. To assess the i mportance of the l a cunar s ystem as an oxygen s t ore. 

2 . To quantif y t he diffusive re s istance to oxygen entry i nto t he pl ant. 

3. To d etermi ne t he sites and magnitude of the res i stance to oxygen 

diffusion w·i thi n t he plant body . 

4 . To assess the inf luence of respi r ation on oxygen trans port within 

the va rious organs . 

5. To determine the critica l oxygen pr essures f or respiration in t he 

intact plant and to assess the gro,rlh r esponses of t he roots of 

pl ants held at, above or below t hese critica l pre s sures . 

6 . To determine the extent to 'fhich phot osynt hesis may influence the 

internal oxygen r egi me o 

7. To ass ess the effectiveness of soil oxygen demand as a factor 

i nf luencing the internal oxygen r egime of the root. 

T1fO easily cul tivat ed wet l and species were chosEnfor t his 

i nvestigation: Eriophorum angustifolium Hone. (cotton gras s ) and 

Or yza s ativa L. (rice). 
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CHAPl'ER 2 

GENERAL HETHODS 

I . The Cylindrical Pl atinum Electrode Techniq ue f or Honitoring Radi a l 

Oxygen Diffus ion From Roots . 

The use of polarog~hyto meas ure oxygen diffusion f rom root s i n 

anaerobic media has been de~cribed by Ar mst rong (1967b) and Ar mstrong 

and Wright (1975) . The method i nvolves the electrolytic reduction of 

oxygen at cylindrica l platinum electrodes t hr ough which t he roots a re 

i nserted . The. magnitude of t he current flowing i n t he polarogr$ic cir-

cuit is dire ctly related to t he amount of oxygen diffusing to t he 

platinum surf a ce , which i n turn ref lects the i nterna l oxygen regi me of 

the pl ant . 

The i mportance of t he cy lindrica l pl atinum electrode technique as 

a tool i n t he study of pl ant oxygen r elationships is now 'vell estab lished 

r mstrong , 1964 , 1967b, c, 1968 , 1969 , 1971 a , b , 1972 ; Martin , 1968 ; 

Read and Ar mstrong , 1972; Healy and Ar ms t rong , 1972 ; Ar mstrong and 

Read , 1972) . Hmvever , since t he method has been used -bo obta in much of 

the experimental dat a pr esented i n t his t hesis , and since certa i n modi -

f icat ions have been made to t he equipment and procedure origi nally 

described by Ar mstrong , a deta i led account of t he techni que wil l be given . 

A. PRINCIPLES OF POLAROGRA.PHY 

I f a s olution of electro- reducib l e or electro-oxidisab le substances 

is electrolysed bet'veen suit able i ndicator and reference electrodes the 

relationship bet'veen t he applied E. H. F . and t he current f lm.ring i n the 

system has unique char acteristics . The "cur rent-volt age" curve so 

pr oduced enables both t he i dentity and concentration of t he subst ances 

in t he solution to be determined . 

J a roslav Heyrovsky , 'vho deve loped the techni que of pola rogr aphic 

chemica l ana l ysis in t he 1920s , employed t he droppi ng mercury cathode 

as i ndicat or electrode and named t he dete rmi nation of current - voltage 
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curves "pola rography". The i nstrument developed by Heyrovsky and 

Shi rota (1925) to record automatica l l y current- voltage curves was named 

a t; pola rogr aph", and the curves so produced were termed "pola rogr ams" . 

Ko lthoff and La itinen (1940) suggested that the term "polarogr aphy" 

s hould , i n fact, be applied to the techni que only when a droppi ng 

electrode in con junction with automatic equipment is used . They advocated 

t hat t he more genera l term "voltammetry" s hould be adopted ,.hen electrodes 

ot her than t he dropping mercury cat hode a re used or w'hen t he current­

voltage curves are produced manually . They felt t hat "voltammetry" ,vas 

more des criptive since t he t"TO quantities measured a r e voltage and 

current - the former yieldi ng i nformation concerning t he i dentit y of a 

subs t ance , the l atter i nformation concerning its concentration . 

lIm.ever , t he term "polarography" has been widely retai ned to describe 

t he genera l techni que . It is used throughout t his thesis where it complies , 

at least i n part , with the "criteria" l aid dmID by Kolthof f and Laitinen, 

for a lthough solid pl atinum cat hodes have r epl a ced the droppi ng mercur y 

electrode , current-voltage curves have be en obta ined automatica lly . 

B. THE POLAROGRAPHIC ASSAY OF OXYGEN USING A PLATINUM CATHODE 

It has long been recognised that dissolved oxygen is reduced by 

electrolysis . For example, Daneel was studyi ng the electrolyt i c reduction 

of oxygen a t pl atinum electrodes as long ago as 1897, but perhaps the 

earliest application of the techni que to biologica l systems wa s made by 

Vitek (1 933) who used polarogr aphy to study grass respiration. 

1 . Circuit and current-voltage curves 

The basic circuit required for polarogr ap hic oxygen analysis is 

extremely simple (Fig . 2 .1). It comprises a source of variable electrica l 

potentia l together with devices to measure cur rent and applied E . ~I . F •• 

A t ypica l current-voltage curve due to oxygen r eduction at a Pt cathode 

(Ag/ AgCl reference electrode) is s hown in Fig .202o(b ). The curve has 
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FIG.2.1 · Basic circuit for polarographic determination of 

dissolved oxygen. 

a. Silver- silver chloride anode 

b. Oxygen solution 

c. Platinum cathode 
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sever~l distinct porti ons . Between A and B the current i nc r eases as 

more negative cat hode potentia l s cause the reduction of gre p,ter amounts 

of oxygen . At point B, owever , t he curve assumes a dist inct pl ateau . 

The potential of t he cathode has beco n~e s uffi ciently negat ive f or a ll 

oxygen mole cul es to be reduced as soon as t hey reach t he platinum surface . 

The current in t he plateau region , B-C , is , t herefore , i ndependent of 

applied E . M. F . It is governed by the r ate of oxygen diffusion to the 

cat hode , whi ch is s a id to be in a stat e of "c oncentration polarisation" 

(i. e . t he current is governed by the oxygen c oncent rat i on i n t he solution 

and not by t he i mposed cathode potentia l) . The current i n the plateau 

region is: aptly te rmed " limi ting" or "diffusion" current . It is the 

di r ect dependence of the diffusion current upon the solute concentrat ion 

,,, lich is t he fundo.mental princ i ple upon " hi ch po l~rographic analysis 

depends . 

The final part of t he curve , C- D, is a sudden a nd r apid rise in 

cur rent . This is the r esult of a second electrode reac tion, namely tle 

reduction of hydrogen ions to hydrogen gas ("hydrogen discha rge" ) . 

2. The e le ctrode r eaction 

The nature of t he elect rolytic r eduction at the platinum cat hode 

is not ful l y understood . Dependin upon t he pH of the system t he net 

reactions a re t hought to be : 

I n acid medi a : 

+ -O
2 

+ 4H + 4e --+ (a ) 

I n a l kaline media : 

(b ) 

(See NcInt yre, 1970 ) 
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Both r ea ctions i nvo lve the transfer of four e l ectrons for each 

molecule of oxygen reduced . 

Oden (1 962 ) considers that reacti on (b) is dominant at pH va lues 

above 305, t he range encountered in the present study. Tw'o substantia lly 

di fferent courses have been proposed to account f or the net reaction 

(Williams , 1966 ). The first occurs in hlO steps and invo l ves the 

production of hydroe en peroxide , f ollowed by i ts reduction: 

) 20IC 

) 
) 
) 
) (c) 

The second reaction sequence i nvolves t hree steps and depends 

on t he formation , and subsequent decompos ition , of meta l oxides at the 

electrode surface : 

O2 + 2M > 2NO ) 
) 

2HO + 2H
2

0 + 2e -~ 2 lOH 20H - ) (d ) + 
) 
) - -2HOH + 2e ~ 2M + 20H ) 

O2 + 2H
2

0 + 4e----4 40H -
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There is evidence to indicate that H
2

0
2 

is produced during cat hodic 

oxygen reduction . La itinen and Kolthoff (1941) found t hat , after prolonged 

oxygen reduction at a platinum cathode, H20
2 

,vas detectable in t he solution. 

Boclcris and Huq (1956) als o detected H202 , a lthough t hey estimated t hat the 

amount produced ,vas only one-thousandth of that expected had 1111 t he 

oxygen been reduced to H202• This evidence, together with t he f act t hat 

the current-voltage curve produced using a dr opping mercury electrode 

consists of t 1'TO w'aves of equa l height, tends to confirm the t 1vo-step 

r eaction sequence (c). 

HOlveve r, some evidence has been put forward 1.,h ich favours sequence (d). 

For example, Lingane (1 961) and Riddiford (1 961), from analyses of various 

dat a , conc luded that H202 was not produced a t all during electrolytic 

oxygen reduction. However, Hoare (1968) makes clea r t he unreliability 

of using non-detection of H202 as evidence. He states that H202 is a 11.,ays 

-4 - 2 formed, but at current densities less than 10 Amperes em it is reduced 

so r apidl y t hat its detection is impossible. 

The results of Huller and Nekrassow (1 965 ) sugges t t hat the answer 

t o t he problem lies bet1.,een the t,vo proposed alternatives o They found 

t hat whereas ox i des of platinum a ctua lly reta rded t he reduction of oxygen 

to H20
2 

t hey did, in f act, accelerate further reduction of the peroxide 

by cata lytica lly decomposing it to OH- ions. Rickman et al . (1 968) als o 

f avour t he catalytic eff ect of t he metal oxide and state t hat though 

H202 is formed rega rdless of the state of oxidation of t he electrode, its 

subsequent decomposition is dependent on t he pr esence of a~ "active oxide". 

Davies (1962) suggests that the catdytic effect of the oxide may explain 

t he absence of a second .lave in the current-voltage curve using a 

platinum eat ode, if i t enables the H202 t o be r educed at less negative .. 
potentials. 
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C. THEORY 

1. Oxygen diffusion from a root to a cylindrical platinum electrode 

With t he limiting potential applied and the electrode reaction at 

equilibrium t he oxygen concentration at t he electrode may be considered 

as eff ectively zero . In a planar system t his equilibrium state would be 

des cribed by Ficl~ ' s first law', as : 

,.,here : 

f x=o, t 
dC = - D(ax) , x = o, t (2 . 1 ) 

f = t he r at e of transfe r of oxygen per unit cross- sectional 
x=o,t 

dC 
d.x 

area of diffusion pat h (A ) at dist ance x from t he electrode 

( - 2 - 1 ) surface at time t e~ mo~es cm s ; also termed 

'oxygen flux ', and given by tt-, where Q is t he quantity 

(eg . mo l es) of oxygen t ransfered i n time t. 

D = t he diffusion coeff icient of oxygen i n the medium 

( 2 - 1 ) concerned em s • 

= the oxygen concentration gr adient bet"Teen s our ce and 

electrode surfa ce ( linear in an equilibr ated s ys t em) . 

In t he case of r adia l diffus ion , s uch a s i n the root-cylindrica l 

electrode system , a modified f orm of equation 2 .1 , based on cy l indrical 

coordinates , is requi r ed . The genera l diffusion equat ion i n cyl i ndri cal 

coordinates is : 

1 d (r D .@) = 0 --r dr dr 
(2. 2) 

With D cons tant , i ntegration gives : 

C = A + B l og r (2 . 3) 

The constants A and B may be determined from the boundary conditions 

appropriate t o the r oot - electrode system (Fig . 2 . 3) : 



c=o=c 1 

FIG. 2.3 

ROOT 

LIQUID MEDIUM 

ELECTRODE 

. Oxygen diffusion from a root to a cylindrical 

Pt electrode. 

Diagram to show the boundary conditions at 

the root and electrode surfaces. 
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C = C (02 concentration at t he root "l'Tall) on ,d 

r = r (the root radi us), and 
r 

C = C
1 

on r = re (electrode r adius). 

-(C - C ) 
I-lence, 

,-11 1 B = ---:.;.;;;;;.-.-...;....-

and 

log (r.lr ) e r 

(~~l log re - C1 log r ) A = ___ w ___________________ r __ 

log (r /r ) 
e r 

Substitution for A and B in equat i on 2.3 gives: 

C = 
Cwl log (re/r ) + C1 log (r/rr) 

log (r /r ) e r 

and diff erentiating ,oTith respect t o r: 

dC 
dr= 

For the r adia l system t he analogue of equation 2 .1 i s: 

(2.5) 

2- = -D.~ (2. 6) 
tA dr 

and substitution from equation 2.5 gives: 

which re-arranges to: 

(c - C 7 .JL_ D • vl 1 
t A - r log(rr ) 

e r 

(2.8) 

I n the root-cylindrical electrode system we are concerned with oxygen 

diffusion from t he surface of the root, r adius r = r • r 
If t he oxygen 

concentration a t the electrode surf/tce, C1 ' is considered as effectively 

zero, the equation describing t he s ystem be comes: 

..JL 
t A 

r 

= D. C wI 
r log (r Ir ) 

r e r 

(2. 9) 

,.,here A = the surface a rea of t he segment of root ,vi thin t he electrode. 
r 
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2. Conversion of diffusion current to oxygen flux 

Kolthoff and Lingane (195 2) have r el ated diffusion current to 

flux i ncident upon an electrode by t he follow'ing equat i on: 

it = n.F.A .f t e x=o, (2.10) 

it = the diffus ion current a t time t (amperes ) 

n = the number of electrons involved in the reduction of one 

f 

molecule of oxygen (taken as 4) 

F = the "Faraday" (96,500 Amp.s) 

A = the surf ace area of t he electrode 
e 

t he flux (moles s -1 -2 electrode 
x=o,t = cm 

Rearrangement of equation 2.10 gives : 

f = x=o,t 
it 

n.F.A 
e 

2 
(cm ) 

surface). 

(2 .11) 

Diffusion current is conveniently measured in microamperes . I f the 

right hand side of equation 2 .11 is multiplied by t he f actors 32 {M.W.of O2), 

6 ( t .) d 0 9 . 11' ( ) . -1 - 2 o s 0 m~n , an 1 , the flux 1'11 be ~n nanogrammes ng m~n cm 

electrode surface. 

To express the r adial oxygen diffusion ~ roots the surface area 

of that portion of root within t he cy l i ndrica l electrode (A ) is 
r 

substituted f or electrode surface area , A , in equation 2.6. The equation 
e 

in its fina l form is: 
- 6 9 

f = i t ·60.32.10 .10 
x=o,t 4. 96,500.A 

r 

~'1hich simplifies to: 

-2 . -1 ng em mJ.n 

f = x=o,t 
4.974 it -2 . -1 ng cm mJ.n 

A 
r 

(2 .1 2 ) 

(2.13) 
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D. FACTORS INFLUENCING UEASUREHENTS 

1. Supporting electrolytes 

The forces a cting upon electroreducible substances during electro-

lysis are of two t ypes. The re is t he diffus ive force, mentioned ea rlier , 

,.,hich is proportional to the c oncentration gradient betHeen the electrode 

surface and bulk solution, and an e lectrical force, dependent on t he 

applied potential or electrical gradient . The limiting current is a 

function of t hes e two forces. 

If an excess of an indifferent (i.e. non-reducible) electrolyte is 

added to the solution t he electrica l forces acting on t he r educible 

s pecies a re nullified. Virtually all t he current is then carried by the 

ions of the added salt (or "supporting electrolyte") and t he limiting 

current becomes effectively the diffusion current, governed solely by t he 

diffusion r ate of the reducible s pecies to t he cathode. 

Fig.2.2a is t he current-voltage curve for a ir-saturated de-ionised 

water. On t he addi t ion of supporting electrolyte the curve assumes the 

characteristic form depicted in Fig.2.2b. In t his case, and t hr oughout 

the pr esent study , t he solution concentration of supporting electrolyte 

(KCI) was 6.94 x 10-4g cm-3 , giving to t he solution an electrica l 

-3 -1 0 conductivity of approximately 1.980 x 10 mho cm at 23 C. 

2. Applied Potentia l 

Current is directly proportional to oxygen concentration only in 

t he plateau region of t he current-voltage curve . Consequently t he applied 

cathode potentia l must correspond ,.,ith t he plateau voltage . 

I t has been found t hat a change in dissolved oxygen c oncentration 

is a ccompanied by a shift in plat eau potentia l (Fig .2.7 and Armstrong , 

1967a). Hence, current-voltage curves were abvays obtained prior to 

oxygen determi nat i ons to enable t he cor r ect cathode potentia l to be 

applied in ea ch experiment. 
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3. Equilibration 

On application of t he plateau potentia l the re is an initial current 

decay as oxygen adjacent to t he cat hode surfa ce is r apidl y reduced. An 

equilibrium va lue is eventually rea ched whi ch is governed by the di ffusion 

r ate of oxygen i n t he system concerned . Accurate results are possible 

onl y if the current t aken is t his equilibrium va lue . I n t he pr es ent study 

equilibration was followed using a cha rt recorder. 

4. Temperature 

Change in temperature may significantly aff ect oxygen diffusion current 

since it a lters the s olubility of oxygen , its concentrat ion in air , and its 

diffusivity i n gases and liquids (Table 2.1). I n the root-cylindrical 

electrode system t he situation is complicat ed by t emperature effects on 

metabolism. For t hes e r easons care was t aken to minimise temperature 

fluctuations during experiments , whi ch we r e ca rried out at 23 0 or 30 C. 

5. Electrode poisoning 

The poisoning of pt electrodes ,.,i t h surface deposits , r esult ing in 

a change in the electrode r eaction , has been r eported . For example, 

Bi r k le et a l. (1 964) claimed that solid Pt microelectrodes are prone to 

poisoning , especia lly if left embedded in soil for longer t han t wo weeks . 

On t he other hand , Armstrong (persona l communi cation ) has f ound no evidence 

of poisoning d soil electrodes even aft er t,.,o mont hs t buria l. 

In t he present study electrodes were i mmersed i n relatively pure 

medium during measurements for periods not exceeding 2-3 days and poisoning 

as such w"as not a problem. Ho,.,ever, Rickman et a l. (1 968 ) found that an 

irrevers i bly-formed ox ide can ex ist on clean platinum due to ageing and 

t his may i nt er fe r e ,.,ith t he cat a lytic decomposit ion of H
2

0
2

• In v iew 

of this electrodes ,.,ere cleaned frequently using t he mildly abr asive 

detergent "Pyroneg" applied with a moist pipe cleaner ; this ,.,as f ollowed 

by t horough rinsing in distilled water . Frequently , electrodes were 

che cked using standard " art i ficial roots " (s ee p .54- ) of known diffusive 

resistance (calcu lable by equation 7.1) to ensure that t he measured flux 



TABLE 2.1: OXYGEN: FRACT IONAL VOLUHES IN AIR , SOLUBILITIES AND DIFFUS ION COEFFICIENTS 

Temgerature Fractional Concentration in Solubility in Diffusion Diff usion 
( C) volume in moist moist air at N. P. pure w'ater from coeff icient coeffic ient 

ai r at N.P. (10-6g cm-3) moist a ir at N. P . i n a ir in water 
(1 0- 6g cm- 3) (cm2s-1 ) (1 0-5 cm2s -1 ) 

0 0 0 2086 297.9 14 0 63 0.178 0.99 

* 3 0. 2083 294 .2 13.46 0.1 81 1.16 
I 

10 0.2074 285 .6 11.28 0.1 89 1 .54 I 

20 0.2050 272 . 8 9.08 0 0 201 2 .1 0 
I 

*23 0.2041 268.7 8.57 0.205 2 . 267 I 

I 

30 0 . 201 1 258.7 7 .57 0. 214 2.67 I 
I 
I 

-. ---~~----- - ---

* I ndicates data most frequently ref erred to in t his thesis 

(Figures compiled by Ar ms t rong , unpublished) 
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agreed ,.,ith t hat predic ted us i ng equat ion 4 .4. 

6. Re s idual current 

Dif fusion current is a composite quantity , being composed of two 

contributing currents. These a re: 

a) t he current due to elec t roreduction of t he substance under 

i nvestigation, i n t his ca se oxygen 

b) t he current due to t he reduction of electroreducible i mpurities . 

Thl'1 latter, termed t he "res idua l current", s hould no r mal l y be subtracted 

from t he diffusion current (Kolthoff and Li ngane , 1952 ). I n the pr esent 

study oxygen assays were carried out i n anae robic medium (p. 27) and 

res idual currents , ,.,h ich ,.,ere a l most cert a i nly due to tra ces of di s solved 

oxygen , we r e usua lly extremely small and were i gnored . Even if the 

res idua l currents had been l a r ge r it is doubtful whether t hey woul d have 

affected di ffusion curr ent since 'fith a root in position t he r elative l y 

high concentration of oxygen wi thin t he electrode, compar ed with t hat in 

the deoxygenated medium , would favour lliffusion out of, r at her t han i nto, 

t he platinum cy linde r. Nevertheless , residua l currents were always 

measur ed to checlt for any abnormality in t he sys tem such as pe r sistent 

ai r bubbles i n t he electrode or ineffective deoxygenation of the 

experimental medium. 

E . APPARATUS 

1. The cyl i ndri ca l platinum cat hode 

The electrodes ,.,e r e as shmvn i n Fig .2. 4 (a ) and ,.,ere constructed as 

follo",s . 

A t hermo-pure platinum cylinder (lengt h 6cm, i nner r adius O.11 25cm -

Ar mstrong , 1967b) ,.,as mar ked off in O.5cm (occ asionally 1.0cm) sections. 

Perspex tUbing (inner r adi us O.325cm, outer r adius O.475cm) ,.,as mar ked 

i n a simila r manne r and a hole of a s i ze sufficient to accommodate a 

sleeved copper lead (lengt h 50cm, r adi us O.050cm) was dril led t hrough t he 

mid-point of each section. ,A lead~s pass ed t hrough ea ch hole and al ong 
(' U~.i.v~rsi~ 
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FIG·. 2.4 Electrodes used in the polarographic assay of 

oxyg en d iffusin'Q from roots. 

(0) Cylindrical platinum cathode 

(b) Silver-silver chloride anode 

a celluloid guide 

b perspex tube 

c platinum cylinder 

d epoxy resin 

e root through electrode ' 

f solder joint 

g araldite 

h sleeved copper wire 

copper wire - Ag/ AgCI junction 

Ag / AgCI core 

k saturated KCI solution 

polythene extension 

m glass tube with fibre plug 
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the perspex tube so that a ll leads emerged from t he same end of the 

perspex cylinder ; one lead was t hen soldered to the mid- point of 

each section of the marked platinum tube. Ca re 'vas taken to remove t he 

"fluxll from t he soldered Cu-pt junction since this was f ound to prevent 

t he adherence of the epoxy-resin insulation; chlorof orm proved to be a 

satisfactory solvent for the flux. The platinum cylinde r was then 

manoeuvered to lie centrally inside the perspex tube and the l eads sea led 

into t he perspex ,vith household "Araldite". 

One end of the concentric cylinders was blocked with plasticine and 

the space bet'veen the platinum and perspex was filled with Spurr I s lmv 

viscosity resin (Spurr, 1969), ca r e being t aken to eliminate ai r bubbles. 

The resin was har dened at 600 C for 24h and t he cylinders sawn t hrough 

at the marks to yield t he individual electrodes. The ends of each elec­

trode were s anded smooth and parallel, and the inner surface of the 

platinum thoroughly cleaned (p. 24). Finally, celluloid guides 'vere 

cemented with perspex glue to each end of the electrodes to ensure that 

roots would pass cent r a lly t hrough t he platinum cylinders. 

2. The silver-silver chloride anode 

All silver-silver chloride electrodes used were constructed in the 

laboratory. The main featuj7es are illustrated in Fig.2.4(b). 

The silver-silver chloride core was made by electrolysis in saturated 

potassium chloride solution using very pure silver sheet as anode and 

platinum wire as cathode. Migration of chloride ions to the silver 

results in t heir deposition on the surface of the electrode as insoluble 

silver chloride, which is visible as a brownish coating . 'vhen the coating 

was s een to be complete the electrolysis was stopped and the silver-silver 

chloride sh~ et allmved to age for a few days in distilled 'vater before use. 

Such an electrode mainta ins its potential for long periods , after 

which its efficiency deteriorates due to crysta l gro,vth on the Ag-AgCI 

core (Shoemake r et 0.1., 1974)0 '{hen this occurs the old silver chloride 
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coat may be r emoved with ammonia and a fres h coating applied for continued 

use. 

3. The polarograph 

The polarograp h (Plate 2.1) used t hroughout t his study ,,-e.s t hat 

developed by Armstrong and Wright (1976a ) for t he large-sca le s ampling of 

soil oxygen flux in t he field; t he instrument may be used with equal 

success in the l aboratory. \f.hilst reta ining t he basic features required 

in a polarographic circuit (Fig .2.1) the polarograph had t he additional 

f acilities of an automatic system for plotting current-voltage curves and 

the provisi on for t he simultaneous pola r i sation of severa l cathodes. 

Deta ils of t he instrument and its operation are given in Appendix 2. 

F. GENERAL PROCEDURE FOR THE ASSAY OF OXYGEN DIFFUSING FROM ROOTS 

1. Preparation of t he anaerobic medium 

Throughout this study oxygen diffusion measurements were made w'ith 

roots and electrodes i mmersed in an anaerobic medium prepa red as follows. 

A small quantity of Davis standard agar was added to de-ionised 

water so that the concentration was 0.05% wlv. After stirring , the 

mixture was placed in a steamer for a mini mum of 2h. Most of the dis s olved 

oxygen was expelled from t he medium during this process. The supporting 

electrolyte w'as then added (1.0cm3 saturated KCI per 500cm3). 

To remove the remai ning traces of oxygen from the medium oxygen-free 

nitrogen was bubbled t hrough t he liquid for at least 24h. A plug of 

moist cotton wool was inserted into the mouth of t he conta i ner (usually 

a one-litre measuring cy linder) to prevent air re-entering t he medium 

during t he nitrogen- bubbling . 

The dilute agar medium , whils t r et a ini ng the diffusiona l char acter-

istics of pure water, was sufficiently viscous to pr event convection due 

to norma l laboratory tempe r ature differentia ls. 

2. Oxygen measurement 

Although individual experiments necessarily differed in certa in 
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PLATE 2. 1 : The polarographic measurement of radial oxygen loss from the root apex of Eriophorum angustifo1ium. 
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res pects , each follm.,ed the s ame genera l pr ocedure . 

A measuring cy linder (250cm3) provided a convenient ve ssel for t he 

anaerobic medium. A t hin rubber bung with holes of the r equired size was 

used to support the plant and cylindrica, l cat hode, "Thilst a llo,o/'ing access 

for the Ag/AgCl anode (Fig . 2 . 5) . 

Agar m~dium was poured gently i nto t he measuring cylinde r to within 

1 to 2cm of t he mouth and the cylinder clamped firmly at its base . The 

cathode was thoroughly "ret ted in t he medium and checked to ensure t hat no 

a ir bubbles remai ned trapped ,.,ithin t he platinum cylinder . Pe rsis t ent 

bubbles w'ere easily r emoved by wi thdr avi ng t he electrode and gently blowi ng 

t hrough it . The electrode was t hen sus pended beneat h t he bung by pas s ing i ts 

lead t hrough t he co r respondi ng hole . 

The plant under i nvestigat ion was washed f r ee of soil debris and any 

cut rhizomes ,.,ere sea led with l anolin . I t w'as t hen posit i oned in t he bung , 

its hole being lined with moist cotton wool to hold the plant steady and 

to pr event tissue damage . Then "Ti t hout de lay t he basa l port i ons of t he 

plant, toget her with t he electrode , were submerged by gen"bly Im.,ering t he 

bung beneath t he surface of t he agar medium (Fig . 2 . 5) . Finally , t he anode 

was positi oned ,.,ith its fibr e-plugged tip j ust be lm., the liquid. 

At t his stage t he root w'as lef t free from the cathode, since the 

r esidua l current f irs t r equired measurement . The electrode leads were 

connected to t he prima ry pola rising circuit of the polarograph (See 

Appendix 2) . At t his point an opportunity ,·ms provided for a last check 

on t he appar atus . If f unctioning correctly connection of the electrodes 

to t he polarogra~h produces a very brief positive swing of t he micro­

ammeter needle . Thi s is due to t he electrode potentia l of t he platinum 

cathode being i nitia lly more negative than that of the Ag/ AgCl anode . 

A persistent negative deflection of the microammeter i ndicat es a f ault, 

usually associated w'ith liquid creep to t he copper lead - platinum 

j unction of t he cat hode . 
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FIG.2.5 

1 .......... ---- anode 

.... ---- rubber bung 

----- cotton wool 

----- cathode around 
root apex 

----- deoxygenated 
medium 

....... 1----- measuring 
cylinder 

Basic experimental assembly for the 

measurement of 'radial oxygen loss 

from roots. 

• 
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If t he equipment was functioning co rrectly t he voltage regulator 

,,,as set on automatic and t he pola rogr aph allmfed to plot t he r es i dual 

current-voltage curve (Fig . 2 . 6a). With t he plateau volt age t hen r eset 

and held t he r es i dual diffusion current was al lowed to equilibrate and 

its va lue determi ned from the microammeter . The polar is i ng voltage was 

then returned to zero. 

A hea lthy root was then i nserted t hrough t he cathode . This ,,,as 

most easily done w'ith t he a i d of t he bent end of a thin meta l rod passed 

t hrough t he anode hol e in t he bung . I n most experiments R.O.L" from t he 

apical region of the root was measured , hence t he cathode was usua lly 

pos itioned around the root apex ; t his part of t he root is a lso ass ociated 

with greatest R.O . L. (Fig . 2 . 7) . A current-voltage curve was then obtained 

(Fig . 2 . 6b) and t he diffusion curr ent due to H. . O. L. from the root measured. 

At t he end of ea ch experiment t he lengt h and apica l r adius of the 

exp8rimental root ,,,ere accurate l y measured using a travelling microsc ope . 

It must be mentioned t hat a lthough t he method outlined ab ove was 

common to most of t he i nvestigations it usually formed the bas is of a more 

complex procedure ; details are given in t he subsequent descriptions of 

the individua l experiments . 

II . An Electrica l Analogue to Simulate Root Aeration in the Wetland Condition 

A. MODELLING OF BIOLOGIC1~ SYST}~ 

The use of mat hematical or working models ' t o simulate biologica l 

systems has increased during the past few yea rs a s the advantages of this 

method of r esea rch have been rea lised. Info rmation may be ca ined from 

mode ls which would be diff icult , or even impossible , t o obt ain by experi­

ment. 

In t he field of plant ae r ation emphasis has tended towa rds mat hematica l 

r a t her t han working models . For example , Luxmoore et a1 . (1970a , b ,c, d ) and 

Luxmoore and Stolzy (1972a ,b) have successfully derived and applied equations 

to des cribe vari ous aspects of root aeration . Armstrong (1970) has used a 
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mathematica l treatment to predict the dimensions of the oxygenated 

rhizosphere produced by r adi a l ross of oxygen from roots . Lemon (1 962) , 

Lemon and Wiegana (1 962) , Covey and Lemon (1962) and Kristensen and Lemon 

(1 964) have analys ed mathematically the relat i onships betw·een soil oxygen 

supply and root oxygen demand . 

However , as t he number of variables is increased, mathematica l 

models become necessarily very complex, and often t he equations can be 

solved on ly by computer (e . g . Luxn100re et al . 1960a);under these circum­

stances .forking models may be employed to advantage . Individual variables 

may be programmed independently and their interaction determined by direct 

observation . An example of such a model is t he electrical analogue 

developed by Sanders et a l. (1 970 ) and Baldwin et a l. (1 972 ) 'fhi ch was 

used successfully to study t he diffusion of nutrients to multiple root 

systems in soil. 

I n t his study use .fas made of the electrical root-aeration analogue 

developed by Armstrong and fright (1976b ); a brief description follows o 

During the investigation certa in amendments were made to the original 

model and t hese are described in t his chapter . I n addition , part of the 

present study involved the development of a more realistic devi ce for 

simulating the oxygen sink due to t he soil and a full account of the 

method adopted is given in Chapter 9 . 

B. THEORY 

1 . The bas is of the electrical modelling of diffusion systems 

Oxygen transport through a r oot situated in 'faterlogged soil is a 

process i nvo lving diffusion of the gas from a source (the interna l 

atmosphere of t he aeria l organs ) to a sink (tissue respiratory sites, 

and the soil in t he case of R. O. L. ) . In the steady- state (i . e . in the 

case of a constant oxygen concentration gradient) t he system is describable 

by Fick ' s first l aw written in the form: 
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J = (2 . 14) 

,.,here : J = t he oxygen diffusion r ate (g s -1 ) 

D = the ef fective diffusion co ef ficient of oxygen in t he e 

system (cm 
2 -1 ) (see p . 126) s 

2 
A = t he area over ,.,h ich t he oxygen di f fuses (cm ) 

A C = t he oxygen concentration difference (g cm-3 ) behTeen 

t,w points L(cm) apart. 

The diffusive resisttmce, R, in t he system is given by: 

L 
R = D A 

e 

- 3 s em (2 . 15) 

Oxygen flm., a long a diffusion gradient may be li rened to an 

electrica l syst em i n which current is induced a l ong a conductor by a 

difference in electrica l potential . The electrical analogue of equati on 

2 . 14 is embodi ed i n Ohm ' sla,." viz. : 

.There : 

I = the rate of cur rent flow (coulombs s-1 or amperes ). 

2 A = the cross sectional area of the conductor (em ) 

L = the lengt h of the conductor (cm) 

v = the potential di f ference bet,.,een t he ends of the conductor (volts) 

s = t he specific resistance of the conducting materia l (ohm cm) 

!1 = R/ = the electrica l resistance of the conductor (ohms ) 
A 

Comparing equations 2 .1 4 and 2 . 16 it is apparent t hat: 

I is analogous to J 

.1 C is analogous to V 

- L. 1 toR) _- SAL R - D A ~s ana ogous 
e 

It is t his fundamental similarity bet,.,e en t he electrica l and 

di ffus i on laws ,.,h iel is t he basis for the electrica l modelling of diff usion 

systems . 
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2 . F~ctors influencing root aeration and t heir analogue eguivalents 

F~ctors which influence the aer ation st [~tus of a root in wet soil 

i nclude: 

(i) Diffusion path lengt h , i nterna l porosity , tortuosity of t he gas 

s pace system and permeability of the root wall . Thes e contribute to t he 

interna l diffusive resistance (Chapter 7) ',h ich is represented in t he 

analogue by electrical resistors . 

(ii) Respir atory and so i l oxygen demand . Thes e are the oxygen sinks , 

and are represented by electrica l resistors with leakage to earth . 

(iii) Oxygen concentration gradient - represented by potentia l dif f erence . 

Suitably sca led voltmeters and ammeters enab le oxygen concentration 

and diffusion r ate to be monitored . 

C. BASIC CIRCUIT AlID CONDITIONS GOVERNING E.N. F. AND RES ISTOR V LUES 

For convenience Armstrong and lright (1976b) divided t he root-wet 

soil system into short segments , each represented by a circuit unit . 

Fig . 2 . 8 illustrates the construction of t he basic unit which r epr esents 

the oxygen diffusion paths , resistances and sinks pr esent in segments of 

root-"et soil s ystem; additi onal circuit deta i l s are given in Appendix 3. 

The ana l :ogue was made up of twenty such units connected in series , t he 

resistor and E. N. F. values being such as to fulfil the following conditions : 

(i) Root unbranched and open at t he base 

(ii) Root length variable between one and twenty centimetres (i. e . one 

circuit unit per centimetre segment) 

(iii) Root r adius originally constant at 0 . 05 cm, but l ater vari ab le between 

0 . 01 and 0 . 10 cm (see Chapter 9) 

(iv) Oxygen concentration at the root base variable between zero and 

269 x 10- 6g cm- 3 (20. 41%), and measurable bet"Teen t hese values in each 

segment . 



FIG. 2.8 Electrical analogue : Basic circuit 

Rp Resistors controlling pore space 
resistance 

RR Resistors controlling respiratory oxygen 
consumption 

R"l Resistors controlling root wall resistance 

R~ Resistance of external liquid path 

V Field effect transistorised voltmeters for 
monitoring oxygen concentration 

mAl Milliameters monitoring R.O.L. 

mA2 Milliameters monitoring respira tory · oxygen 
consumption 

For further details see Armstrong and Wright, 
1976b. 
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Unit 20 Apex 
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(v) Porosity in each segment variable betw'een 0 .7 and 10~t 

(vi) Respiratory oxygen upt ake variable between zero and 1.66 x 10-7 

-1 -3 
g s em root . However , more conveniently monitored in the equivalent 

- 1 -2 units zero to 250ng min em root surface. 

(vii) Root ,.,all permeability va riable bet"reen zero and 100% in each 

segment . 

(viii) Potential soil oxygen demand (" soil sink"): 

Armstrong and Wright (1 976b) simulated the oxygen demand outside the root 

by considering each root segment to lie centrally lTithin a cylindrical . 

water s hell (r = 0 . 1125cm) with t he shell bounda ry mai ntained at zero 

oxygen concentration . Luxmoore et al e (1 970a) employed a similar method 

to apply externa l sillie activity i n their mathematica i model , and the 

amount of oxygen consumed by the sink va ried with t he interna l oxygen 

concentration of the root . In the present study the analogue was modified 

to allow the modelling of s pecified rates of soil oxygen consumption 

between zero and 10.0 x 10-5 cm3 em- 3 s-1 . Full deta ils of the modifications 

a r e given i n.Chapter 9 . 

2 .-1 
(ix) Radial ox gen loss measurable between zero and 250ng cm- m1n 

(78 . 5ng min-1 per segment) . 

(x) o Temperature normally 23 C but readily variable . 

D. PROORAMMING 

The analogue was progr ammed on a per centimetre segment basis. 

1. Internal diffusive resistance 

Diffusive re s istance , either ca lculated from porosity data (equation 

7 .4; Luxmoore et al ., 1970b ; Armstrong , 1971 a ; Chapter 3) or obta ined 

experiment a lly (Chapter 7) was converted to electrica l resistance as 

des cribed by Armstrong and Wright (1976b) and as outlined on p . 176 

Internal and wall resistances were set prior to respirat ion . 

20 Respiration 

Respiration r ate programmed in any segment must be appropriate to 
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t he oxygen concentration in t hat segment . However, r esults pr esented in 

Chapter 4 (see a lso Armstrong and Gaynard , 1976) suggest that r espiration 

will be at a maxi mum above an internal oxygen concentration of about 2%. 

Since r espiratory activity in t he mode l is expressed in ng cm- 2min-1 it 

1vas necess a r y to convert experiment a l data to t hes e units . 

In t he origina l analogue descri bed by Armstrong and Wright correct 

respiratory programmi ng required severa l adjustments of t he r espiratory 

controls bec ause of the i nterdependence of the segment act ivities . With 

t he i ncorporation of "constant current devices " (see p • .35 ) it be came 

ne cessary to adjust each respiratory control once only. 

E. AHENDNENTS TO THE ORIG INAL ANALOGUE 

1. Placing of re s istors controlling respiration and R. O. L. 

In t he original analogue t he current s r epr esenting t he oxygen 

consumed i n r espiration and t hat lost by leakage (R. O. L. ) w'ere "tapped" 

at t he base of ea ch centimetre segment (Fig . 2. 8) . During t he course of 

t his i nvestigation it was rea lised that t his 1vas not an entirely satisfactory 

analogue of t he living condition since it f a ils to t ake proper a ccount of 

t he distribution of r espiration and leakage a long t he whole root, or even 

along an i ndividual segment . I n unit length of root, having uniformly 

distributed respiration and R. O. L., an entirely accurate simulation would 

be one i n which an infi nite number of equal t appi ngs , of tota l current 

equal to t hat lost per segment , were t aken along the porosity resistor . 

lim-lever , it is impossible to construct such an analogue and a compromise 

mus t be rea ched . 

Consider a 20.0. linea r resistor , R/, 1-rith a source of potential, V, 

of 40 volts a.pplied at one end . Let t he current , i , t aken by ea ch of a 

I finite number , n , of t appings set equidistant a long R be such that the 
n 

tota l cur rent t aken , ~ i , be 2 amperes . 
1 

The voltage drop,~ V , across R/ may be ca lculated by swnming the 
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individua l voltage drops across the n components of R/. For example , 

if n = 5 , t hen V = 24 volts . This s ame voltage dr op would be rea lised 
n 

also if t he current L: i had been t aken from a s ingle point RI a long R/. 
1 eU 

The va lue of R~ff is given by 

n 

2. i 
1 

and in t his case is 24 7 2 , or 1 2~ . The ratio R~ff/R/ is 0 . 6 when 

n = 5; if n is less than 5 t he r at io increases , whilst for values of n 

greater than 5 it diminishes . 

The r elationship bet1veen n and the r at i o R~ff/RI is given i n Fig . 2. 9 . 

The CU1~e is a hyperbola and its equation (found by plott i ng 1/n agai nst 

R~ff/R) ) is : 

R~ff/R I = (o.5/n ) + 0 . 5 

From t his equat i on it is evident t hat as n~OO , t hen R~ff/R/tends to 0 0 50 

In othe r w'ords , provided t hat t he major concern is with tota l concentr ation 

drop along unit lengt h of r oot r ather t han witl t he concentration p rofi le, 

t he bes t representation of t he living conditi on is made if r espiration 

and R. O. L. are t apped mid-way a long t he segment . I n pr actice t his 1ms 

achi eved without alterations to the basfu circuit by progranwing t he 

porosity r esistors , R/, as sho1~ in Fig . 2 . 10 (i . e . effe ct ively connecting 
p 

t he an~eters and voltmeters a t 0 . 5, 1. 5 , 2 .5cm etc . from the root base) . 

The voltages V
1

,V
2

,V
3 

etc at 1.0, 2 . 0, 3.0cm etc were t hen obt a i ned as 

shown i n Fig . 2 . 10 . 

2 . Constant current devices t o simulat e r espiration 

I n t he basic circuit (Fig . 2 . 8 ) r espir atory oxygen demand was simulated 

by adjusting t he variable res istors , ~, in order to t alce the requi red 

current . Any change in i nterna l oxygen concentrat i on (voltage ) a ltered 

the cur rent t hrough ~, 1vhich t herefore required readjustment . Certai n 

of t he analogue investigations in t his study required that res pir at ion be 

kept const nt des pite a cont inuously diminish ing i nte rnal oxygen regime 

(Chapte r 5) . This necess itated t he i ncorporation of constant current 
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FIG.2l0 Electrical analogue; Showing the method of 
programming the pore space resistors (R"'p) to 
effectively tap respiration and R.O.L. mid-way 

along each segment (j e 0.5,1-5, 2·5cm etc from 
the base). 
Oxygen concentration at the end of each segment 
(boxed) is derived from the voltmeter readings 
as shown. 
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devices to replace the simple vari able res istors , R~ ; ci rcuit details 

are given i n Appendix 3 . These devices a llowed t he desired respiration 

r ate , once progr ammed, to remain independent of internal oxygen concen-

tration until a pre- set value was reached, or until t he oxygen concen-

tration fell belm" t hat required fo r the eff icient operation of the 

instr uments (0 . 3 - 0 . 4~~ ) . The constant current devices als o f acilitated 

respiratory progr amming along t he length of the root . 

III. Microscopy 

Plant material required for both light and transmission electron 

micros copy w'as prepared as follo,,,s . 

Tissue segments ,,,ere fixed in 3% gluta raldehyde i n phosphate buffer 

(pH 7 . 3) . The tissue ,,,as first infiltrat ed ,dth the glutaraldehyde 

solution under va cuum and t hen left to stand in t he fixative f or 5h on 

a rotator . This ,,,as follm"ed by overni ght ,,,ashing i n two changes of 

buffer . 

The tis sue ,,,as t hen double-fixed in 1 '}~ osmium tetroxide i n buffer 

for 2t h followed by a 15 min buffer-wash . It was t hen dehydrated in an 

ethanol series (30% to absolute). 

The dehydrated tis s ue ,,,as embedded i n Spurr ' s low viscosity resin 

(Spur r ,1 969) . This involved i mpregnation for 2t h by a mixture of equa l 

parts r es i n and absolute alcohol follm"ed by overni ght i mpr egnation by 

pure resin . Finally t he tissue was embedded i n resin which was polymerised 

. ht t 70oC. overnlg a 

The material was sectioned on a Huxley ultra-microtome using gl ass 

knives . Sections for light microscopy ,,,ere cut a t 1 .Opm t hi ckness and 

stained i n 1% toluidene blue i n 1 /~ borax . Specimens were photogr aphed 

us i ng a Zeiss photomicroscope . 

Sections for electron microscopy ,,,ere cut at 0 . 09 - 0 . 15prn thickness 

(i . e . gold off t he knife ). They were sta ined in uranyl acetate and lead 
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citrate and exa mi ned i n a J . E . Mo 7A electron microscope at 80 Kv 

accelerating voltage . 

IV. Plant Haterial 

1 . Eriophorum angustifolium Honck . 

Typica l of 'vetland species E. angustifolium is adapt ed t o gr01vth in 

anaerobic soils largely by virtue of its we l l-developed oxygen trans port 

system. The r ate of r adi a l oxygen loss fro m t he roots is_ high , 

rendering the s pecies an idea l subject for investigation by t he cylindr ica l 

platinum electrode teclmique . 

Stock pl ants were gr01ffi i n large buck et s of 'vaterlogged peat-loam 

mi x (3: 1). They were started under glass and then transferr ed to a 

gr01-rth room having t he follo'ving conditions: + 0 t emperature , 20 - 1 C; 

day length, 16h ; photosynthetically active r adiant flux density at t he 

- 2 -1 soil surface , 100pE m s (provided by cool fluorescent lights) . The 

uater t ab le va s maintained at 1-2cm above t he soil surface with distilled 

water, and soil pH unuer t hese condi tions wa s about 7 . 0 . Vegetative 

propagation was prolif ic, and p l ants were continuous l y ava ilabl e i n a 

va riety of sizes . 

I ndividua l plants vere easily extracted by gently pulling t hem from 

t he soil and severing any attached rhizomes . The root system was i mmers ed 

i n clean vater t o r emove t he soil , any s t ubborn soil particles be i ng 

loosened ,-lith a soft brush . Finally t he ends of cut r hizomes 'vere sea led 

,vi t h lanolin to prevent flooding . 

Husked seeds of rice (Oryza sativa L., va r . Norin 36 or 37) 'vere 

coated with a mercury-based fungicida l dres s ing , pl aced on moist blotting 

paper in a shal101v tray , covered with a transpa rent polythene s heet and 

germinated in t he dark a t 25
0

C. fter seven days roots and s hoots 'vere 

o '-Iell- developed and t he tray 'vas transferred to a 25 C gr01vth room; 

illumination 'vas as for Eriophorum. Aft er a further two day s the seedlings 

'vere plan ted in ,-ret peat - loam mix (3: 1) and left for t hre e days to become 
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estab lished ; the soil 'vas then ,vaterlogged as for the Eriophorum. 

Tillering commenced a t about 2- 3 ,.,eeks and plants ",ere removed for use 

n,t the t1VO tiller stage (about 6 weeks ) . 
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CHAPl'ER 3 

MORPHOLOGICAL, ANATOMICAL AND RESPIRATORY CHARACTERISTICS OF 

ERIOPHORUM ANGUSTIFOLIUM 

Most of the experimental work described in this thesis was performed 

on Eriophorum angustifolium, whilst the greater part of the mathematica l 

and electrical modelling was based on t his s pecies also. As a preliminary 

to t he main part of the study , t herefore , it was necessary to obtain 

certa in morphologica l , anatomica l and respiratory data pertinent to the 

investigation of interna l aeration in Eriophorum. 

A. GENERAL MORPHOLOGY 

Much of the morphology and anatomy of E . angustifolium has been described 

by Phillips (1953 , 1954 a , b ) and Metcalfe (1971) . The major vegetative 

features of the plant a re shown i n Plate 3 .1. The species is perennial, 

spreading by means of r apidly growing r hizomes . The rhizome bears scale­

leaves but l acks buds and roots save at the end, ,.here it t urns upwards to 

. produce a swollen stem bearing foliage leaves , roots and buds . Axillary 

buds on the stem elongate to produce daughter rhi zomes , forming a sympodia l 

system. The i nflorescence forms termina lly , usually during the third 

seas on of growth of the shoot; after flm.ering the shoot dies . 

The fol i age leaves are normally divisible into t hree distinct regions . 

Thes e are a narrow, pointed tip , of triangular cross-section; a 

channel led bl ade , of approximately v-shaped cross-section; and a sheathing 

base , crescentric in cross-section . The adaxial surface of the leaf base 

bears a l a r ge membr anous ligule, ,.hich extends l atera lly from the leaf 

margin to tightly envelope the inner leaves and effectively extend the sheat h 

region some distance a long the leaves . I n t he present study this membr ane 

has been referred to as t he "leaf s heath" . 

Stomata , ,.hich are r estricted to the abaxia l surface, a re few or 

absent i n t he sheat h r egion but increase mar kedly i n number beyond (Chapte r 

6) • 



LATE 3 .1: Eriop lorum angustifolium; vegetative features . 
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In addition to the normal foliage leaves shorter , outer leaves occur 

which a re not included in the mai n leaf group (Plate 3.1). These "free 

leaves" are less distinctly divis ible into tip, blade and base and tend 

to wither at an early stage of growth . They r arely extend beyond the 

main sheath region but , as shown in Chapter 6, t hey may be of importance 

in the i nternal aeration of the root system. 

B. THE GAS SPACE SYSTEl'-1 

10 Introduction 

Intercellular gas spaces occur to some degree in all higher plants . 

Their size ranges from the tiny structures formed i mmediately behind 

apical meristems to the large chambers or lacunae in the aerenchymatous 

tissue of aquatic and semi-aquatic plants . Plate 3.2 shows tangential 

longitudinal sections through root apices of Eriophorum (a) and rice (b); 

in the f ormer, intercellular spaces were obs erved to within 28pm (three 

cell layers) of the root tip proper (i.e. excluding the root cap ) whilst 

in the latter they occurred to within 1 ~pm (four cell layers ) of the tip. 

In transverse section the apical intercellula r spaces of Eriophorum 

(ca . 35pm from t he root tip) and rice (20pm from the root tip ) are as sho,v.u 

in Plate 3.3 a and b respectively. Aerenchymatous l acunae in the basa l 

regions of the Eriophorum root are sho~nn in Plate 3.7 c and d . 

Inte r ce llular spaces are found in both primary and secondary tissues. 

In the former they occur mainly in extrastelar ground tissues, for example 

the cort i ca l parenchymas of stem and root, and the mesophyll and palisade 

tissues of leaves . In all cases an interconnecting network is formed , 

and i n herbaceous species the labyrinth of gas-conducting channels may 

form a continuum between the ground tissues of leaves , stem and roots 

(see p. l O). In general gas space tissue in secondary tissues tends to be 

less extensive . The term "aerenchyma" was first used to describe the gas 

space tissue which forms from secondary cambia in some species (Schenck, 



PLATE 3 . 2 : Tangential longitudina l sections t hr ough root apices of : 

(a) E. angustifolium (x 725) 

(b) Rice (x 290) 





PLATE 3 . 3: Transverse sections t hr ough ro ots of : 

(a ) E. angusti f ol i um at 35pm behind t he root tip (x 240) 

(b) Rice at 20pm behi nd t~e r oot tip (x 230) 



a 

b 
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1889 ) , but the w·ord is n01., applied to any tissue contai ning large gas­

conducting channels, whether primary or secondary in origin. 

The tiny apica l intercellula r s paces appear to be the f orerunners 

of all prima ry gas spaces (Sifton , 1945) . Hartens (1 937 , 1938 ), cited by 

Esau (1965) , described the formation of these structures: when a cell 

divides t he new middle lamella is separated from t he old one surrounding 

t he parent cell by the cell wall . The free ends of the new middle l ame lla 

thicken to form a mass within which develops a cavity. The parent cell 

,.,all adj acent to the expanding daughter middle lamella breaks down and the 

old and new middle lamellae fuse . The cavity thus becomes an intercellula r 

space lined with l ame llar substance . Although this view of i ntercellular 

space formation is widely held it may not be invariably true : Plate 3 . 4 a 

and b show the development of intercellula r spaces at about 30pm from the 

rice root apex . It can clea rly be seen t hat in this case the middle 

lamellae have fused before cavity formation commences . This is in agreement 

with the description of intercellula r space format ion given by Robards 

(1970) . Fully-formed spaces at about 0 . 15cm from the root apex are sho,Vll 

in Plate 3 . 5 . In some cases a waxy substance may be deposited on the 

pectic materia l of the l amel la lining the intercellula r space (Sorokin, 

1967) • 

Further development of the intercellular spaces may continue in one 

of t"o ways. De Bary (1 884 ) has described t hese as follows : 

(a ) ••• "by separation of permanent tissue-elements , as the result of their 

unequal surface-growth in different directions, t he origina l common wa lls 

s plitting , while the common l i miting l ayer which was origina lly present is -

perhaps a h.,ays - dissolved . " 

(b) •• • "by disorganisation , dissolving , or in many cases rupture of certa in 

jlransito;y cells, or groups of ce lls , which a re surrounded by permanent 

tissues ." 

The former process is ter!lled "schizogeny", t he l atter "lysigeny" . 

Schizogenous enlargement of the first-formed intercellula r spaces has 



PLATE 3 . 4: Electron micrographs s how'ing t he development of intercellula r 

s paces at about 30pm behind t he r i ce root t ip . 

Note the fusion of t he middle lamellae prior to cavity 

formation . 

(a ) x 36,550 

(b) x 18 , 450 



a 

b 



PLATE 3 . 5 : Electron microg r a ph s hmving fully- formed i nterc ellular s pac e s 

at 0 .1 5cm behind t he r i c e r oot t ip (x 5 ,1 50) . 





- 42 -

been followed by Arber (1 914) in the root of Stratiotes a loides L. The 

cortical ce lls are a rranged in r adial plates , and in their early stages 

divide r apidly at right ang l es to t he long axis of the root . This results 

i n elongat i on of t he plates in the direction of growth , but at a rate 

greater than t hat of the other root tissues . Consequently, t he cell plates 

are thro1nl into undulations, an increase i n root diameter a llowing for 

their separation at interva ls in t he form of schizogenous gas spaces . 

In many s pecies development ceases at this stage , but i n others , 

particularly in the aerial parts of wetland plants, much l arge r schizogenous 

spaces may develop; cell w'alls become drawn in at points not in contact 

with neighbouring cells, t he spaces become rounded , and t he r esult is a 

net 1{ork of irregularly-shaped cells maintaining contact by means of a rms 

projecting in va rious directions (Sifton, 1945) . 

Lysigeny is a process common in the roots of wetland plants . Cell 

collapse may be so extensive as to leave only thin partitions or septa 

bet1{een l a cunae , and a few layers of cells adjacent to the endodermis 

and epidermis; gas-filled porosity may rea ch 60%. The basipeta l development 

of lysigenous gas spaces in the root of E . angustifolium is Sh01nl i n Pl ate 

3 . 7. 

The primary gas channe ls in t he aerial pa rts of wet l and plants are not 

cont inuous structures but a re interrupted at intervals by perforate septa 

ca lled diaphr agms. These assume a va riety of f orms , but in a ll cases they 

are permeable to gases but imper meab le to water . They t heref ore s erve t he 

important role of preventing the flooding of the entire l acunar system 

through injury. 

In most species diaphragms have a definite tissue form , being composed 

of one , two or occasionally several cell layers (Sculthorpe, 1967) . Pores 

form where cells draw apart at the ir corners , and i n some cases separ at ion 

occurs a lso at points along contact f aces t o give rise to ce lls of stellate I 

s hape and to i ncreas e the number of pores (Sifton , 1945). Plate 3 . 6a is a 

transverse section of a l eaf of E. angustifolium showing a diaphr agm across 



PLATE 3 . 6 : Lacunar diaphragms i n t he lea f of E. angustif ol ium. 

(a ) Transverse section t hrough a leaf s howing the gross 

appearanc e of a diaphragm across one of the gas 

channels (x 240 ). 

(b) Transverse section t hrough a diaphragm showing the 

intercellu+ar pores (x 1, 960 ). 



a 
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one of the gas channe ls . In surface view and at low magnification the 

diaphragm , which is severa l cells t hick , has an amorphous appear ance . 

Hm"ever, in section t he cellular structure and pores may be clearly seen 

(Plate 3. 6b) . 

The influence of diaphragms on t he internal aeration of E . angustif olium 

is considered i n detail i n Chapter 7 . 

2 . Porosity levels i n E. angustifolium 

The extent and distribution of the gas space sys tem of E. angustifolium 

""ere determined by measuring gas - f illed porosity t hroughout t he pl ant . 

(a ) Hethods 

(i) Leaves 

Transverse sections ,,,ere cut at intervals a long t he leaf and photo-

graphed using a Zeiss photomicroscope . The air cavities were clea rly 

visible in t he enlarged photographs (Plate 3 . 6a ) . Fractional porosity, 

E:.
l

, was given by : 

'''1 r ac 
c.., 1 = - '-1 - x 1 00 

""here 

w = t he ,,,eight of the l a cunae (g) 
lac 

''1 = t he ,,,eight of the entire section (g) 

(ii) Roots 

(3 . 1 ) 

Beginning at t he apex transverse secti ons were cut at inte rvals along 

the root . Porosity, E: , ""as determined from enlarged photographs of the 
r 

sections using the equation: 

where : 

€. 
r 

rll 
ct - lilac) : a cJ+ lilac 

.;;,-. _____ --=-c...-:.._ ...... ...- X 100 

W 
% (3.2) = 

'1 = t he tota l ""eight of the section 

''lct = the tota l weight of the cortex 

W'l = the ,,,eight of the l a cunae 
ac ,., = t he weight of cortex over area A 

c 
W = the wei ght of t he cortical intercellular spaces in area A 

ac 
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(iii) Stem 

Due to its structure the stem di d not lend itself to porosity 

determinntions by photogrflPhy . The vascula r bundles are scattered 

through dense ground tissue w'i thin the centrnl endode rmis , whilst t he outer 

parenCl1ymatous tissue comprises starch-filled cells with apparently few 

l a r ge intercellulur spaces . The method, adopted to determine the porosity 

of the stem wa s based upon the pycnometer technique of Jensen et al e 

(1 969 ). The modified procedure was as follows . 

A pycnometer (c apacity 25cm3 ) 'vas filled 'vith boiled distilled water 

and ,ve ighed (W ). Several stems, 'vi th leaf I1nd root bases and r hizome 
'v 

removed , were surface dried and weighed as quickly as possible (W ) . 
s 

They,ve re then cut into slices approximately O.1 cm t hi c ( and placed in t he 

pycnometer , which was filled 'vith water and re-weighed (if ) . At t his 
S+'v 

point the method differed from t hat of Jensen et al e I n order to remove 

the gas from the intercellula r spaces these workers employed an homogeniser . 

In t he present study, however, it was found that errors were introduced due 

to incomplete transference of the homogenate between t he homogeniser and 

pycnometer . This 'vas avoided hy removing the gas from the tissues by 

placing the pycnometer and contents under va cuum (O.6cm Hg) in a vacuum 

desiccator for nbout ten minutes . The vacuum was applied severnl times 

and then the pycnometer was topped-up with distilled water and re-,veighed 

(W ) . 
a 

The fractional porosity of t he stem tissues, e , 'vas obtained as s m 

follows : 

or 

Let Y be the tota l volume of stem tissue . Then : sm 

W = W + i'l - Oy s+w W s \ sm 

,.,here -3 = the density of 'vater (g cm ) 
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Ifv is t he gas s pace volume i n the stems : 

W = W +~v a S+1'l 

or 

v (W - w ) . ~ = -a S+'\o1' 

n01~ , £ (%) = Vv x 100 sm 
sm 

W - 1'1 
ie . r a s+w 

'- sm = 1'1 + W _ VI x 1 00 
w s s+,., 

% (3 . 3) 

Ca re was t aken to t horoughl y dry t he outside of the pycnome.ter before 

each weighing and to ensure that all distilled ,yater used '>TaS at the same 

(laboratory) temperature . The pycnometer was a lways handled with forceps 

to prevent moisture from t he s lrin adhering to the gl ass . 

(b) Results 

Gas - filled porosity i n a 30cm long leaf of E. angustifolium is shown 

as a function of distance from t he apex i n Fig . 3 . 1 . The porosity rema i ns 

f a irly cons tant at about 30% over the apica l 10cm, but then rises 

steadily to about 6C},:'~ i n t he bas a l r egions of t he leaf . 

Porosity in t he root varied ,dth di s t ance from t he apex as Sh01ro i n 

Fig . 3. 2 . There is a sharp increase f rom a bout 15;,i at 0 . 25cm to about 

23% at Oo5cm. The porosity remains cons t ant to 3 . 0cm but t hen rises 

abruptly again to 53% at 6 . 0cm and appears to remain at t his v&ue in the 

more bas a l regi ons of the root . Further ,~ork , how'ever , s howed a marked 

decrease i n porosity of t he root cortex i n the region of t he root-shoot 

juncti on , ,~here the aerenchyma s eems to be absent (see Pl ate 7 . 2) . 

The va riation i n porosity a long t he Eriophorum root is striki ngly 

s imilar t o t hat i n t he rice root (Armstrong , 1971 a ) . H01vever , root 

porosity i n Eriophorum is i n genera l hi gher t han t hat i n rice which is , for 

example , 6 to 7% porous at O. 5cm and 46% porous a t 6 . 0cm from t he apex 

,,,,hen grown i n 'mte r l ogged soil . 'rho situati on i n both t hes e wetland s pecies 

contrasts strongl y to t hat in mes ophytes . For exampl e Luxmoore et a l e 
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(1 970b) measured a porosity of about 9;~ at 6cm from the apex of the 

maize root , whilst in pea t he gas-filled porosity , whi ch is c ons tant 

a long the l engt h of the r oot, is a s 1m. a s 3 . 810 (Ar mstrong , unpublished). 

The basipeta l increase i n porosity along the roots of E . angustifolium 

is illustrated i n Plate 3 . 7 by transverse sections at 0 . 2 , 2 . 0, 4 . 0 and 

6 . 0cm from t he apex. The high porosity in t he basal regions of the roots 

is associated with lysigenous gas space f ormation . 

Gas-filled porosity in t he stem was found to be 10 . 4%, S . D. : 0 . 55~'o . 

This figure 1'/'as unexpectedly high since i n gross appea r ance t he tissues of t he 

stem seem very compact . However, on microsc opic examination the stem 

cor tex is seen to have a surprisingly porous structure (Plate 7. 2) . 

In Chapter 5 an evacuation technique is described by ,.hich ,.hole 

pl ant porosity was determined . There is a curvilinear relationship bet we en 

porosity and plant volume (Fig . 5. 2) , the pe r centage of gas space increasing 

from about 25~~ in the smallest plants to about 485~ in the expanded adults . 

C. RESPIRATORY CHARACTERISTICS 

Respiration rates were measured using commercial oxygen electrode 

systems in conjunction ,dth the pola;l'O'gr aphi c equipment described in 

Chapter 2 . Measurements were made on leaf , stem and root tis sues . 

1 . Ti ssue prepa r ation 

(a) Leaf 

(i) Apex 

Ten one-centimetre apica l segments were used for each determination , 

care being t aken to avoid leaves ,dth dead (reddened) tis s ues . 

The pyramidal segments were quickly weighed and the surface area 

ca lculated from measurements of the height and base of e ach of the trian­

gular faces . The tota l volume of each segmmnt was determi ned from t he 

formula : 

v = 1/3 A h 
3 cm 



Pk \TE 3 . 7 : Basipetal development of lysigenous gas spaces in the r oot 

of E. angustifo lium. 

(a) - (d) : transverse sections at 0. 2 , 2 . 0 , 4 . 0 , 6 . 0 cm 

f rom t he root tip respectively . (x 100) . 



a 

c d 
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w'here : 

t h f th t ' (cm2 ) A = e area 0 e r1angular base 

h = the perpendicular height (em) 

( i i) Mid-leaf and base 

One-centimetre segments, t ru{en from t he mid"point or the base of 

three healthy leaves , were used in ea ch determination . The segments were 

weighed , and the volume and surface area of each were calculated from 

s cale dra,dngs of transverse sections . 

(iii) Stem 

A cubical block of stem tissue , of side approximately O. 5cm, was used 

in each determination, no attempt being made to separate the various 

tissues . The blocks were quickly we ighed, and their volumes calculated 

from the linear dimensions . 

(iv) Ro ots 

Beginning with the apica l centimetre the respirat ion r a te of 

consecutive one-c entimetre segments was measured, ten segments from each 

region being us ed in each determination . The diameter of each segment 

was measured at the ends and mid- point , and the mean used in calculating 

the volume and surface area . 

2 . Procedure 

Tap water (3.0cm3) was pipetted into the incubation chamber of the 

oxygen electrode and stirred continually by means of a magnetic stirrer 

and "flea". Temperature was maint ained at 23°C by means of a circulating 

'vater jacket around the incubation chamber . 'Vi t h a potential di ff erence 

of O. 6V between t he platinum (-ve) and Ag-AgCI (+ve) electrodes the 

dissolved oxygen concentration 'vas allmved to equilibrate ,dth that of t he 

atmosphere , equilibrium being detected as a level ling of the recorder 

trace of oxygen diffusion current . 
( 

The tissue under investigation was cut into thin slices and transferred 

to the incubation chamber . This was usually f ollowed by a slight fall in 

diffusion current due , presumably , to a sma ll reduction in stirrer speed . 
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When the current had re-equilibrated the lid was i nserted into t he incu-

bation chamber . Utilisl1t i on of the dissolved oxygen in tiss ue 

respirati on r esulted in a f all in diffusion current . iThen leaf t issue 

was being investigated measur ements we re pe rformed i n the dar k to prevent 

photosynthetic oxygen production. 

At t he end of each determination a test was made for residual current 

by adding a few crysta ls of sodium dithionite (Na2S20
4

) to the contents 

of t he incubation chamber to remove all diss olved oxygen . I n most cases 

t his resulted in a f all i n current to zero . Whe re a r es i dual curr ent was 

detected its va lue was subtracted from the expe rimental current r eadings . 

3 . Ca lculations 

The magnitude of t he diffusion current i s directly proportional to 

the concentration of dissolved oxygen in the electrode solution. This 

value is Irno'ID for t he i nitia l equilibrium current and a t 230 C is 

3 Since t he volume of l iquid is a lso known (3 . 0cm ) the 

- 6 i nitial weight of diss olved oxygen is 25 . 71 x 10 g . Other current values 

may be converted to va lues of diss olved oxygen by direct proportionalit y . 

Theref ore , by selecting to current values on t he initia l linear portion 

of t he r ec order trace (i . e . r espiration not limited by oxygen concentration 

- Chapter 4 ) t he weight of oxygen consumed in a known time i s easily 

ca lculated . The r espiration r ate is t hen given by: 

Res p .Rate = ~ eg o g02 cm- 3 tissue S- 1 
Mt 

where : 

W = t he weight of oxygen cons umed i n time t (g ) 
o 

M = t he weight , volume or surface a rea of t he tis s ue (g 

4 . Results 

(3 . 4 ) 

3 cm 

Respi ration r ates of leaf and stem tissues are given in Table 3 .1 ; 

root r espiration is shmID in Fig . 3 . 3 . 

The results s how that re spiration r a t e i n tissues of lower porosity 

(eg . stem, leaf apex, root apex) is higher than t hat in t he more porous 

tis s ues (mid-leaf , l eaf base , root base ). This indicates that not only 

2 em ) 



TABLE 3 . 1: RESPIRATION RATES I N LEAF AND STEM OF ERIOPHORUM ANGUSTIFOLIUM 

I 
Tissue Respiration Rate (Hean, Standard Deviation and No. Experiments) 

, 
ng02 

- 1 - 1 ng02 
-9 - 1 ng02 

- 2 surf . s - 1 g s em s em 

Leaf apex + 131 . 6 - 6. 4 (4) + 92 . 0 - 4 . 7 (4) + 1. 85 - 0. 10 (4) 

Mid- leaf t + 91 • 1 - 1 O. ° ( 5 ) 
+ 57 . 5 - 9.6 (5 ) + 1 . 03 - 0. 14 (5) 

Leaf base + 51 . 0 - 9. 3 (5) + 26 . 7 - 6 . 1 (5) + 0 . 69 - 0 . 17 (5) 

+ + Stem 138 . 0 - 8 . 2 (4) 122 . 6 - 17 . 0 (4) - - -
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does the aerenchymatous structure reduce respiratory demand by l01yering 

t he volume of respiring tissue (Williams and Barber , 1961) but that the 

respiratory r ate of the tissues themselves is als o lower in t he highly 

porous regions . In the root apex the active processes of cell division and 

elongation ,yill contribute to the high res piration r ate . 

The gr aph of root respiration against distance from the apex (Fig . 3 . 3) 

is similar to that for rice given by Luxmoore et al . (1970b) although the 

respiratory r ates in the Eriophorum root a re in genera l only about one-fifth 

of those in rice . This may , in part , be a consequence of the higher 

porosity of the Eriophorum roots (p . 45 ) . 
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CHAPTER 4 

CRITICAL OXYGEN PRESSURE IN THE INTACT PLANT ITS HEASUHENENT AND 

EFFECT ON ROOT GROWTH 

I. MEASUREMENT 

A. INTRODUCTION 

There is abundant evidence that by means of internal aeration 

relatively high oxygen levels can be maintained in the roots of wetland 

species; apica l oxygen concentrations may often exceed 10% (eg . Chapter 

7; van Raal te , 1941; Armstrong , 1967b ). HOl"ever, oxygen concentrations 

of this magnitude are not in themselves proof of the adequacy of interna l 

a eration; it is necessary also to determine whether longitudina l oxygen 

transport can satisfy the respiratory demands of the plant . 

Unfortunately , oxygen uptake by intact plants is r a rely studied and 

the bulk of respiratory information availab le in t he literature has been 

obt a ined using tissue slices in manometric and membrane electrode systems . 

I n t hese circumstances the r a te of oxygen uptake with increas i ng oxygen 

pres sure rises in t he clas s ica l hyperbol ' manner unti l a point is 

reached at ,.,hich r espiration r ate becomes constant. Berry and Norris 

(1 949) ca lled this point the "critica l oxygen pressure" (C.O.P.). 

Although the major terminal oxidases are known to be unaf fected in 

their activity even at extremely low oxygen concentrations (Winzler, 1941; 

Yocum and Ha ckett , 1951) the C. O. P. recorded for tissue respiration is 

rarely lower than 0.10 atm . Berry and Norris (1 949) have attributed 

this discrepancy to the excessive dif fusive impedance within the tissues 

caused by f looding of the i ntercellula r spaces during the in vitro assay 

procedures . In these circumstances elevated oxygen pressures at the 

periphery of the samples wi l l be necessary to sustain maximum respiratory 

activity at the centre. Results of Yocum and IIa ckett (1957) support this 

view; for thick slices of aroid spadix suspended in liquid the p02 for 

half maximum respiration was 0 .15 atm, but ,,,hen moist slices ,,,ere used 
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the value fell to 0 0 002 atm . 

In intact plants , particularly wetland species, the gas space system 

greatly enhances oxygen diffusivity. Consequently the C.O.P . measured 

in the in vivo condition should be substantially lower, and therefore 

represent a truer value, than t hat determined in vitro . In the case of 

wetland species , rooting in oxygen deficient soil , a low C. O. P. may be 

distinctly advantageous . 

With t hese points in mind two methods were deyised to assess C. O. P. 

in intact wetland plants . The first (polarographic method) was based upon 

the indirect measurement of internal root oxygen concentration from flux 

va lues obtained by the cylindrical Pi electrode technique; t his allow'ed 

C.O. P. to be assessed in the root apex - ie. the part of the plant most 

remote from the atmosphere and therefore probably that most like ly to 

experience oxygen stress . The second (gas analysis) method relied on 

the analysis of gas samples extracted from the leaves of submerged plants 

and enabled C. O. P . to be measured in the aerial parts . 

B. POLAROGRAPHIC ~~HOD 

1. Theory 

Where oxygen is supplied only from the aerial parts by diffusion 

the radial oxygen flux from the apex of a submerged root to an ensheathing 

electrode can be quantified by t,(O express ions . The first (equation 2 . 9) 

relates the flux to the concentration of oxygen at the root surface: 

_ .JL _ D Cwl 
f - tA - -r-l""';;o:';;;g-r"( r-jr-r-) 

r r e r 

If the root wall offers an ef fectively negligible resistance to 

oxygen diffusion across it, the gas spa ce oxygen concentration , C. , l.as 

"rill be that in equilibrium ,dth the solution concentration Cwl • C. l.as 

may be calculated by substitution of measured flux into the above equation . 
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If root ~.,all resistance is significant, the value of C. obtained using 
l.as 

equation 2 . 9 will require correct ion as described on p . 58 and in Chapter 

7. 

The second equation takes acc ount of the diffusive resistance a long 

the diffusion path between t he oxygen source (atmosphere) and the 

electrode. Assuming the oxygen concentration at the electrode surface 

to be zero , the equation is : 

.JL _ C 
tA ~ (R +R +R) - Resp . 

r p wI s 
(4.1) 

where: 

C = the concentration of oxygen at the source (g cm-3 ) 

R = the non-metabolic (pore space) resistance of the plant (s cm-3) 
p 

(see Chapter, 7) 

R 1= the non-metabolic resistance in the root wall (s cm- 3 ) 
~., 

R = the diffusive resistance offered by the liquid shell between 
s 

root and electrode (s cm-3) 

and "Resp." is a quantity determined by the intensity and distribution of 

the respiratory activity of the 

sensu stricto , but taking units 

plant (not 

-1 
of g02 s 

respiratory rate 

- 2 ) cm surface area • 

Assuming t hat f or the duration of the experiments the quantity 

(R + R 1 + R)A is constant equation 4 .1 can be used to predict t he form 
p ~v s r 

of the relationship between oxygen flux and atmospheric oxygen pressure at 

varying levels of respiratory consumption . Severa l types of relationship 

are possible : 

a) When r espiration is zero the equation predicts a linear relationship 

between f and C (Fig . 4 .1a ) . 

b) When respiration is significant and increases linearly in rate with C, 

f v. C will be again a stra ight line but will diverge from, and lie 

below, the non-respi ratory plot (Fig .4.1b). 

c) If an initial linear increase in respir ation is f ol lowed by constant 

respiratory r ate above some limiting atmos pheric oxygen concentration 



FIG . 4.1 Assumed changes in the oxygen flux (f) from roots as the oxygen 

concentration (C) of the atmosphere increases from zero. 

Root respiration assumed to be:-

(a) zero 

( b) a linear function of (C) 

(c ) initially a linear function of C but becoming constant at the 
critical oxygen pressure 

(d) initially a curvilinear function of C but ,becoming constant at the 
critical oxygen pressure 

(e) as (d) but decreasing curvilinearly at some higher oxygen pressure 

NB. Ordinates and abscissae in arbitrary units. 
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a bi-linear relat i onship is produced (Fig . 4 . 1c) . It may be noted 

that once respiration has become constant the curve lies parallel 

with but belm .. the non-respiratory condition. 

d) A curvilinea r relationship between f o.nd C belo~ .. the limiting oxygen 

concentration will produce the line in Fig . 4 . 1d. 

e) Finally, if at some va lue of C above the limiting va lue respirat i on 

becomes inhibited , the t ype of relationship shown in Fig . 4 .1 e will 

result. 

The ab ove theory was t ested using the electrica l analogue and for 

short roots complete agre ement obtained. I n longer roots t he combination 

of non-metabolic res istanc e and respiration produces an oxygen concentration 

gradient between bas e and apex . Where t his occurs the analogue results 

indicated that type 4 .1 d curves will be obt a ined ''1hethe r respiration r ate 

varies linea rly or curvilinea rly with oxygen conc entration below the 

limiting va lue . 

At this point it must be emphasised that the expressions "limiting 

oxygen concentration" and "critica l oxygen pr essure" are not here used 

synonymous ly. The f ormer term refers to the ambient oxygen concentration 

belm .. ~ .. hich tissue respiration declines ; the latter describes t he 

corresponding concentration within the plant . Because of the oxygen con­

centration gradient between t he atmos phere and the remote parts of the 

plant the value of t he C. O. P . ~'1ill depend upon t he position along the in­

terna l diffusion path at which the me o.surements a re made . In the pr esent 

study C. O. P was t aken to mean t he limiting oxygen pr essure within the 

intercellular spaces most adjacent to the sites of respiratory dec line , 

and as such will always have a lower va lue than t he ambi ent limiting 

oxygen concentration. 

In view of the above t heory it was apparent that if the f v . C 

relationship was determined experimentally t h e C.O. P . in the root cortex 

could be deduced by substituting the flux at the limiting oxygen concen­

t r ation into equation 2 . 9 . 
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2. Method 

a) Galibration of Gas Hixtures 

Commercial gas cylinders contai ning approximat e oxygen- ni trogen 

mixtures were accurately analysed polarographical l y using "artificial 

roots" (Ar mstrong , 1972). These were constructed from lengt hs of glass 

capillary (bore radius 0 . 015cm) ,dth an "apex" of oxygen- permeable 

silicone rubber tubing (outer r adius 0 . 05cm). Us i ng cy l indrica l pt 

electrodes the diffusion current due t o oxygen leakage from t he apex 

was measured when the open base of the artifici a l root was expos ed to 

the atmosphere and to the O2 - N2 mixtures . The oxygen concentration 

in t he gas mixtures was then calculated from the equation: 

20 . 99i . 
, ml.X 

i 
atm 

(4 . 2) 

where : 

i = atm. 
t he diffusion current ,dth the root base exposed to the 

atmosphere (Le . 20 . 99% O2 for dry air - Humphries , 1926) 

i = the diffusion current with the root base exposed to the mix . 

O2 - N2 mixture . 

The percent age oxygen concentrations were : 3.0, 4 . 9 , 7 . 2 , 9 . 4 , a nd 

13. 65 (p02 : 0. 03 , 0. 49 , 0 . 72 , 0 0 94 and 0 .1 365 atm) . Atmospheric oxygen 

was supplied by a small air pump. 

b ) Pr ocedure 

Plants (Eriophorum or rice) were pr epared and arranged for analys is 

of R. O. L. as described in Chapter 2 but using a boiling tube (1 50 em3) , 

rather t han a measuring cy linder , as vessel for the anaerobic medium , t he 

surface of which just covered the root bases . The leafy parts were enclosed 

withi n an inverted measuring cylinder (500 cm
3

) ,rhich cont ained moist 

blotting paper and fitted over the mouth of the boi l ing tube . The oxygen-

nitrogen mixtures were i nt roduced i n turn into the measuring cy l inder 

through a gas line , and excess gas es caped through a " seal" of moist 

cotton wool between t he boiling tube and rim of t he measuring cy linder . 
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Equilibration bet,reen t he internal atmosphere of the plants and ea ch 

gas mixture 1ras indicated 1rhen t he oxygen flux from the root became 

constant . An oxygen polarograph 'faS then taken and t he flux recorded 

after further equilibration at t he limiting potential . 

"hen the experiment had been completed at room temperature (23 0e) 

o the root system was cooled to 3 e to curtail respiration and establish 

the "non-respiratory" relationship bebreen f and e. The aerial parts 

were again exposed to the sequence of gas mixtures and the equilibrium 

fluxes recorded. 

o 3 . Hanipulation of 3 e Flux Data 

Low temperature , by virtue of its effect upon t he physical constants 

diffusion coefficient (D) and oxygen solubility , a lters the resistance 

to oxygen diffusion in the system . Therefore , it was neeessary to manip­

ulate t he flux data obta ined at 3
0 e in order to preduct the va lues which 

would be expected at 23 0 e with respiration curta iled . The method of 

manipulation ,ras based on that described by Armstrong and Wright (1975) 

and is given below. 

The resistance, R, to the oxygen flux, f, from base to apex of a root, 

and from the apex to an ensheathing electrode, may be considered as the 

sum of t"TO series components: 

R , the effective resistance of the root 
r 

R the diffusive resistance of the liquid shell between root and 
s 

electrode . 

If e is the oxygen concentration at the root base and f = f1 on 

R = 0, then 
r 

e 
f 1 =-:--'":::­A R 

·r s 

If f = f2 when Rr > 0, then 

e 
f2 = A (R +R ) 

r r s 

(4 .3) 

(4.4) 

Equations 403 and 4 . 4 may be combined with respect to e to give : 
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(4.5) 

Under these circt~stances f1 is t he oxygen flux from t he surface of 

a root of zero i nternal and wa ll resistance and may be cal cul a ted f rom an 

equation similar to 2 . 9: 

w'here 

f 
1 

nt Ct 
w wI = --:;~...;.;..;;...--

r ( log r Ir ) re r 

-2 -1 g cm s (4.6) 

nt = t he diff usion coef ficient f or O
2 

i n 'fater at to (cm2 s-1) 
,·r 

t 0 ( - 3) Cwl= the dissolved O2 concentration at t he root 'fa ll at t g cm 

For example , in t he case of an air-filled root of r adius 0 . 05cm 

o within an electrode of r adi us 0 . 1125cm, t he oxygen flux at 23 C 

(n = 2. 267 x 10-5cm2s-1 and C 1 = 8 .57 x 10-6g cm-3) ca lculates to 
w w 

-2 -1 
287 . 2ng cm min • 

f
2

, t he flux from t he root when interna l and wall resistanc es a re 

s ignificant , is obt a ined experimentally , 'fhilst t he liquid shell resistance 

R
2

, may be ca lculated from t he equation: 

r ( log r Ir ) r e_ r . 

nt A 
- 3 s cm (4.7) 

w r 

where : 

t o( ~ C
a 

= t he c oncentrat i on of O2 in mo i st air at t eg o 268 .7 x 10 

g cm-3 at 230 C - extrapolated from data of Humphries , 1926) . 

the concentration of 

8 . 57 x 10-6g cm-3 at 

O · . t t d t a t tOC (eg . 2 l.n (ur-sa ura e 'fa er 

o 
23 C - Hont gomery et al ., 1964 ). 

For the root-electrode system des cribed above , and with electr ode 

length 0.5cm, R 
s 

at 23°C ca lculates to 3.57 x 105 s cm-3 

The overall effective di ffus ive res i stanc e of t he root (R ), 'fhi ch 
r 

may be calculated by fi -bting va lues of f1,f2 and Rs i nto equation 4 . 5, is 
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a composite quantity , being a function of pore space resistance (R ) , 
. p 

root w"a ll resistance (Rwl )' and synergistic respir atory and oxygen 

leakage effe cts (see Chapte r 7) . 

If t he effective diffusion path lengt h t hr ough t he root ,mIl is 

L,.rl ' the diffusive res istance of t he wall at temperature t i s given by 

an equation analogous to 4 . 7 : 

= 
(r - L 1) log [r / (r r w r r 

Dt A1 
s· cm-3 

(4. 8 ) 

w 

where : 

A1 = the surface area of t he cy l inder of r adius r - L I (cm2
) 

r w 

Oxygen leakage f rom sub-apica l regi ons of vetland roots is small 

(see p . 13~ and Fig .2 . 7) and if cooling the root to 30 e effectively 

curta ils res pir at ion t he overa l l resistanc e at 30 e will be a function of 

pore space and apica l root wa ll resis t ance only . Hence: 

-3 s cm 

by substitution of the experiment a l flux at 3
0 

R may be determined 
r 

3
0 

3
0 

f and R ca lculated using appropriate 
1 s 

30 

(f
2 

) into equation 4 .5, w"ith 

o -6 - 3 -5 
3 C va lues for el and D (1 3. 46 x 10 g cm and 1 .1 6 x 10 w w 

2 
cm 

respectively) in equat ions 4 . 6 and 4 .70 3
0 

Rwl may also be ca lculated 

- 1 
s 

using appropriate va lues of eland D in equat ion 4 . 8 . Finally the 'v w 

° pore space res istance at norma l tempe r ature (ie. R23 ) is given by: 
p 

30 

230 30 D 
- 3 a R = R • s cm 

p p 23° 
D 

(4 . 10) 

a 

where : 

3
0 

O
2 

;n a;r at 30 e (0.1 82 cm2 
5-

1 ) D = t he diffusion coefficient for ~ ~ 
a 

23 0 2 1 o ( - ) Da = the diffusion coefficient for 02 in air at 23 C 0 . 205 cm s • 

23 0 
R may t hen be used to pred ' ~t t he oxygen flux from the root at 

p 

normal temperatures and minima l respiration . Thus : 
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23° 
C 

f(resp . minimal at 23°C) = ______ ~a __________ __ 
° ° 0 

If root wall re s is t ance is 

(R23 + R23 + R23 )A 
p wI s r 

negligible : 

23° 

- 2 -1 g cm s 

C 
f (resp . minimal at 23 0 C) = _______ a ______ _ 

o 0 

- 2 - 1 g cm s 

(R23 + R23 )A 
P s r 

(4 . 11) 

(4 . 12) 

Apical root wall res is t ance for rice was conside red i nsignificant at 

23
0
C (see p . 145) whilst at 30 C the value 'vas based on the measured wall 

thiclGless and ca lculated from equation 4 . 8 assuming t he effective 

diffusion coeff icient across the ,vall to be that for vater , ie . 

Eriophorum , on the other hand , was found to have 

significant wall res istance at 23 0 C, and results for this s pecies were 

corrected using the data pr esented in Chapter 7 . 

4 0 Results and Discussion 

A t ypica l example of the r elationship f ound bet,·reen leaf chambe r 

oxygen concentration and apica l oxygen flux at 23 0 C is given i n Fig . 4 . 2. 

The linearity above a limiting oxygen concentration was as anticipated , 

but a lm.,er curvilinea r portion , 'vh ich would be expected if respiration 

showed a curvilinear increase with oxygen concentration (Fig . 4 .1 d) , was 

replaced by a second linear relationship . This indicates linearity 

between respi r ation rate and oxygen concentration below the C. O. P., and 

is compar able ,dth the predi ction i n Fig . 4 . 1c . Ho'vever , an i mportant 

difference is apparent in that the experiment a l curve fails to pass through 

the origin . There ,.,ere no exceptions to this bi-linear flux pattern, but 

the intercept "rith the abscissa varied within the range 1.4 to 4 . 6% O2 , 

Critical oxygen pressure s (atm ) , ca lculated from the oxygen flux at the 

inflexion point , and their standard deviations were : rice (N. 37) , 0 . 026 

~ 0 . 002 (5 plants ); rice (N . 36) , 0 . 024 ~ 00001 (6 plants) ; E. ans ustifolium, 

0. 026 ~ 0 . 003 (10 plants ). 

The manipulated 3
0
C data gave a strai ght line relationship between 

flux and leaf chamber oxygen concentration (Fig . 4 . 2 ) , which ran paralle l 
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1vi tIl t he upper portion of the room temperature plot as predicted in 

Fig . 4 .1 a . However , the extrapolated line failed to pass t hrough the 

origin but i ntersected the abscissa at a leaf chamber oxygen concentration 

up to 1. 5~b . This 'vas found to be due to respirat i on in the uncooled , 

astomatal leaf bases (see p . 96 ) . 1fuen t he leaf bases were cooled to 

3°C the line just failed to pass through the origin, but ''lhen the leaf 

system above the bases ,vas excised the line ran directly i nto the origin 

as predicted in Fig . 4 . 1a . 

An explanation for the unexpected bi- linear form of the experimental 

o 23 C plot , and its intersection with t he abs cissa , ,vas sought using the 

elect rica l analogue which was programmed to simulate rice using input 

dat a from a number of sources (see Table 4 . 1) . I n order to reproduce t he 

experimental results (Fig . 4 . 3B) it ,.,as necessary to make certa in assumptions . 

Firstly, t hat the C. O. P. was experienced in the apica l 2cm of root only; 

secondly , t hat the respiration rate v . oxygen concentration curve for 

intact roots does not follow the hyperbolic form found in vitro (see 

Fig . 4 . 4) , but rather adheres to the type of relationship sho~m in Fig . 4 . 3A. 

Here it ,vas assumed that 45% of the tota l respiratory demand in the apical 

centimetre was accounted for by the low" porosity stelar and meristematic 

tissues , whilst in the second centimetre the stele accounted for 8% of 

the respiratory demand . The assumption ,vas made that the low effective 

diffusion coeffic ient i n t hes e tissues would lead to the production of 

anaerobic centres at the C. O. P.' s detected experimenta lly. The high 

porosity cortica l tissue , hm'leve r , which accounted for t he rema ining 

respiratory demand , ,,"as assumed to exhibit an extremely low C. O. P . 

(~0 . 001 atm ) due to the close proximity of the cells with the gas phase. 

Work of Forrester et 0.1 . (1 966) on dark r espiration of whole leaves , and 

of Yocum and Hackett (1957) on the r espi r ation of moist tissue slices 

support t his assumption. Thus , at a C. O. P . of 2 . 4% the respirat ion rate 

-1 - 2 
in t he apical centimetre fell from its maximum va lue of 360ng 02 min cm 

root surface to 55~~ of t his va lue at a very Im'l oxygen concentration 



TABLE 4 .1 ANALOOUE PROGRAH: .ING DET).I LS USED TO REPRODUCE THE T~{PE OF 

EXPERIMENTAL RESULT SHOWN I N FIG . 4 . 2o 

Distance from Effective Potent ial r esp- 'Potent ial 0t leakage 
apex por osity iraii on t hrough r oo wal l 
(cm) (%) (ng cm- 2 min- 1 ) (% max . ) 

o - 1 6 360 100 

1 - 2 9 150 95 

2 - 3 12 135 73 

3 - 4 16 109 56 

4 - 5 24 99 0 



FIG.4.3 Analogue simulation of oxygen concentration 
vs. apic al flu x re la t ionship. 

(A) Relationships between root respiration and 
internal oxygen concentration used to 

programme the analogue in order to reproduce 
the experimental flux pattern 

(B) Analogue - predicted relationships between 

leaf chamber oxygen concentration and 
apical oxygen flux for a cooled (0) and 
uncooled (0) root. 

Programming details are given in table 4.1 
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(Fig . 4 .3Ai). Similarly, i n the second centimetre , the re spiratory r ate 

% .~ ~ fell by 8 , of t he maximum va lue of 150ng 02ml.n cm root surface 

(Fig . 4 . 3Aii) . 

The fi na l assumption made was t hat the volume of anaerobic tissue 

increased linearly as t he oxygen concentration fell further be low the 

C.o.P . (cf . Fig . 4 .1c ) . 

If t he above assumptions are correct, then the C. O.P.' s recorded 

experimenta lly a re a property of low porosity tissue mass es in t he root 

such as the stele and meristematic zone , and not of the gas-filled tissues . 

The indications are that the C. O. P . for the intact cortical region is so 

low that it w'ill be extremely difficult to detect . 

C. GAS ANALYSIS NET HOD 

1. Theory 

The concentration of oxygen within the intercellular spaces of a 

w'etland plant is dependent upon t he bal ance bet,.,een the r ate of oxygen 

supply and the r at e of its depletion . During darkness oxygen is supplied 

by diffusion from the a t mosphe re , but i n daylight photosynthes is may 

provide for the entire oxygen requirements of t he plant (see Chapter 8) . 

Cons equently., if photosynthesis is prevented and the plant immersed in 

anaerobic medium , a f all in the internal oxygen status will follow . The 

r ate of fall will be dete rmined by respi ratory r ate ann by leakage of 

oxygen from leaves and r oots; during the depletion of the interna l oxygen 

re s ervoir w'hich follm.,s subme r gence the balfl.nce bet,,,een t hese f uctors 'rill 

be reflected in the r e l utionship interna l oxygen concentrution v . time . 

In t heory sever ul t ypes of curve are possible und t hese are illustrated 

i n Fig . 4 .5a-d . They may be interpreted as f ollows: 

a) iVhen the respiratory component is insignificant compared with leakage 

t he pr edicted curve is exponential since t he r ate of oxygen loss is 

dependent upon inte rnal concentration . Low r espirat ion r ate , or 
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respiration limited by COP at point"Z" 
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large exposure of leaf surface relative to the volume of respiring tissue , 

might produce t his t ype of relationship . 

b) Here the leakage component is i nsignificant . The constant slope 

indicates cons tant respiratory r ate and the tota l linearity s uggests that 

re spirat ion is entirely independent of oxygen concentration . High 

respiration rate or a small exposure of leaf could give t his curve . 

Hmvever , it 1vould seem t hat curves (a) and (b) may be no more than 

theoretical. The former is unlikely since the leak:::.ge component should 

~arely subdue t he respiratory effect entirely , and its c ontribution will 

diminish as the oxygen concentration falls . The t ot a l linearity of (h) 

is als o unlilr.ely because , despite the very Imv Km values of the respiratory 

enzymes , s i gnificant C. O. P.' s should still arise due to the relatively 

long diffusion paths bet'v(~ en gas - filled spac es and certain of the tissues . 

c) When respirat i on becomes limited by oxygen c oncentrat ion at point ' x ' 

(ie . the C. O. P .) the curve ceases to be linear and f a lls more slowly t o 

zero . The va lue of the C. O. P . 1vill depend upon such f act ors as temperature , 

the diffusion path lengths between gas spaces and mitochondria , and the 

position in t he plant at which measurements a re made (p . 53) . 

d) Leakage is significant over t he first part of this curve but later 

becomes obs cured by the respiratory component at point ' Y' ; the C. O. P. 

occurs at point ' Z'. 

It follows from the above that if oxygen concentrat ion at any 

particula r point in a plant could be adequately recorded during the peri od 

after subme rgence the plot of oxygen concentration v . time might be suit­

able f or assessing ,the C. O. P . I n this case measurements were made at the 

leaf bases . 

2 . Method 

With certa in modifications t he method followed that of Roughton and 

Scholander (1943) and Scholander et a l . , (1 951) . 

(a ) Gas Ana l ys er 

A diagram of the gas analyser is given in Fig . 4 . 6 . It consisted of 
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a fine capillary , internal r adius 0 . 025cm, se~led to the basal end of 

a cut-off hypodermic needle by means of household "Araldite". To the 

distal end of the capillary was attached a sm~ll, t~pered gl~ss cup 

(mouth radius 0 . 15cm) . The needle base was fitted to a normal syringe 

of capacity 1 . 0cm3• 

(b) Reagents 

The solutions used in t he extraction and analysis of the gas samples 

were as follows: 

Acid citr~te (for extraction and storage of the gas samples ): 

70g sodium citrate (Na3C6H507 . 2H20) '\-rere dissolved in 100cm3 ,vater to w'hich 

was added 3g citric acid . According to Scholander et al e (1951), t his 

reagent absorbs negligible gas from the samples , even over a period of 

severa l hours . 

Alka line citrate (C02 absorber) : 70g sodium citrate were dissolved 

3 in 120cm water and 4g sodium hydroxide added . 

Alkaline pyrogallol (02 absorber): 15g pyrogallol w'ere dissolved in 

100cm3 2~~ sodium hydroxide by stirring gently with a glass rod under a 

layer of paraffin oil . 

Sodium dithionite (Na2S20
4

) (02 absorber): in some later experiments 

a cid citrate solution saturated with sodium dithionite replaced alkaline 

pyrogallol . The use of t his reagent made prior CO2 absorption unnecess~ry . 

Acid rinsing solution (for removing traces of pyrog~llol or dithionite 

3 from the analyser) : 10mg potassium permanganate were dissolved in 500cm 

3 water to ,.,hich had been added 1 cm concentrated sulphuric acid . 

(c) Procedure 

(i) Gas extraction 

In order to minimise changes to the internal oxygen r egime it ,·ras 

necessary to extract only small gas samples from the plants . The use of 

a hypodermic syringe proved inconvenient since the small bubbles frequently 

became trapped in the needle base . A s atisfactory substitute was found to 

be a finely dra,~-out long-nozzled Pasteur pipette . The very fine point 
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caused negligible damage to the plants and the tapered bore f acilitat ed 

the subsequent ejection of the bubbles . By controlling the pressure on 

the bulb t he bubbles could be r etai ned in the long nozzle , and by seal ing 

the point with a sma ll block of .vax they could be stored until required 

for analysis . 

Timing began 'fith the submergence of t he plant in deoxygenated medium 

i n a shall ow , light- proof dish . To determine as closely as possible the 

oxygen concentrat i on within t he plant prior to submergenc e the first gas 

sample was extracted immediately . The point of a drawn- out pipette , 

previously filled with acid citrate , was inserted into a lacuna of a 

leaf base and a few bubbles of gas drawn into the citrate . The pipette 

was withdrawn and t he point i~nersed in a beaker of acid citrate . The 

l ast few bubbles collected , whi ch may have become contaminated by contact 

"lith t he deoxygenated agar medium , 'fere ejected and replaced ,vith citrate . 

If it was necessary to store the s ample prior to analysis a small 

block of wax "TaS pushed over t he point of t he pi pette , enabling pressure 

on t he bulh to be released and leaving the bubbles stationa ry in the 

nozzle . 

Subsequent s amples 'vere extracted at the same level on the leaf bases , 

working round t he plant, and s ampling was continued until oxygen could no 

longer be dete cted . Flooding of the gas-conducting system never occurred 

during sampling since the punctured lacunae ,vere effectively sea led off 

from the rema ining gas space by diaphragms . 

(ii ) Gas anal ysis 

The analyser 'vas filled with acid citrate and c lamped in an inverted 

pos ition ,nth the cup subme rged in citrate contained in a shal lmv beaker . 

A gas sample 'vas injected into the cup and dra,m into the capilla ry by 

ca reful adjust ment of the plunger . Sufficient gas was introduced to give 

a bubble 1 . 0 to 1 . 5cm long . 

At this stage the analyser was c lamped with the cup uppermost and the 

lengt h of the bubble bet"reen upper and 101ver menis ci measured using a 
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travelling microscope . As much acid citrate as possible was then removed 

from t he cup and from t he capillary above the bubble using a fine pipette . 

If pyrogallol ,.as to be used the empty cup ,.,0.5 filled with alkaline citrate 

and the plunger carefully adjusted to bring the bubble into the cup . 

After two minutes t he bubble 1"0.5 dralm back into the capillary and re-

measured . Care was t aken to adjust t he position of the upper meniscus to 

its previous level in order to eliminate errors due to hydrostatic pressure . 

This procedure was repeated until t he bubble length rema ined constant , 

indicating complete CO
2 

absorption . 

The alkaline citrate was then r eplaced by pyrogallol solution and the 

above operation repeated until al l the oxygen had been absorbed . 

BetvTeen analyses the fluid in the analyser 1YaS dis ca rded and the 

apparatus flushed repeatedly with acid rinsing solution to oxidise any 

tra ces of pyrogallol. Finally the analyser was rins (~d severa l times with 

distilled water . 

The analyses 1.ere performed under very stable laboratory temperatures 

and no fluctuations in bubble volume due to temperature changes were 

observed . For t his reason a constant temperature jacket round the analys er 

,,,as considered unnecessary . 

The oxygen concentrat i on in a gas s ample was given by: 

= 
20.) + 40.3/3 

x 100 % (4 . 13) 

"There: 

L1 = the initial length of the bubble (cm) 

L2 = the length of the bubble after CO
2 

remova l (cm) 

L3 = t he length of the bubble aft er 0 2 removal (cm) 

a = the r adius of the meniscus (assumed hemispherica l) (cm) 

r = the inner radius of the capillary (cm) 

Measurements were confined to E. angustifolium . 
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3 . Results a nd Discussion 

The internal oxygen concentration v . time curves 1'rere of t wo t ypes . 

During t he ea rlier stages of t he w"ork t here w"as a pr eponde r anc e of t he 

curvilinear r el ations hi p illustrat ed i n Fig . 4 . 7 , which is simila r in 

form to the predicted curve in Fig . 4 . 5c (Ar mstrong and Gaynard , 1976 ) . 

How"ever, a s further experiments were carried out it bec ame c lea r that t he 

totally linea r r e l ationship shmm in Fig . 4 . 8 (c . f . Fig . 4 . 5b) 1va s the 

more t ypica l. I n neither Fig . 4 . 7 nor Fig . 4 . 8 is a signifi cant leakage 

component detectab le and it is likely t hat t his was due to the smallness 

of t he experiment a l plant s . I n t hese t he leaves 11ere enclosed for much 

of their lengt h within t he appa rently oxygen-impermeable membranous leaf 

s heat h (see Chapter 3); hence dif fusion fro m their surfaces was g r eatly 

reduced . Results of other experiments , i n w"hich R. O. L. 1vas measured 

continually after tota l submergenc e (Chapter 5) indicated that significant 

lealmge from t he leaves of large plants "I"lould have given curves of type 

4 . 5d . 

The tot a l linearity of the majority of the experimenta l curves was 

unexpected . The implication of t his result is that C. O. P. in the leaf 

bases has a value sufficiently low t o be beyond the limits of detect i on 

by t he gas ana lysis method . 

The reason why certa in plants produced curvilinea r relationships 

is not clea r ; however , t here are seve r a l possible explanations . Prior 

to tota l subme rgence a gradient of oxygen conc entrntion exists between 

the leaves and root apices ; after submergence t he gr adient pers ists 

(see Chapter 5) and a C. O. P. amost certainly occurs first in t lle root 

tissues . It may be expected that the associated lowering of root oxygen 

demand should be re f lected in a decline i n t he r ate of oxygen loss from 

the leaves , with t he production of an "apparent C. O. P ." in t he leaf bases 

1vhich is in excess of t he va lue measured in t he root; analogue 1vork 

described in Chapter 5 indicated t his . Although t he experimenta l plants 

were not obviously of di f ferent stature it may have been t he case that 
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in some the root material ,,,as suff iciently abundant to make t his effect 

detectable . The C. O.P.' s so indicated r anged from 2. 5 to 4 . 0%, being 

some,,,hat higher than the root C. O. P . ' s obtained by the pol arographic 

method . 

It is als o possible that C. O.P . in t he tissues of the stern could 

cause an apparent leaf base C. D. P.; this may have been detected i n plants 

in 1-Thich stem tissues were unusually abundant . Once again analogue 

studies support this content i on (Chapter 5) . 

Finally , the possibility exists that i n certa in pl ants bloclrage of 

gas-conducting channels during sampling may have in some way contributed 

to the curvilinear relationship bet"Teen i nterna l oxygen concentration 

and time . 

Below the " apparent C. O. P . " detected in the leaf bases (eg . 3% in 

Fig . 4 . 7) interna l oxygen concentration fell linearly to a very low value 

(Fig . 4 . 9) , indicating t hat respiratory r ate had become constant once 

more . This again points to t he occurrence of a very low C. O. P . in 

certain of the plant tissues . 

D. CONCLUDUm REHARKS 

The results des cribed above confirm t he conclusions of other 

'fOrkers that t he hi gh C. O. P . f S obtained in in vitro studies of higher 

plant respiration are a consequence of the resistance to oxygen diffusion 

offered by flooded i ntercellular spaces . For example Luxmoore et al . 

(1970b) obtained a C. O.P . for rice root respiration in excess of 0 . 2075 atm . 

In the present study t he values determined by the polarogra~1ic method 

r anged from 0 . 016 to 0 . 033 atm, and since t hese data are based on analyses 

of t he aas phase oxygen concentration ,dthin the intact roots they are 

lilcely t o be a truer estimate of the C. O. P . for root respiration t han 

in vitro measurements . Berry and Norris (1 949) concluded t hat the 

respir atory r ate of oni on root segments could be limited by t he r ate of 

oxygen diffusion into t he tissue . I t seems certain t hat the C. O. P. 
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values r ecorded i n t he pres ent study are a function of the diffusive 

i mpedence offered by cert a i n low-porosity tissues , i n particular those 

of t he meristem and stele (Plate 4 . 1). The indicat ions are that t he 

C. O. P . for the intact , high porosity cortex is so 1m. as to be virtually 

undetectable . 

The i mpl ication of the dat a presented in this chapter is that for 

unrestricted respiratory metabolism in E. angustifolium and ri ce the 

internal ventilating system must be such as to maintain t he oxygen con­

centration in t he cortical gas spaces of the root apices ab ove about 2 . 5~b . 

There is abundant evidence t hat internal oxygen concentrations in excess 

of this va lue are a char acteristic of the roots of ".etland plants 

(Chapter 7; van Raalte , 1941; Va llance and Coult , 1951 ; Tea l and 

Kamwisher , 1966 ; Ar mstrong , 1967b). 

II . CRITIC~L OXYGEN PRESSURE AND ROOT GRmfrH 

A. INTRODUCTION 

There is abundant evidence to s how that root gro,,~h i n species 

l a cl(ing an efficient internal ventilating system is retarded by low oxygen 

pr essures in the rooting medium (Chapter 1) . Va r i ous workers have at tempted 

to correlate root grmvth ".ith oxygen conc entration external t o the roots 

i n soil or culture solution (s ee f or example Banath and Monteith , 1966) . 

However, it can be difficult , or even impossible , to use dat a so obtained 

to estimate the oxygen pressure ,d thin the root at "i'hich grmvth becomes 

i mpeded . Oxygen l evels measured in bulk soil or culture medium a re not 

ne cessarily identica l to t hose at the root surfa ce (eg. Greenwood , 1969 ) . 

Als o , internal transport of oxygen may elevate the oxygen pressure within 

the root above that recorded in the rooting medium. Consequently , the 

precise interna l oxygen pr essures which limit root grmvth have never been 

determined . 

In t he fi r st part of t his chapter it "i'as concluded t hat the critica l 

oxygen pressur e in intact plants may we l l be a property of t he meristematic 



PLATE 4.1: Eriophorum angusi f olium root; 

(a ) Radi al longitudinal section t hrough the apex s howing 

the dense tissue in the me ris tematic region (x 870 ). 

(b ) Transverse section at about 0 . 2cm from the tip. Note 

the scarcity of i ntercellular s paces in the stele 

(x 650) . 
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and stelar tissues of the root . If this is the case the reduction in 

respiratory rat e at the C. O.P . might be reflected in a lowering of 

meristematic activity and a consequent reduction in gro'"~th rate of the 

root . The polarographic method for measuring C. O.P . given in the 

previous section enables the oxygen regi me within the root apex to be 

controlled and monitored . Using this method the effect on ~oot growth 

of oxygen pressures at and below the C. O.P . was determined and is des-

cribed below' . Eriophorum plants w'ere not available during this part of 

the study, hence rice ,,,as the only test species used . 

B. METHOD 

The apparatus ,,,as that used in the polarographic method for 

determining C. O. P . The apica l radius of the experimenta l root 'vas 

measured and t he root arranged within an electrode as close as possible 

to the '"all of the conta ining-vessel to enable a travelling micros cope 

to be focussed on its apex . With air circulating through the leaf 

chamber and t he diffusion current at equilibrium root gr01·rth was monitored. 

\'Then the root ,,,as gro,,,ing at a constant rate the oxygen concentration 

'vi thin the leaf chamber was lo'verod , the corresponding concentration 

"ri thin t he root apex ca lculated from the equilibrated diffus ion current , 

and any effect upon root grOlvth observed . If the grmvth of the root was 

unaffected by the reduced interna l oxygen concentration the oxygen regime 

in the leaf chamber was reduced stil l further . This process was repeated 

until inhibition of root gro,vth was observed . Finally, the gas in the 

leaf chamber was replaced by a ir . Ro ot growth in control plants in which 

air 'vas maintained a round the leaves ,,,as als o monitored . 

The aeria l parts of the plants received a photosynthetically active 

- 2 -1 
radiant flux density of 50pE m s and experiments ,,,ere carried out at 

23°C . 
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C. RESULTS 

1 . Effect of Subjecting Root Apices to Oxygen Concentrations at or 

below the C. O. P . for Short Periods 

The result shown i n Fig . 4 . 10 illustrates the manner in which root 

grmvth ,vas affected by changes i n t he i nternal oxygen regi me . Root 

extension ,·ras unchecked a t leaf chamber oxygen concentrations above 9 . 0'}~ ; 

this 00 rresponded to an i nternal a l1ica l concentration of 3 . 3~~ . At this 

oxygen tension , however , root grmvth w'as halted and remained so w'hilst 

the 9 . 0% leaf chamber concentrat ion was maint a ined . Replacing the gas 

around t he l eaves with air , so as to bring t he apica l concentration to 

9 . 7~~ , resulted in continued grmvth . I n ea ch of six experiments root 

elongat ion ceased '''hen t he apica l oxygen concentration was br ought ,,,ithin, 

or closely approached , the range of C.O . P. va lues given in the firs t 

part of this chapter . No effect was observed in the control experiments . 

Root apices were held at the C. O. P . for periods ranging from 2. 5 

to 5. 0h and although reta r dation of gr01vth was r apid, the time t aken for 

cessat ion varied from 0 . 5 to 3 . 5h . Recommencement of root gro,vth on 

exposure of the aerial parts to a ir took from 0 . 5 to 1 0 0h . 

In four later experiments the oxygen conc ent ration in t he leaf 

chamber ,.,as changed from air to 4 . ~j ; this resul ted in a 1m" apica l 

concentration of about 0 . 2~b to 0 . 4%. These conditions were mainta ined 

for 4 . 0 to 7 . 0h and the aeria l parts were t hen exposed to a sequence of 

progressively higher oxygen c oncentrations . A t ypical r esult is 

illustrated in Fig .4. 11. Root grm·rth '-las arrested in 4. 9% O
2 

and although 

exposure of t he leaves to 7.2% and 9. 4% O2 (1.5% and 2. 3% in the root) 

resulted in renewed gro,vth , t his ,.,as at only a slm., rate and for a short 

period. Hm"ever , when t he leaf chamber oxygen concentration ,.,as r aised 

to 13.65% (4 . 4% in t he root) gro,vth re-commenced at a constant r ate 

simila r to its va lue in air . 
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FIG. 4.11 Growth of rice root subjected to various internal oxygen regImes 
Figures in square brackets indicate leaf chamber [02] (0/0) 
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2 . Effect of Subjecting Root Apices to Oxygen Concentrations below the 

C. O. P. for Extended Periods 

In the experiments des cribed in the previous section root apical 

oxygen concentrat ion was held at or below values approximating to t he 

C. O. P. (1 . 6 to 3 . 3~b) for periods not exceeding 7h , after ,,,hich an 

increased oxygen regime always resulted in rene,,,ed grmvth . Experiments 

,,;ere carried out a lso to test ,.,1 ether root apices subjected to · oxygen 

tens ions be lm-T the C. O. P. for longer periods would s uffer such per manent 

damage as to prevent further growth on re-exposure to normal oxygen 

concentrations . 

The method was identica l to t hat described above except that the 

gas in t he leaf chamber was changed from air to 305% oxygen; this resulted 

in a very 1m" apical concentration of 0 . 1 ~·~ to 0 . 3%. Root growth ceased 

and the plants ,.,ere left under these conditions for about 40h , after ,.,hich 

the aerial parts 'Tere re-exposed to the atmosphere . 

In ea ch of four experiments root growth recommenced after air was 

supplied to the leaf chamber (eg . Fig . 4 . 12) . The period between re-exposure 

to air and r.rroe""ed root growth varied from 2 . 5h to 7 . Oh . 

3 . Effect of Subjecting Plants to an Atmosphere of Nitrogen , with and 

,,,i thout Glucose Supplied to the Roots 

Vartapetian et al e (1 976 , 1977) have sho,Yn t hat mitochondrial damage 

in excised roots under anaerobiosis could be pr evented by providing glucose 

in t he bathing medium. I n view of this , and as a sequel to t he investi­

gations describt::d above , the follm"ing exploratory experiments ,,,ere carried 

out . 

Pl ants ,,,ere arranged as described above , either with their roots 

immersed in agar medium or in 4% ",/v anaerobic glucose solution . llhen root 

gr01vth ,·ras constant the air in the leaf chamber 'Tas replaced by nitrogen 

for about 17 to 20h, after '>Thich air was resupplied . 

In each experiment root growth ceased 'vi thin 2 to 3h exposure to 

the nitrogen atmosphere . In plants not supplied ""ith gluc ose (Fig . 4 . 13) 



FIG. 4.12 Growth of rice root subjected to an apical [02] below the C.OP. for 40h 

Figures in squdrQ and round brackets indicate ·leaf chamber and 

root apical [°21 respectively 
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root growth did not recommence on exposure to a ir; r ather , contraction 

of roots took place . 'V'"hen t he se plants 1"ere r emoved the roots were 

1.,aterlogged and both leaves and roots 1"ere apparently dead . The visible 

shoot system of the glucose-fed plants a lso appea red dead , but i n this 

case the roots remained viable and recommenced gr01vth after only 1h 

exposure to air (Fig . 4 . 14). 

D. DISCUSSION 

It ,,,as concluded in Part 1 of this chapter that the C. O. P. indicates 

t he onset of anaerobiosis withi n the plant , and it was suggested t hat t he 

locus of the anaerobic centre may be the tissues of t he meristem. The 

results presented in t his section demonstrat e that root gr01vth ceases at 

the C. O. P . and t herefore add to the belief that anoxi a has been reached 

in meristematic cells. 

These findings strongly indicate that in ric e aerobic respiration in 

the root apex is necessa~ if root growth is to proceed unhindered . The 

results may be expla ined by assuming that mitosis in the root meristem is 

arrested at oxygen concentrations at or bel01" the critica l va lue . fhen 

t he interna l oxygen r egime ,.,as gradua lly r aised from a very low va lue 

(Fig . 4 . 11) t he short periods of rene,.,ed growth ,.,ere probably due to 

activity in the elongating zone at the progressively higher oxygen concen­

t r ations ; only ,,,hen t he oxygen pres s ure 1'laS r a ised above the critica l 

va lue did root growth proceed unhindered , pr esumably due to the resumption 

of mitosis . Amoore (1961 a , b ) has s ho,vn t hat mitosis in the root tips of 

pea , bean , ba rley and onion is a rrested by exposure to an atmosphere of 

less than 0. 5% oxygen. He reached the conclusion t hat a ll stages of cell 

division depend on the presence of oxygen , but stressed t hat plants adapted 

to low oxygen tension in t he root ing medium ",·ere not studied. Hm.,ever , 

more recently Kordan (1974a , b ; 1976 ) has demonstrated that root gr01vth in 

rice seedlings is dependent upon adequate aeration o 

The renewed root grmvth in the experiments in "torhich t he root apices ,.,ere 
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subjected to very low oxygen pressures for long periods (Fig . 4 . 12) was 

particularly interesting . Vartapetian et al (1 970) and Vartapetian (1973) 

have obtained evidence of mitochondrial damage in apica l cells of detached 

rice roots subjected to anoxia . After 4 to 5h nitrogen-pubbling destructive 

changes were observed in t he mitochondri a whilst after only 7h mitochondrial 

structure was irreversibly damaged . In the experiments described here the 

root meristems were a l most certa inly subjected to at least partia l anoxia 

for up to 40h yet the renew·ed root growth ,,,as evidence that extensive 

irreversible mitochondria l dam~ge could not have occurred. Root death 

was induced only ,,,hen the entire plant was subjected to anoxia (Fig . 4 . 13); 

Huck (1 970 ) similarly found that an atmosphere of 10~~ nit r ogen around t he 

roots and shoots of cotton and soybean resulted in t ap root death afte r 

3h ~nd 5h respectively . However , in t he present study , root viability 

could be sustained even under tota l anoxi a by providing an exogenous 

carbohydrate source in t he form of dissolved glucose . 

These results indicate that rice r oot survival during pe riods of 

anaerobi osis is dependent upon an adequate supply of respiratory substrate . 

When t he aerial parts were maintained above the C. O. P . (3 . 5%) this 

presumably w~s derived from photosynthesis or stored products and was 

transported from the shoot to t he roots . In the experiments in which 

internal trans port of assimilates was prevented by subjecting the plants 

to total anaerobiosis ca rbohydrate could be supplied to the roots from a 

glucose solution. Wilen respiratory substrate ,,,as not supplied root death 

occurred . These observations a r e in complete agreement with recent results 

of Vartapetian et a l. (1976, 1977) . These ,,,orkers have sho,m that mito­

chondrial degene ration can be pr evented both by supplying glucose to excised 

roots under anaerobiosis , or by using intact seedlings (although mito­

chondria be came unusually large) . This suggests that in the excised roots 

used in Vartapetian ' s earlier 'fork carbohydrate exhaustion contributed to 

mitochondrial disruption . 
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For a given quantity of sugar anaerobic respirution yields only 

about one-tenth of the free energy derived from aerobic metabolism 

(James, 1971) . How·ever , t he results of t his investigation show· that 

providing carbohydr ate suppl y is not limiting t his energy is suff icient 

to enable rice roots t o survive prolonged periods of anoxia . On t he 

othe r hand , the r esults shmv- equally conclusively t hat active growth of 

the r oots demands uninterrupted aerobic respiration and hence an adequate 

oxygen supply to the root upex ; this is a fundamental point for ,v-hich , 

as yet, little direct evidence has been obta ined • 

.. 
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CHAPrER 5 

AERENCHYHA .AS AN OXYGEN RESERVOIR 

Introduction 

It has been suggested that the extensive gas -space system of wetland 

pl ants may act as a reservoir for oxygen when normal aer ation is prevented 

(see 1Hlliams and Barber , 1961) . Surprisingly , however , t his .aspect of 

the functional significance of aerenchyma has been t he subject Qf very 

little experimental 10J'0rk. Laing (1940b ) monitored the oxygen concentration 

within t he gas spaces of a portion of Nuphar advenum Ait . rhizome w'hich 

had been i mmersed i n mercury at room temperature . From t he i nitial 

value of 19 . 6% the oxygen concentration fell to 0 . 07% after 5. 6h . 

Working 1<lith intact plants Armstrong (1967b ) found that coating the aerial 

parts of Eriophorum angustifolium with Vaseline did not reduce R.O.L. from 

the roots +'0 zero even after three hours . He concluded that this 1-ras due 

to oxygen rema ining stored in the intercellular spaces of leaf bases and 

roots , alt hough incomplete stomatal blockage may well have given this 

result (see Chapter 6) . Williams and Barber (1961) suggested that although 

the lacunae of aerenchymatous plants may incidenta lly serve as an oxygen 

store, this is not their primary purpose . The 1.ork described in this 

chapter ,.as designed to test 1·rhether aerenchyma actually does serve an 

important oxygen-reservoir function . The investigation began with some 

fairly straightforlYard experimental procedures, but bec ame more involved 

1'1hen it was realised t hat the electrica l analogue 1'laS required to aid the 

i nterpretation of the results . The study may be divided conveniently 

into "experimental" and "analogue" investigations . 

I . EXPEIUMENTAL 

A. METHODS 

Offshoots of E.angustifolium were prepared as described in Chapter 2. 

To ensure that the plants 10J'0uld be made entirely dependent upon the oxygen 

stored in t he aerenchymatous structure they were i mmersed in the dark in 
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anaerobic medium. The changes in the interna l oxygen regime which 

f ollovTed 1'Tere monitored i n t w'o ways: 

a ) by continuous polarographic measurement of r adi a l oxygen loss 

from t he roots ; 

b) by extraction and ana l ysis of gas s amples from t he i ntercellular 

spaces of the ae ria l parts . 

All experiments 1iere performed at a laborat ory temperature of 

approximately 23 0 C. 

1. Polarographic method 

The direct dependence of the r ate of oxygen diffusion from a root 

apex upon t he concentration of oxygen 1ii t hin t he root (p . 21) suggested 

that the cylindrica l electrode technique could provide a convenient method 

of monitoring the changes in the interna l oxygen regime following sub-

mergence . 

a ) Procedure 

The apparatus was essentia lly that s hown in Fig . 2 . 5 , t he only modi­

fication heing that t he bung 'ias loose-fitting and a light metal rod ,ms 

attached to its centre , enabl ing it to be clamped at any level in t he 

measuring cylinder . 

The cylinder was f i aled with deoxygenated medium , a plant secured 

in t he bung , and the residua l current determined with t he bung positioned 

at the cylinder mouth. 

A r oot was then inserted t hrough the electrode and the bung l owered 

into the cylinder whilst the agar medium was siphoned- off . In this way 

the electrode and roots remained submerged , so excluding air bubbles from 

the electrode , whilst stomatal blockage due to wetting of the leaves was 

prevented . 1vhen the pl ant 'vas entirely contained within t he measuring 

cylinder t he meta l rod was clamped and any final adjustments made to the 

position of the electrode . Finally, to prevent photosynthetic oxygen 

production , light ,.as excluded by wrapping the measuring cylinder in black 

papero 
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When the diffusion current had equilibrated at the plateau potential 

the cylinder was filled with deoxygenated medium o Care 'vas required to 

prevent disturbance of the diffusion gradient bet'veen roo't and electrode; 

by gently introducing the liquid from a large hypodermic syringe 

fluctuations in the equilibrium current were minimised . 

To continuously monitor the fall in internal oxygen concentrat ion 

t he diffusion current 'vas displayed on a chart recorder . It ,.,as assumed 

t hat a fall to t he residual value could be considered indicative of 

exhaustion of oxygen fro m the gas space system of the root apex . This 

~ssumption was difficult to prove valid by experiment , but later analogue 

work (p. 88) shmved it to be correct . 

At t he end of each experiment the agar medium was restored to its 

pre-submergence level. Almost ,.,ithout exception t he diffusion current 

rose to its original value as t he moisture dried from the leaf surfaces , 

indicating that internal blockage of the gas conducting channe ls had not 

occurred during the period of submergenc e . 

2 . Gas extraction 

The method was that described in Chapter 4 and 'vas employed to 

supplement the more convenient polarographic technique. 

3 . Determination of leaf area , total volume and gas-space volume 

(a) Leaf Area 

At the end of each polarographic experiment the plant was surface-

dried . Leaf surface area was estimated by approximating leaf shape to a 

trapezium topped by an apex i n the shape of an isosceles triangle . The 

area of one surface, AI' is given by: 

where: 

2 cm 

h1 = the perpendicular height of t he trapezium (cm) 

h2 = the perpendicular height of the triangle {cm} 

(5 . 1 ) 
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a , b are the lengths of the parallel sides of the trapezium (em) 

a = a lso the lenGth of the bas e of the triangle (cm) 

(b ) Total Volume and Gas-Space Volume 

Tota l plant V"olume ","as measured by liquid displacement in t he 

apparatus used for gas space volume determination . The latter was estimated 

by drmving-out the gas under vacuum and injecting the void with a pene-

trating liquid . Shoots and roots were treated separately. The apparatus 

consisted of an inverted burette and rubber stopper . Formalin acetic 

acid (F. A. A. ) was used as the penetr ant . The plant was cut into short 

segments ,.,hi ch were tied into a loose bundle ,dth t hr ead and held at t he 

stoppered end of the burette by fastening the t hread to the stopper . 

Ca re ,.,as t aken to r emove air bubbles from t he surface of the segments by 

gently t apping the burette . A vacuum of ab out 0 . 6 cm Hg was then applied 

via the nozzle end of the burette and suction was maint a i ned until gas 

bubbles ceased to i s sue from t he segments . When at mospheric pressure 'faS 

restored P .A.A. was forced i nto the eva cuated gas spaces; if any gas 

could be seen within t he l acunae evacuation was repeated . 

Since some F. A.A. was lost by evaporatio~ during eva cuation it was 

necessary to appl y a correction . This was obtained by noting t he decrease 

i n volume of F .A.A. a lone after evacuation for a known time . 

Gas space volume is given by: 

V1 
=V -V -V 3 (5. 2) 

2 34 
cm 

,.,here : 

V
1 = t he gas s pace volume 

V2 = the volume of F. A.A. + plant before eva cuation 

V3 = the volume of F . A. A. + plant after evacuation 

V4 = t he volume of F . A.A. lost by evaporation 

B. RESULTS 

1 . Plant volume and gas- spa ce volume 

Gas space (lI r eservoir") volume varied linearl y ,.,ith pl ant volume as 

s ho,m in Fig . 5 • 1 0 The fractional poros i ty of the plants , £, (i. e . t he 
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proportion of the tot~l volume occupied by g~s sp~ce), cal culated from 

dat a on t he regression line in Fig . 5. 1 , i s plotted against total volume 

i n Fig . 5. 2 . A curvilinear r elationship bct'veen porosity and plant 

volwne is appar ent , E: increas ing fr om about 247~ i n t he s mal l est pl ants 

to about 48% in t he large , expanded adults . 

2 . Changes in t he internal oxygen regime after submergence 

The manner i n v,hich the internal oxygen regime of the leaf bases 

dec lined after submergence (monitored by gas ana l ysis ) has been described 

on p. 65 

The manner in which R. O. L. fell ,vas related to pl ant size . The 

commoner relationship betwpen R. O. L. and time after submergence, typical 

of smaller pl ants (a.pproximately 4cm3 or le s s) , is shown i n Fig . 5 . 3a . 

By substitution of fl~ values into equat ion 2. 9 and correcting for 

diffusive resist~nc e in the root ,vall (see P . l 49) t he oxygen concent r ation 

,·ri t hin t he cortica.l gas spaces of the root apex was obta ined and values 

are given in Fig . 5 . 3 . 

The flux does not f all immediately aft er submergence ; there is 

first a " l ag" period . This is followed by a linear decline , indicative 

of a constant r ate of oxygen depletion , until an internal oxyr,en concen-

tration of about 1. 3% is re~ched . Linearity is t hen lost and t he curve 

assumes a 1ta il" until , after 55 min , H. . O. L. is no longer detectab le . 

I ntia lly it was assumed t ha t t he point of i nflexion on the H. . O. L. 

curve repr esented a C.O.P. i n t he root (Chapter 4) ; t his assumption 

was validated later using the electrica l analogue (p . 88) . The mean C. O. P . 

+ determi ned by t his method ,ms 0 . 020 at m (S . D. - 0 . 007 atm , 25 pl ants) and 

t here was a slight but insigni f icant tendency for C. O. P . to i ncrease with 

plo.nt size (p = 0 . 05) . This C. O. P . is slightly Imver than that obta ined 

by t he polarographic te chnique described in Chapter 4 . A possible reason 

for the discrepancy may have been the difficul ty i n estimating the exact 

turning point on t he R. O. Lo traces ; any error intr oduced would tend to 

produce an underestimate of C. O. P . 
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FIG.5.3 Fall in radial oxygen loss and internal apical oxygen 
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An interesting feature of the tr(1ces w'as t he initial " l ag", 

referred to above . This was i nvariab l y pr esent and a possible reason 

for its occurrence is discus sed later (p .92) 

The second t ype of R. O. L. - time relat i onship , typica l of t he larger 

plants , is s ho1ill i n Fig . 5. 3b . I n t his cas e , afte r t he i nitia l l ag , R. O. L. 

fa lls for a time with a decreas i ng slope before the decline becomes 

linear . The effect is t o produce a "shoulder" i n t he early part of t he 

curve (see p . 93) . It was t hought t hat t his may have been due to 

concentration-dependent diffusion of oxygen from t he aerial parts; such 

a process would tend to produce an exponential f a ll in t he internal oxygen 

regi me and compared .,ith t he decline due to r espiration t he effect would 

be more pronounced at hi gher oxygen concentrations (see Fig . 4.5d) . The 

l arger pl ants had a gr eater r atio of exposed leaf surface to volume (Figs . 

5 . 4 and 5 . 5) , an i ndication that t he significance of the " leaf leakage" 

effect s hould have been greater in t he l arger s pecimens ; t his is in 

agreement 1d th t he experimental r esults . 

The " leaf lealmge" hypothesis 1ms t es ted in the following hro 1'lays 0 

1. To determine first of al l whether lea(age from t he leaves could be 

signi fic ant a cylindrical electrode , identical to t hose used i n t I e 

measurement of R. O. L. from roots but of the greater r adius 0 . 250cm, was 

passed over t he partly submerged leaves of a plant until situated just 

above t he leaf s heath . When t he electrode was pol(1ris ed a meas urable 

diffusion current i ndicated that oxygen leakage from t he leaves was 

occurring . 

2 . R. O. L. from the roots of large plants was monitored after sub­

mergence in t he presence and absence of leaf l eakage . 

Large pl(1nts were a rranged in the usua l uay and normal subme rgence 

experi ments c(1rried out using O . 05~'~ agar; t he R. O. L. curves produced 

W'ere simila r to that Sh01ill in Fig . 503bo 

The agar 1ms then siphoned off to the pre- submergence level and 

t he leaf surfaces al loYTed to dry; t his 1ms accompanied by an i ncrease 



FIG.S.4 Surface area of exposed leaves as a function 
of plant volume 
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r = 0 ·935 
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in R. O. L. to the original equilibrium value . 

The space bet,,~een t he loose-fit ting bung and t he measuring cy linder 

w'a ll was then " s ealed" w'i t h moist cotton '.,001 , effective l y dividing t he 

cylinder i nto upper leaf , and 101~er root, chambers . The leaves ".,ere 

then subme rged in deoxygenated 0 . 3% agar; t his viscous medium effectively 

"jacketed" t he leaves and reduced oxygen lealm-ge from their surface 

(s ee Healy and Armstrong , 1972 ). The R. O. L. - time curves produced under 

these conditions were similar to Fig . 5. 3a, and showed the linea r decli ne 

t ypical of the smaller plants . 

3. The gas space system as an oxygen reservoir 

Due to t he very gradual slope i n t he "ta il" portion of t he R. O. L. 

traces it was not easy to estimate t he exact point at which the trace 

i ntercepted t he time axis . Hence , t he precise time requ i red for the root 

apical oxygen concentrat ion to fall to zero was difficult to determine . 

H01'Tever , t his time '\-las estimated as accurately a s possible and is shown 

as a function of tota l plant volume i n Fig . 5 . 6 . There ".,as a slight 

tendency for the oxygen ,.,ithin the root apices of t he larger pl ants to 

last longer t han t hat of the smaller ones but thi s ,~as not significant 

(p = 0 . 05) . The mean time taken to exhaust the apica l oxygen was 61 min 

(S .Do :!: 6 min , 26 plants) . The times tall.:en to exhaust the oxygen within 

the leaf bases fell 'lvithin t he r ange 55 to 70 min (gas analysis method) . 

The similarity betifeen the two times suggests that exhaustion of oxygen 

,.,i-!:,llin the aerial parts quickly follows the exhaustion of that ,.,i thin 

the roots ; therefore , zero R. O. L. may be a good indication of oxygen 

exhaustion t hroughout the entire plant . Analogue i.,or I.: confirmed this 

(see 91 ) p o • 

The time taken to completely exhaust t he plant of oxygen may not be 

the best criterion i n an ass essment of the reservoir function of 

aerenchyma ; probably of greater importance is the period for ,.,hich the 

internal oxygen concentrat ion can be maintained above the critica l vruue . 
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This is plotted against plant volume in Fig . 5 . 7 . It can be s een that 

t he smaller plants reached the C. O. P . more quickly t han t he l a r ger ones , 

and that t he maximum time f or which t he i nternal oxygen reservoir could 

sustain aerobic respiration t hroughout t he entire plant ,·ras only 44 min . 

Since t here ,.;rn.s no tendency tmvards higher C. O. P . ' s in the sma ller plants 

it follo,vs that the slope of the linear portions of the R. O. L. tra ces 

must have been steeper for the smaller specimens . This is illustrated i n 

Fig . 5. 8 where the predicted t i me required f or complete oxygen exhaustion, 

assuming ~bsence of C. O. P . (found by extrapolation of t he linear part of 

t he curves), is plotted agains t plant volume . 

T\Vo f actors may have contributed to the faster initial oxygen 

exhaustion in the smaller plants : 

1 . The ir lower porosity (Fig . 5 . 2) 

The tota l amount of stored oXYGen , compared "rith t he volume of 

respi r i ng ti ssue , was Im'Ter in t he smaller p l ants t han in t he larger 

specimens . The correspondinG faster exhaust i on of this oxygen 'vould 

produce a steeper gr adient to t he pre-C . O. P . portion of the R. O. L. curves 

in t he s maller plants . 

2 . A possible highe r respir ato r y rate ~_n t he s maller pl ants. 

Thi s 'lVould not be unexpected since the smalle r pl ants , whi ch 've re 

presumably younger specimens , \Vould probably contain a greater proportion 

of ac tively grmving tissue than t he larger , older , plants . 

The r ate of decline in R. O. L. \Vas a function of 'vhole plant, r at her 

t han root , r espiration (since the oxygen supply to the roots is governed 

by t he oxygen regime of the aerial parts ) o Unfortunate l y , be cause the 

oXygen concentration gradient bet'veen leaves and ro ots pr evented an 

accurate estimation of the initia l volume of stored oxygen , it \Vas not 

POSs i ble to calculate \V'hole pl ant r espiration rate 'lVith certa inty. However , 

an approximation could be made , as follmvs . 
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The analysis of gas s amples t aken from root apices of plants ,vi th 

leaves in a i r (Chapter 7) gave a mean oxygen concentration of 14 . 6%,. 

Based on this figure 175~ ,ms t l ought to be a reasonable estimate of 

the mean oxygen concentration in t he root system as a ",·hole . Analyses 

of r;as samples extracted from leaf bases (Chapter 4) indicated that the 

gas - phase oxygen c oncentration ,vithin l eaves in air approaches that of 

t he atmosphere and 20 . 4% was considered an a ccurate estimate of leaf 

oxygen concentration prior to submergence . Knowing the tota l gas space 

o volume of leave s and roots , the ,rhole plant respiratory rate at 23 C 

,.Tas estimated from t he equation: 

(0 . 17V I. ) + (0 204V I ) 132 x 10-5 

Resp . r ate = r • 1 - 1 -3 
------~------~~~~-------------- g02 s cm 

vPlt 
(5. 3) 

'-There: 

VI 3 
= the gas space volume of the roots (cm ) r 

V i 3 = the gas s pace volume of the leaves (em ) 
1 

the 3 Vpl = total plant volume (cm ) 

t = t he time taken to exhaust the internal oxygen reservoir 

assuming res pi r ation to be total ly independent of oxygen 

concentration (found by extrapolation of the linear portion 

of the R. O. L. t races to t he time axis ) (s) 

132 x 10-5 = the density of oxygen at 23°C and 1 atm (extrapolated from 

data of \least , 1974) (g cm- 3 ) 

llhole pl ant respiration r ate shmved considerable variation (me an 

- 3 -1 + -3 -1) 51 09 ng02 cm s , S .D. - 15 . 7ng cm s but t he re was no apparent 

correlation het've en respiratory r ate and plant volume . It t herefore 

seems l ikely t hat the a lternative explanation , that of porosity differences 

(Fig . 5. 2) "las probably t he main f actor contri buting to the different 

initial r ates of oxygen exhaust i on from the gas spaces of large and small 

p l ants . 

The faster i nitial depletion of the internal oxygen store in the 

smaller plants ,.ould suggest that these specimens ought t o exhaust their 
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oxygen r eservoirs more quiclcly than t he larger plants . However , it has 

already been pointed out that there was insignificant correlation between 

exhaustion time and plant volume (Fig . 5 . 6) . A probable explanation is 

t he variation in the proport i on of tota l plant volume occapied by roots . 

A plot of root volume against total volume (Fig . 5 . 9 ) sho,vs a significant 

linear r elat i ons hip (p = 0 . 01) . I n Fig . 5 . 10 the ratio root volume to 

total volume , obtained from t he regression line in Fig . 5 . 9 , is plotted 

agains t tota l volume . I t is c lear that in the smaller plants roots com­

prise a greater proport ion of the tissues t han they do in the larger 

p l ants . Consaquently , since the initial interna l oxygen concentrat i on of 

roots i s lower than t hat of leaves , the r espiration of a greater part of 

the tissues of the s maller pl ants will become limited below the C. O. P . 

t han is the case f or the l arger s pecimens . This will r esult i n a reduction 

in slope and an i nc r ease i n length of t he "t a il" portion i n the R. O. L. -

time curves f or the smaller plants . Apparently t his l onger " post-C . O. P . " 

period balanc es the shorter "pre- C. O. P . " period , producing a tota l oxygen 

exhaustion time similar to t hat of the l a rger s pecimens . 

II . ANALOGUE I NVEST IGATION 

A. INTIWDUCT ION 

At t his stage several features of the experimental r esults r emai ned 

unexplained . I n particular t he l ag , i nvariably pr esent in t he R. O. L. 

tra ces , and t he "shoulder", a char acteristic of t he large plant traces , 

(Fig . 5 . 3b ) needed fur ther investigation . I n addition it was ne cessary 

to confirm t he ass~ptions made earlier that (a ) a f a ll in R. O. L. to zero 

indicated exhaustion of oxygen i n t he root apex , and (b ) t he point of 

inflexion i n t Ile R. O. L. traces mirrored the occurrence of a C. O. P . in 

t he plant . Lastly , the suggestion t hat zero R. O. L. might a lso be a good 

indication of oxygen exhaustion t hroughout the entire pl ant (p. 80) 

r equired addit ional proof . Ans've:m t o t hese problems "Tere sought using the 

electrica l ana logue . 
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As described in Chapter 2 the analogue in its simplest form 

simulat es t he equilibrium oxygen re~ime of a root situated in an oxygen 

deficient medium; no provision ivas made for oxy~en storage . The 

simulation of t he submerged plant condition required that t he internal 

oxy~en reservoir s hould be included in the basic circuit . Thi s ivas done 

hy i ncorporating electrical capacitors . By using a combinat i on of the 

approximately correct r elative values of capacitance, di f fusi onal 

resistance and respiration it was possible to model and monitor the 

internal oxygen re~ime of a leaf-stern-root system after submergence . 

B. CAPACITANC 

1 . Analogy 

The capacitance , C, of a capacitor is de ~i!led as: "the stored 

charge requi r ed to produce a potential difference of 1 volt betw'een t he 

capacitor plates " . Capacitance (units :Farads ) is related to charge, Q, 

(coulombs) and potential , V, (volts) by the equation: 

C 
_....Q..... 
- V (5 . 4) 

(The Farad is an excessive unit for most practica l purposes , microfarad 

( -6 1pF = 10 F) or picofarad (1pF -1 2 ) ) = 10 F being more usual . 

In t he plant : V is analogous to oxygen concentration , (g cm- 3) ; 

Q is equivalent to t he amount of stored oxygen (g ); and hence C i'Till be 

defined as "the space (cm3 ) required to make t he oxygen concentration 

-3 
1 g cm ." 

2 . Capacitance values 

Various oxygen-storage regions in t he plant-electrode system may be 

recognised : leaf , s tem , root and the liquid shell betiTeen root and 

electrode . The maximum oxygen concentration possible within the darltened 

plant is that of the atmos phere (20 . 41 % or 268 . 7 x 10-6g cm- 3 ); since 

t he analogue voltage simulating 20 . 41 ~~ O2 ivas 40V , capacitors designed 

for t he i'lorking r ange 0-40V ivere chosen . Consequently , the maximum 
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capacitance required in any part of t he plant must be such as to produce 

-6 3 
an oxygen concentration of 268 . 7 x 10 g cm- ; this was determined by 

ca l culating the space occupied by oxygen at 20 . 41 ~b concentration . 

The discharge of an electrica l capacitor is fundamentally a very 

rapid process (for example a 5pF capacitor charged to a potential of 

100V ,-Till discharge to earth through a 200.0. resistor in about 0 . 004s -

Scroggie , 1958). For this re as on t he capacitors required to simulate 

the changing internal oxygen regime of the submerged plant were 

necessarily of very large va lue in order that their discharge 

char acteristics could be monitored ivith the instruments available . 

Capacitance va lues finally used were calculated by direct proportionality 

from t he liquid shell capacitance , ,-rhich '-Tas ascribed a value of 

2,500pF (p .86 ) . The capacitances of the various organs are given in 

Table 5. 1 and their arrangement is shmm in t he abbreviated circuit 

diagram in Fig . 5 . 11; their calculation is des cribed belmv. 

(a) Liquid Shell 

The volume of the liquid s hell , V , is given by: s 

V = s 
L (r 2 _ r 2 ) 

e e r 
3 cm (5.5) 

ivhere : 

L = the lengt h 
e 

of the electrode (cm) 

r = the radius 
e 

of the electrode (cm) 

r = t he r adius 
r 

of t he root (cm) 

The weight of dissolved oxygen at ai r saturation , W' ,is given by: 
0 

W = V C g 
o s a- iv 

(5. 6) 

Where : 

C = t he oxygen concentration in air-saturated 'vater - i.e. 
a- i-' 

8 - 6 -3 0 
.57 x 10 g cm at 23 C. 

For a root of r adius r = 0 .05cm enclosed ivithin an electrode of 
r 

radius re = 0.1125cm and length Le = 1.0cm W calculates to 0 . 273 x 10-6g 
o 

at 23 0 C. This is equivalent to a gaseous volume of oxygen of 

2. 07 x 10-4 cm3 at 23 0 C and N. P . Cognizance "1O.S t alten of the relative 
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oxygen capacitanc es of t he liquid shell and t he va r i ous pl ant organs 

and for conveni ence t he va lue 2 . 07 x 10-4cm3 ,,,as assigned an electrical 

capacitance of 2 , 500pF . 

The liquid shell capacitance itself 1'ms modelled not a s a single 

2 , 500pF capacitor but as five five-hundred pF capacitor s co nnected at 

300n. intervals across t he 10 8K.n s hell r es is t ance (Fig . 5 . 11) . This 

,,,as t hought to give a truer repr esent ation of t he s t ored oxygen by 

distributing t he char ge evenl y t hr oughout t he liquid s hell. 

(b) Root 

The availabi lity of electrica l capacitors permitted t he simulation 

of only one centimetre of root . 

At a-l;mos phe r i c conc entrat i on t he volUl'le of oxygen contai ned ,·rithin 

t he i ntercellular s paces o f t he root is given by: 

2 3 Vol . O2 = 0 . 2041 t( r L E: cm r r r 

,,,here : 

L = t he lengt h of t he root (cm) 
r 

€r = the fracti onal porosity of t he root . 

(c) Stem 

(5 . 7) 

3 Stem volumes measured experimenta lly r anged from 0 . 08 to 0 . 20 cm ; 

0 . 10 cm3 was chosen for mode l ling purposes . The volume. of oxygen cont a i ned 

within t he i ntercellular s paces of the stem is given by: 

Vol. 02 = 0 . 2041 V €. s m s m 

, .. here: 

V = t he stem volume (cm3) 
s m 

3 cm (5 . 8 ) 

r = t he frnctiona l porosity of the stem, taken as 10~~ (Chapter 3). 
'-sm 

How·ever , t he volume of l eaf tissue which could be r epr esented on t he 

analogue '-TaS limited by the avai lability of capacitors to a bout one-fi fth 

t hat of t he smaller pl ants . Theref ore , t he amount of st em was simi l arly 

3 reduced, and t he stem volume f innlly modelled was 1/ 5 of 0 . 10,or 0 . 02 cm • 
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(d ) Leaf 

The volume of oxygen contained vithin a segment of leaf is given by 

an equat ion simila r to 5.8 . 

The leaf ,vas modelled as t hree one-centimetre segments of leaf 

base plus four tvo-centimetre seGments of mid- leaf (i . e . eleven centimetres 

of leaf in all - Table 5 . 1~ 

C. RESPIRATION AND DIF1"USIVE RESISTANCE 

Values of respiration r at e and diffusive r es istance we r e based on 

t hose obt ained experimenta lly (s ee Chapters 3 and 7) and a re given in 

Table 5. 1. I n order to progr amme t he high rate of respirat i on in the 

stem t "ro analogue s egments "rere requi red . 

D. GENERAL PROCEDURE 

The basic programming deta ils a re listed i n Table 5. 1; any 

variations are given in the descriptions of t he individual " experiments". 

Oxygen was considered to ent er t he system uniformly over t he mid­

leaf (i . e . stomat a l) region , and t he stomatal res i stance vas considered 

negligible (s ee Chapte r 6) . Therefore , at the beginning of each 

" experiment" t he atmospheric voltage (40V) was appl ied to each mid-leaf 

segment so t hat t he oxygen concentration w·i thin t he whole of the mid- leaf 

'·ras t hat of the atmosphere - ie . , 20 . 41 %. 

The system ,.,as a llm.,ed to equilibrate until t he capacitors were fully 

char ged; thi s vas i ndi cated by levelling of recorder traces monitoring 

R. O. L. and oxygen concentration. Res pirati on r ate and C. O. P . were pro­

grammed us ing t he constant current devices (p . 35 and Appendix 3) . I n 

a l l "experiments " C. O. P . in t 1e root was programmed as 1 . 5% and t he 

proportion of root r espiration due to t he lo,.,-porosity tissues 'vas 

apprOXimately 44% (see p . 59) . I n some " experiments" C. O. P. was programmed 

in other organs also. 

Submergence of t he plant was simulat ed simply by disconnecting t he 



TABLE 5 . 1: ANALOGUE PROGRANHING DATA USED IN T! S lllULl TION OF TIill OXYGEN 
llliLATIl)NS OF SUBHI~H.GED EIUOPHORUH PLA.NTS 

Capac itance Porosity Pore Space Respiration 
Organ ()IF ) (%) Resistance (ng cm-2min- 1 ) 

(.n) 

Hid-leaf 33 , 000 60 100 250 
(4x2cm segments ; 33,000 60 100 250 
ie. 8cm) 33,000 60 100 250 

33,000 60 100 250 

Leaf-base 33,000 60 50 235 
(3x1cm segments ; 33 , 000 60 50 235 
ie. 3cm) 33,000 60 50 235 

Stem 4 ,700 - - 400 (2 x 200) 

Root-shoot 
j unction - see p.1..44 131 -
Root 4 , 000 20 31 112 

Root '-Tall - see p .148 680 -
Shell 2 ,500 - 1 , 800 -

NOTES : 

2 , 500pF = 2 . 07 x 10-4 cm
3 

oxygen (s ee p . 86 ). a ) 

b ) 5 -3 
100~ electrical resis t ance = 0 . 0993 x 10 s cm diffusive 

c) 

resistance (Armstrong and '''right , 1976b) . 

C. O. P . in t he root = 0.015 atm , with the respiration of 
44~~ of the tissue being affected at t his limiting value 
(see p . 59 ) . 



FIG. 5.11 Analogue simulation of submerged Erjophorum 

plants: abbreviated circuit diagram to show the 

arrangement of the capacitors. 

Segment boundaries are indicated by arrows 

and the segments representing the various 
/ 

organs are: 1, root; 2, stem; 3 - 5, leaf 

base; 6-9, mid-leaf. 

Component values are given In Table 5.1 
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40V supply; after disconnection the capacitors discharged their "oxygen" 

to the respiratory devices and through t Il e liquid s hell. During this 

time the R. O. L. and the oxygen concentration at various points were 

monitored on a twin-channel recorder . 

"EXPEIUHENT" 1: EFFECT OF SUB} 'lW ;- CE ON R. O. L • .AND INTERNAL OXYGEN 

co rc TRAT I ON 

The progr amming details fur this experiment were those given in Table 

5 . 1 and the results, 1vhich show the manner in which R. O. L. and internal 

root oxygen c oncentration fell after submergence, are given in Fig . 5. 12 . 

The similarity between Fig . 5 . 12a and Fig . 5 . 3a, the R. O. L. vs time 

curve f or a real plant , is apparent ; both shmv t he initial "lag" phase , 

followed by a linear fall in R. O. L., indicative of a constant rate of 

oxygen consumption , and finally the "tail" portion as the rate of oxygen 

depletion decreases . 

A compa rison of Figs . 5 . 12(a) ~nd (b ) confirms that the fall in R. O. L. 

mirrors exactly that in the interna l oxygen regime of the root . The 

point of departure from linearity, which marks the beginninG of the "ta illl 

portion in each of the t1vO curves (Fi gs . 5 . 12a and b) , coincides 1vi th the 

decline in apica l oxygen concent ration to the 1 . 5% C. O. P . Prior to this 

" experiment" it 1vas thought possible that the oxygen stored within the 

liquidshell may have had a "buffering a ction" , causing a time lag bet,veen 

the onset of anaerobiosis in the plant and its effect on the R. O. L. trace . 

Hmvever , t he result illustrated in Fig . 5 .12 indicates that this ,.,as not the 

case, and confirms the assumption (p . 78 ) that the occurrence of anaerobic 

centres in the living plant after submergence is reflected in a decreased 

rate of fall in R. O. L. 

The onset of curvature in Figs . 5 . 12a and b, corresponding to 1 . 5% 

apical oxygen concentration, is followed by a much sharper turn which 

occurs "Then the oxygen c oncentrat ion has f a llen to about 0 . 3 to 0 . 4~~ . This 

Second feature is a function of the analogue construction i n that the 



FIG. 5.12 Analogue simulation of submerged .EdQphorum 

plant 

Radial oxygen loss (a) and apical oxygen 

concentration (b) as functions of time after 

submergence 
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constant current devices remain functional only above 0 . 3 to 0 . 4% O
2

; 

belO1v this va lue respiration varies in direct proportion to oxygen 

concentration. 

The fina l portion of the curves in Fig . 5 . 12 is a more or less linear 

fall to zero . Aga i n , it 1Vas t hought possible that in t he plant the "shell 

oxygen" may have given rise to an apparent R. O. L. after the internal root 

oxy<;en r egime had f a llen to zero . The analogue result , h01Vever, contradicted 

this hypothesis . As lvith the living plants the precise time for R. O. L. and 

internal oxygen c oncentration to f all to zero 1Vas difficult to determi ne , 

but a s f a r as could be as certained from t he analogue zero R. O. L. co rresponded 

lvith zero internal oxygen concentration. Th is is in agreement 1Vith the 

assumption made in t he experi ments on living material (p . 76) 

"EXPEnIHENT" '2 : THE EFFECT O· CRITICAL 0 YGEN PRESSURE IN THE STEN 

In the previous " experiment" the fall in R. O. L. belO1v the C. O. Po was 

more r apid than t hat associated 1Vith t he living plant , (compare Figs . 5. 3a 

and 5 . 12a)0 In "Experiment" 1 critica l oxygen pressure "'TaS programmed in 

the root onl y; it lV'aS t hought that the rounder curves associated lvith 

living materio.l may ho.ve resulted from the spread of anaerobiosis brought 

about by the occurrence of C. O. P.' s in tissues other than t hose of the root 

apex . This hypothesis was tested as fol lows . 

The ano.logue was programmed as in Tab le 5 . 1 but C. O. P. was included 

in the stem also . To t alce account of the oxygen concentration gradient 

the stem experienced C. O. P. in t"'TO stages : the 101ver portion lvhen the 

oxygen concentration in the leaf base fell to 3 . ~&, and t he upper portion 

When t he leaf base oxygen concentrat ion rea ched 2 . 3%. I n bot h portions of 

the stem approximately 60";0 of the respiring tissue loTas assumed to be 

affected by the C. O. P. (see p . 59) 

The " t ail" of the R. O. L. curve obta ined lvith C. O. P. in the stem is 

SholVn in Fig . 5. 13b; Fig . 5 . 13a is the "t ail" of the RoO . L. curve ,dthout 

stem CoO.P . (i . e. Fig . 5 . 12a ) for comparis on . Fig . 5. 13b is more akin to 
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the R. O. L. curves obtained with living material (Fig . 5 . 3), t he sharp 

fa ll i n R. O. L. being replaced by a less steep decline . This result 

suggests that in t he submerged , intact plant the occurrence of the C. O. P. 

in the root apex marks t he beginn Lng of an uP"lva.rd spread of anaerobiosis 

t hroughout the denser tissues . 

"EXPERUJENT" 3 : THE OXYGEN REG IME ~lITHIN , AND OXYGEN LEAKAGE FROH , 

THE LEAF BASE 

In Anal ogue "Experiment" 1 it "'Tas shOlm t hat the R. O. L. from the 

r oot of a subme r ged pl ant mirrored t he apica l oxygen concentration . It 

has als o been sugges ted (p . 80 ) t hat a f a ll in R. O. L. to zero may be 

indicative of oXyNen exl>aust ion t hr oughout the entire subme r ged plant . 

Using a cylindrical electrode passed over the aeria l parts (see p . 79 ) 

attempts to test this suggestion vere made but , large ly due to the 

difficul ty i n pr eventing the leaves touchi ng the elect rode surfa ce , t he 

experiments 1fere not successful . Consequently , use was made of the 

electrica l analogue to simulate t his t ype of experiment , and to determine 

to what degree zero R. O. L. might indicate t he exhaustion of oxygen from 

the aeria l parts . 

The analogue , -TaS progr arruned as in Table 5 . 1 but lealtage from the 

top leaf base segment was inc luded to simulate the electrode sink . A 

capacitance of 4 ,500pF (a rb i t rary value) was incor porated to represent 

a shell capacitance within t he " leaf electrode", and 1 . 8Ien. to repr es.ent 

a s hell resistance . Thus the experiment was simi l a r i n type (although not 

an exact simulation) to that using a living plant . Oxy'~en flux from the 

leaf and internal leaf oxygen c oncentration 1fere monitored and the changes 

in these quantities after submergence are sho1fll i n Figs . 5 . 140. and b . 

As in Fig . 5. 12 oxygen concentration and flux mirror each other . 

A compa ris on of Fig . 5. 14b with 5 . 120. s hmfs that , so f a r as could be judged 

from the traces , t he leaf base oxygen r egime fell to zero slightly before 
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.t he R. O.L . from the root; this is the opposite from 1.,hat might be 

expected if the oxygen concentration gradient bet1veen leaves and roots is 

t aken into consideration . This dis crepancy is attributable to the 

presence of leaf leakage (1vhich 'vas not included in "Experiment" 1) , 

t his additional sirut contributing to a faster exhaustion time . However , 

the result indicates that no great time difference is to be expected in 

the fall to zero of the R. O. L. from the root and the oxygen regime within 

the aerial parts . 

It may be seen from Fig . 5. 14 t hat the curves cease to be linear at 

about forty units on the time axis , coincidental with the turn in the 

root R. O. L. curve at the C. O. P. (Fig . 5 . 12) . Since C. O. P . was not pro-

grammed in t he leaf it may be concluded that loss of linearity in the leaf 

curves is a r esult of the decreased r ate of ."Oxygen consumption in the root . 

In other words , the r ate of oxygen depletion in the leaf is not dependent 

solely upon leaf respirati on (and leakage) but als o upon activities in 

other organs , e . g . the root . Similarly, organs such as the root seem to 

depend upon the leaf for an oxygen supply after submergence . For net 

movement of oxygen from leaf to root to occur in t he submerged plant a 

concentration gradient must persist ; this is demons trated in the 

follow·ing " experiment" . 

"EXPERHlENT" 4: THE LEAF OXYGEN REGDfE AFTER SUBHERGENCE 

This "experiment" w"aS designed to examine the changes ,.,h ich t ake 

place in the leaf oxygen regime foll o,ving submergence . It 'vas hoped that 

the results might help to expl a in the curious lag phase which was an 

i mportant feature of both actua l and simulated R. O. L. vs . time after 

Submergence relationships (Figs . 5 . 3 and 5. 12) . 

The analogue was programmed i n accordance with t he data in Table 5 . 1. 

Oxygen concentrat ion 'vas monitored within the leaf base (middle segment), 

mid- leaf (bottom segment) and mid-leaf (top segment ) (s ee Table 5 . 1) . 

Since the leaf apex proper was not modelled the top mid-leaf segment has 
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been referred to as the "apex" for convenience throughout this discussion . 

The manner in which the oxygen regime ,,,ithin the leaf fell after 

submergence at the three monitoring pos itions is shown in Fig . 5 . 15 . 

Table 5 . 2 , 'vhich gives the oxygen concentrations ,vithin leaf and root at 

various times after submergence , clearly s hows that the oxygen concentration 

gradient between leaves and roots persis ts . 

From Fig . 5. 15 it can be seen t hat the rate of oxygen de pletion varies 

,vi th wsi tion a long the leaf. Else,,,here in this t hesis it is shown that in 

the unsubmerged plant the oxygen supply to the roots is probably entire ly 

derived from t hat entering t he leaves via the stomata immediately above 

the leaf sheath (see Chapter 6) . I mmediately after submergence the basal 

mid-leaf segment continues to be the major source of oxygen , as evidenced 

by the rapid rate of fall in internal oxygen concentrat ion compared with 

the other regions of the leaf (Fig . 5 . 15) . A simila r r ate of oxygen 

decline in t he leaf apex is prevented by t he additional diffusive resistance 

(due to the increased di ffus ion path length) between t his segment and the 

root (see p . 125) . Consequently the initial equality in oxygen concentration 

within t he mid-leaf and apex is disrupted by t he establishment of a con­

centration gradient between t he leaf apex and the root (Table 5 . 2) . Hence 

the apical region, 'vhich prior to submergence 'vas insignificant as an 

oxygen source , no,v supplies oxygen to t he more basal parts of the plant . 

This in turn is reflected by an increased r ate of oxygen depletion in t he 

apex , and a lmvered r ate in t he mid-leaf (Fig . 5 . 15a and b ) , resulting 

eventually in a re-equilibration of the leaf oxygen regime (Table 5 . 2) . 

It seems likely that the r apid re- adjustment of oxygen ,vi thin the 

plant after submergence is the cause of the "lag" feature present in the 

R. O. L. vs . time relationships . Pr esumably oxygen consumption in the root 

by respiration and leakage is not sufficiently r apid to maintron t he con­

centration gradient bet,,,een leaf and root at its origina l value . Net flow 

of oxygen into the root from tbe aerial parts will prevent a fall in root 

Oxygen concentration for a time after submergence , and R. O.L . will remain 
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TABLE 5. 2 ANALOGUE SIMULATION: INTSRNAL OXYGEN COHCENTF..AT I ON I N LEAF 
AND ROOT T VAHIOUS TillES AFTER SURfERGENCE 

Time Internal Oxygen Concentration (%) 
(Arbitrary 

Units) Root Leaf Apex Mid-leaf Leaf Base 

0 10 . 75 20 . 41 20 . 41 14 . 30 

10 9. 70 14 . 90 13 . 40 12. 00 

20 7 . 20 10 . 10 9. 60 8 . 80 

30 4 . 40 6. 00 6 . 00 5. 70 

40 1. 60 2 . 30 2.40 2. 40 
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at t he pr e-submergence value . It is of interest to note t hat a slight 

"lag" feature is apparent also in t he concentrat ion vs . time relat ionship 

for the basal leaf segment (Fig . 5 . 15c) . 

"EXPERI rENT " 5: THE "SHOULDEH"; IMPLICATIONS 01<' D CREASED RESPIRATION 

AND I HCREASED LEAKAG.i<~ FIWH THE LEAF . 

It was concluded earlier that the "shoulder" present in the R. O. L . 

curves for large plants (Fig . 5 • 3b) ,.as a r esult of s ignificant oxygen 

leakage from the leaves . This conclusion was tested as fol101'S . 

The analogue "as programmed according to the data in Table 5. 1, but 

leaf leakage from each mid- leaf segment w'as inc l uded, and set i nitia lly 

- 2 -1 
at 250ng cm min • To enhance the importance of leakage in the depletion 

of the internal oxygen res ervoir , respiration rate was lowered to 150ng 

- 2 - 1 - 2 -1 
cm min in ea ch leaf segment , and to 250ng cm min in the stem. 

The result is presented in Fig . 5 . 160. , ,.hilst Fig . 5. 1 6b is the 

normal curve (ie. Fig . 5 . 12a) for comparis on . A distinct ' shoulder ' is 

pr esent in Fig . 5. 16a , confirming the original conclusion t hat concentration-

dependent oxygen leakage from t he aerial parts was a cause of this feature . 

III DISCUSSION 

The primary aim of the investigation described in t his chapter was 

to determine whether the gas-space system of ~ . angustifolium is able to 

store oxygen in suff icient quantity to satisfy respiratory demand during 

periods of curtailed external oxygen supply . During the study information 

was obt ained concerning the manner in 1vhich the internal oxygen concen-

tration falls after submergence of the plants in anaerobic medium , the 

dynamic relationship bet1Veen t he oxygen regimes of leaves and roots and 

the critica l oxygen pres sure for aerobic respiration in the submerged 

plant . 

The two experimenta l ' techniques employed s ho1Ved that in the dark at 

23 0 C t he internal oxygen r eservoir of riophorum falls to zero after only 



FIG. 5.16 Analogue simulation: radial oxygen loss from a submerged plant 

(a) Showing · the "shoulder" produced by increased 02 leakage 

from the leaves and reduced respiration in the stem 

(b) Normal curve 
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50 to 70 min submergence . The main contributing factor to the exhaustion 

of oxygen is aerobic respiration, w'hich proceeds at a constf'-nt rate until 

the C. O. p . (about 2 . 0% in the root apex) is reached . The fall in internal 

oxygen concentration to the critical value took from 15 to 45 min only, 

depending on t he size of t he plants (Fig . 5 . 7) . 

A second factor contributipg to the exhaustion of oxygen , .. as leakage 

from t he leaves, t hough this was important only in t he large plants . 

Follo,.ing submergence t here is a complex re-distri1 ution of oxygen 

within the plant body . A concentration gradient bet11een leaves and roots 

persists , '\o,i th t he associated diffusive flo,", of oxygen into the roots fro m 

the leaves . 

The evidence pr esented in this chapter is unfavourable to the 

hypothesis that aerenchyma may serve as a functional oxygen reservoir in 

E. angustifolium . It was thought that in species subjected to frequent 

inundation in their natural habitat (eg o saltmarsh plants) the r eservoir 

function of aerenchyma may be of greater importance . Several plants of 

Spartina x tmmsendii H. and J . Groves were tested but the results were 

similar to those for Eriophorum , the internal oxygen store being e~lausted 

after only about 55 min . 

It must be concluded that in Eriophorum angustifolium (and Spartina 

x to~sendii) aerenchyma does not serve an important oxygen- reservoir 

function . In times of inundation (unless conditions a r e such t hat photo­

synthesis boosts the internal oxygen regime - see Chapter 8) aerobic 

respiration in these species must cease within one hour . 
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CHAPTER 6 

STOMATAL CONTROL OF INTERNAL AERAT I ON 

INTRODUCTION 

It is generally accepted that stomat a provide the most i mportant 

route for the passage of gases into and out of the leaves of terrestia l 

plants ( eg . Th'omas et a l., 1973). Their va riable apertures distinguish 

stomata from other ventilating pores (eg . lenticels) and many 'ror ~ers 

have i nvestigated t he physiologica l and envi ronmental f actors responsible 

for stomatal movements . 

In addition , the extent to "7{li ch stomatal movements influence t he 

passage of ga s es has been extensively studied . However , a survey of t he 

Ii terature r eveals that ,rorIc has be en r estr icted to considerations of 

water vapour and ca rbon dioxide fluxes ; t here is no i nvestigation known 

to the author in which t he control of oxygen entry by stomata has been 

studied. 

In t his chapter an a ccount is given of work aimed at determining 

the extent to which t he stomata of Eriophorum angustifolium i nfluence 

t he i nternal aeration of t he plant . For convenience the i nves t igation 

is des cribed i n t hree sections : firstly , experimenta l work is discussed ; 

t his is followed by a short theoretical treatment , and lastly , several 

confirmatory experiments a re des cribed. 

1. EXPERI !ENTAL 

Ao STO~~TAL APERTURE 

A non-destructive method to determine aperture dimensions was sought 

and it was found t hat t he technique described by Sampson (1 961 ) ,ras t he 

most convenient,especia lly since it could be used to examine moist leaf 

surfaces . In t his procedure a primary (negative) i mpression of the leaf 

Surface ,ras obtained from 'rhich a transparent sec ondary (positive) replica 

Was derived for mi croscopic examination . Th e primary i mpression was cast 

in silicone r ubber monomer (tlSi lflo Dental Plastic", J . and S . Davis Ltd o , 
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Torrington Park, London, N.1 2) . The liquid rubber was mixed w'ith its 

catalyst (the amount of ,.,h ich determined t he curing-time) and s potted 

onto the leaf surface . The minimum quantity of cata lyst ne cessa r y to 

effect hardening }Jroduced the bes t r esults as it allowed suffi cient time 

for the rubber to penetrate the stomat a before sett i ng . After har dening 

the rubber '<TaS carefully lifted aw'ay from the leaf surface w'i t h forceps 

and washed i n detergent solution; it was t hen t horoughly dried to avoi d 

"misting" of t he positive impression . This was done by blotting 

the rubber and allow'ing it to stand in a P 205 desiccator for 10 min . 

Clea r nail va r nish was then painted onto the i mpressed surface and dried 

in the desiccator for 15 min ; if left for longer periods the varnish 

became brittle ,.,ith a tendency to fracture on removal . 

For examination the positive replica was placed , i mpressed surface 

uppermost , on a microscope slide and covered loosely with a coverslip 

attached to the slide by "sellotape" . Sandwiching t he impress ion betw'een 

t,.,o slides as suggested by Sampson (1961) distorted the replicas . A 

replica of the lower surfa ce of an Eriophorum leaf is sho,Yn in Plate 6 .1. 

B. PRELIHINARY OBSERVATIONS 

1. Stomatal distribution and freguency 

Epidermal impressions were t aken at 1cm interva ls a long t he upper 

and lo,.,er surfaces of intact E.angustifolium leaves and the stomata 

counted under the microscope. Stomata were found only on t he abaxial 

Surface and here t here was a marked acropeta l increase in frequency 

(Fig . 6 .1). There were never any stomat a lower than 1-2 cm fro m t he leaf 

base ; above this they were relatively infrequent up to the end of t he 

leaf s heath . Above the sheath stomat a l frequency increased s harply until 

at 9 to 10cm from the leaf base it bec ame f a irly constant , at 9- 10 x 103 

cm-
2

• Meidner and }1ansfield (1 968 ) reported a simila r , though less marked , 

~ariation in stomatal freque ncy along leaves of Zea mays L. 



PLATE 6.1: Epidermal impression of t he abaxia l surface of a l eaf of 

E. angustifolium (x 2 , 090 ). 
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2 . Stomatal dimensions 

Pore length was estimated from epidermal impressions and appeared 

to be i ndependent of the degree of opening of t he stomat a ; t his is in 

agreement w"ith comments of Meidner and Hansfield (1 968~ The mean length 

,~as O. 0032cm (32pm) , S .D. :!: 0 . 0001 cm. 

Pore dept h ,~as estimated fro m transverse l eaf sections (e . g . Plate 

6 . 2) and had a mean va lue of 0 . 00163cm (16 . 3rm), S . D. :!: 0 . 00002cm. 

C. DIURN L V}RI~ TION IN STO ~TAL APERTURE AND ITS EFFECT ON 

OXYGEN ENTRY 

1 . Introduction 

It has long been knmm t ha t t he stomata of most plants open during 

daylight hours and close at night (though t he reas ons for this behavi our 

are not entirely clear) . It is logi ca l to assume t hat if stomat a l move-

ments do influenc e internal aeration , oxygen entry wi l l be at a minimum 

durina stomatal closure . Compl ete stomat a l closure may be a factor to 

cause the pl ant t o depend upon the int ernal oxygen r es ervoir (Wi lliams 

and Bar ber , 1961); t his oxygen sourc e has a lready been shown t o be 

ineffective (Chapter 5) . St omat al closure may , t he r efore, be expected 

to lead to a s ub-optimal i nte rna l oxygen regime . 

Exper i ments were carri ed out 'vi t h Eriophorum firstly to determine 

the degree to ,.,hich t he stomat a c l osed during t he diurnal cycle , and 

sec ondly to t es t whetller such stomatal movements influenced the i nte rnal 

aerat i on of t he pl ant . 

2 . Stomata l Cycle 

Fourteen days before s ampling riophorum pl ant s i n bucl~ets of 'vater-

logged soil were transferred to a growth cabinet . The environment a l 

conditions ,.,e re : 

Day length 16h (04 0 00 - 20 0 00) 

t - 2 \~1 Phot osynthetically active r adian flux density 150pE m s 

at s oil level. 



PLATE 6 . 2: Transverse section t hrough a stoma of E . angustifolium 

(x 1, 780 ) 
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0+0 
Day temperature 20 - 1 C 

Night temperature 18 . 50 ~ 1
0

C 

Relative humidity 8~fo 

Stomatal aperture 'vas measured over a 24h period by t aking impressions 

of t he Imver leaf surface at t " o-hourly interva ls . Samples w"ere t aken 

at 2cm above t he sheat h , 2 cm below the apex and at the mi d- point of the 

leaf . The same l eaf "as used t hr oughout the investigation and t"enty 

stomat a were measured at each point . The dat a has been expres sed as mean 

pore "idth and the stomatal cycle at each of the t hree s ampling pos itions , 

together with t he "mean cycle"f or the len.f , is shown in Fig . 6 . 2. 

Although there 'vas much variation between pore 1vidths at the three 

positions a distinct diurnal fluctuation is clear . Apertures r anged from 

a maximum of 9.2pm (mean 8.0pm) during t he light period at 09 . 30 to a 

mi nimum of zero (mean O. 9rm) during darlUless at 01 . 30 . It is of interes t 

t hat although some stomata were not measur ably open during darb19ss at no 

time were a ll po res shut si l'lultaneousily . 

A further point in connection with the stomat a l cycle is the r apid 

rate of opening compared 1dth that of closing , a phenomenon which has 

been described by other '\'Torkers (eg . HacDowell , 1963 ) . Mansfield and 

Heat h (1963) have corre l ated rate of stomatal opening in Xanthium 

pennsylvanicum L. on exposure to light with t he dur at ion of the preceding 

dark period - longer nights producing faster opening . Stalfelt (1 963 ) 

attributes t his "readiness to open" of stomata to an endogenous increase 

in guard cell turgor during the dark period . 

3 . Stomatal cycle and oxygen entry 

The follo,ving experiment was des i gned to test "hether t he marked 

decrease in stomat a l aperture which ac companies darlUless lowered the rate 

of oxygen entry into t he Eriophorum plant . Changes in t he internal oxygen 

regime "ere sought by monitoring R. O. L. from roots . 

(a) Procedure 

Several Eriophorwn plants from the batch used in the previous experiment 
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were arranged for R. O. L. measurement (Chapter 2 ) inside the growth 

cabinet . Electrode leads passed t hr ough a small hole in the cdinet 

wall and environmental conditions remained unaltered from the previous 

experiment . Plants 1vere a rranged with only their roots 1vithin the 

measuring cylinders, the walls of which 'vere blackened . Radial oxygen 

loss was continuously recorded over a 24hr period . 

(b) Results . 

At no time did R. O. L. decrease during darlUless . On t he contrary , 

in severa l experiments a slight increase correspondi ng with t he onset of 

darkness occurred fol lowed by a fall to the original value on re-illurnin­

ation . This was attributed to a reduction in plant respiration rate 

caused by the da;y - ni ght temperature change from 200 C to 18 . 50 C; such a 

temperature drop would dec rease the effective diffusive resistance of the 

pl ants (see Chapter 7) . 

This result indicates that nor mal diurnal changes in stomatal aperture 

of E . angustifolium plants had an i mmeasurable effect upon the internal 

oxygen regime . In addition , the onset of photosynthesis accompanying the 

change from darlcness to light did not appea r to boost the internal oxygen 

concentration i n the roots . These conclus i ons are in agreement ,vith those 

of Greenwood (1 967b) for musta rd seedlings . The re lationship between 

photosynt hesis and i nternal aeration is c onsidered in greater detail in 

Chapter 7 . 

4 . Artificial stomatal closure 

Although during the normal diurnal cycle mean stomat al aperture was 

reduced to only O. 6pm some stomata remained mo r e widely open; this may 

have accounted for t he observed unrestricted oxygen entry. It was t hought 

t hat more uniform stomatal closure might be induced artifi cially . To 

thi s end two methods were adopted ~ increasing t he ambient CO2 concen­

trati on and spraying with an antitranspirant . 

(a ) Increased CO
2 

Concentration 

Since Scarth (1932) suggested that light-dark responses of stomata 
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may be linked to photosynthetic removal , and respiratory production, 

of ca rbon dioxide there have been numerous reports that increased ambient 

CO2 concentration brings about stomata l closure (eg . Freudenberger, 1940; 

Heath , 1948 , 1950; Health and Hilthorpe, 1950) . The magnitude of the 

effect is enhanced at I m-Ter light intensities (Heath and Russell, 1954 ; 

Gaastra , 1959) and appears greatest at about 0.05 to 0 . 157~ CO2 

(Gaastra , 1959; Pallas , 1965) . 

To test the effect of increased carbon dioxide pl ants were arranged 

for R. O. L. measurement within t he grm"th cabinet . One hour after the 

dark period had commenced a quantity of solid CO2 ("cardice") ,,,as i ntro­

duced into the growth cabinet to bring the ambient concentration to about 

0 .1 5%. The requi red weight of "cardice" ,,,as calculated by the equation: 

,.here : 

W = c 

<? c = 
V = 

,., 
c 

the 

t he 

t he 

= 

required weight of 

dens ity of gaseous 

internal volume of 

(6 . 1) 

solid CO2 at temp . t1 (g ) 

CO2 at temp . t1 (g 1- 1 ) 

growth cp.binet (1) 

t2 = the grmvth cabinet temperature (0 A) 

No fluctuations in growth cab inet temperature 'vere detected on 

i ntroduction of the "ca rdice". 

As in the previous experiment no de crease in R. O. L. was detected . 

Although the plants were subjected to apparently optimal conditions for 

stomat al closure (0 . 15% CO
2

, darkness) any such closure was i nsufficient 

to affect oxygen entry into the plants . 

(b) Effect of an Antitranspirant 

Severa l compounds have been shown to cause stomat a l closure when 

applied to leaf surfaces (Walker and Zelitch , 1963) . Of these phenylmercuric 

acetate (P .M.A. ) is notable in t hat it is effective at very low concen­

trations (5 x 10- 5M) (Zelitch, 1965) and that stomata may remain shut for 

a s long as 14 days (Zelitch and Waggoner , 1962) . Although P .H. A. is a 
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poison '"hich inhibits photophosphorylation it is relatively i mmobile 

in the pl ant and does not affect grow'th significantly (Zelitch and 

Waggoner, 1962), t hough Shimshi (1963a ) has reported some toxicity i n 

Sunflower and suggests the need for caution when appl ying the chemical 

to easily wetted leaves . 

The i mmobil ity of P . }I . A. in t he plant necessitates thorough cover age 

of t he foliage to ensure treat ment of al l stomata . For t >is 'reas on al l 

but one leaf ,,,e re re moved by severing them approximat ely 0 . 5cm ab ove their 

bases; cut ends "rere s ealed ,,,i th lanolin . Pl ant s so pr epared were 

arranged for R. O. L. measurement ,d t h t he cut leaves below' the level of the 

agar medium. They were pl a ced i n a fume cupboard and left to equilibr ate 

for 2h in the light . 

The P .M. A. solution was made up at 5 . 0 x 10-5M in 0 . 05% v/v Triton 

X-1 00 ,,,etting agent . This relatively low con centration of surfactant was 

used to prevent over::"penetration by t he P . M. A. and 'vas that used ,dth 

success by Shi mshi (1963b) . At zero time t he leaves were t horoughly 

sprayed with the P . M.A. solution and R. O. L. was r ec orded continuous ly for 

severa l hours . Simultaneously epiderma l impressions were t aken at the 

apex, mid- region and base of the leaves to follow changes in sto at a l 

aperture . At a point dur i ng t he experiment t he li r,hts were extinguished 

to test for any photosynt hetic effect . 

The manner i n 'vhich s t omat a l aperture and R. O. L. (expressed as diffusion 

current) changed af te r applicatioll of the P. M.A. is shown i n Fig . 6 . 3 . 

The narro,vness of t he i nitial stomatal width (j . Oym) was prob~bly due to 

the low intens ity of t he laboratory illuminat i on (1 0pE m-
2
s-1 ) . 

The P . M. A. applicat ion was effe ctive i n r educing stomatal aperture 

to a mean of 0.2pm , and t hough few s tomat a appeared closed mne had a pore 

width gr eater than 0.3pm. This narrOlY' stomatal aperture remained unchanged 

t hr oughout t he exper iment . Again , hmveve r , there was no detectable 

Change in t he i nternal oxygen regi me apart from a slight i nitial f all in 

R. O. L. This was undoubtedl y due to blockage of the stomata by wetting and 
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the R. O. L. rose to its original value as t he liquid dried from the l eaf 

surfaces . 

It was t hought that at the narrow stomatal w'idths photosynthetic 

oxygen may have been reta ined w'ithin t he plant , giving rise to elevated 

R. O. L. Darltening the plants produced no evidence of t his , though 

it should be noted that rate of photosynthesis "Tas likely to have been 

1m., under the l ow intensity illumination . 

5. Discussion 

The experiments described above indicate that in E. angustifolium: 

1 . No rmal diurnal stomatal movements have no effect on oxygen entry. 

2 . Artificial closure of stomata to very narrow apertures (O . 2ym) 

does not reduce oxygen entr y . 

3. Photosynthesis does not appear to enrich the i nterna l atmosphere 

with sufficient oxygen to Qeasurably i ncrease the R. O. L. (see Chapter 7) . 

T lere may be t,.,o possible reasons for the ineffectiveness of stomata 

to control oxygen exchange with the atmos phere . Firstly , oxygen may ente r 

the plant across the cuticle and epidermis . Secondly , sufficient oxygen 

ma.y be ab le to pass t hrough even the narrowest pores to maintain normal 

aeration . Investigations designed to test t hese possibilities are described 

in the following sections . 

D. EPIDERNAL AND CUTICULAR OXYGEN ENTRY 

1. I ntroduction 

There is abundant evidence that water vapour can pass through t he 

cuticle of leaves . Thomas et a1. (1973) conclude that , " ••• some water 

is evaporated from the outer walls of most epidermal cells and escapes 

as vapour t hrough t he cuticle ." Hm.,ever , t hey a lso point out that a thick 

cuticle is very efficient in preventing water l oss . ifhilst the cuticle 

mayor may not also of fer a considerable resistance to oxygen transfer , 

it i s likely t hat the aqueous phase in t he epidermal cells themselves will 
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offer a substantially greater resistance than the stomat a l path (Heat h , 

1969 ) . Nevertheless, it was considered necessa ry to establish the 

significance of epiderma l oxygen entry in Eriophorum. 

2 . Hethod 

As in t he P .M.A. experiments pl ants had all but one leaf removed 

before R. O. L. ass ay . 'f.hen t he oxygen diffusion current had equilibrated 

the entire low'er leaf surface ,~as coa t ed ,dth l anolin and changes in R. O.L . 

monitored . Since the leaves were Imo1m to be hypostomatous the R. O. L. 

after lanolini ng ,~as assuned to be a function of oxygen entry across t he 

cuticle and epidermis of the adaxia l surface . Three methods of l anolin 

application were used , viz s mearing t he leaf with t he fingers, application 

of a l anolin-coated paper strip , and painting melted lanolin onto the leaf . 

Experiments w'ere ca rried out in t he dar k . 

3 . Results 

It can be seen from table 6 . 1 that results vari ed accordi ng to the 

method of lanolin application . 1fhen t he lower leaf surface ,vas 

efficiently coated by painti ng , R. O. L. fell to zero . From t his it may 

be concluded that if oxygen diffusion across the adaxial epidermis was 

occurring its magnitude was small and by no means sufficient to maintain 

adequate internal a eration . The other methods of lanolin application 

apparently left suff icient numbers of unblocked stomata in communication 

wi th t he atmos phere to al1m~ considerahle oxygen entry . The likelihood 

that t he number of such stomata ,vas small suggests t hat fe,., stomat a a re 

requi red to permit the entry of an appreciable quantity of oxygen . The 

next s tage in t he i nvestigation wa s designed to obtain further information 

concerning t he number of stomata required for adequate interna l aerat ion . 

E. Tlill NUMBER OF STOMATA REQUIRED FOR ADEQUATE AERATION 

By blocking stomata in stage s it w'as hoped to discover t he approx­

imate number of functional pores necessary to al low suff icient oxygen 

entry. Furthe rmore, it was hoped to demonstrate how the position of t hese 



T LE 6 0 1: THE EFF 'CT OF STOI· T L :3LOCKAG BY LANOLIN 1 PPLICl TI ON ON R. O. L. 

Method of Lanolin Diffusion Current Diffusion Current % Fall in 
Application (Untreated) (treated) Current 

(pA) (pA) 

Smearing 1.60 1.05 34 . 4 

Paper strip 1 . 58 0 .37 76 . 6 

Painting 1.50 0 . 00 100 . 0 
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stomata on the leaf might inf l uence their ventilating efficiency. Two methods 

w'ere employed . 

1 . Lanolin application 

(a) Procedure 

Plants w'i th one leaf only ,vere used and were i mmersed in aaar medium 

to sheath level . The experiments were similar to t hose a imed at assessing 

cuticular oxygen entry, but differed in t hat the lanolin was painted onto 

t he leaf in stages, beginning at t he apex and working to,m rds t he base . 

Ea ch experiment ,vas carried out in the dark . 

(b) Results 

Diffusion current varied with t he extent of lanolin application as 

s hown in Fig . 6 . 4 . Progressive stomata l blockage had no eff ect Until 

relativel y fe,,, functi ona l s t omata remained . Further lanolining reduced 

R. O. L. and complete coverage caused R. O. L. to fall to zero . 

The results of the pr ev i ous experiments suggested that few stomata 

were requi red to maintain normal internal aeration in Eriophorum; it is 

now possible to mal~e an approximation of the number requi ren . From Fig . 6 . 4 

i t can be seen that a normal oxygen regime is provided by approximately 

1 . 0cm exposed leaf immediately above the sheath . Since the stomatal 

frequency in t his region is about 500cm-2 (Fig . 6 . 1) and t he width of the 

experimenta l leaf was 0 . 4cm , t he required number of stomata is as low as 

200 . 

All approximation may be made a lso of the minimum number of stomata 

needed to support maximum respiration in t he pl ant (ie . ma i nta in the 

root apica l oxygen concentration above the critica l va lue) . Assuming that 

the 1 . 76pA diffusion current from t he untr eated plant indicates a root 

apica l oxygen conc entrati on of about 15% (ie . the me an oxygen concentr ation 

in the root apices ,,,hen t he leaves a re in air - Chapter 7) , an apica l 

concentration of 2 . 5~0 (ie. the C. O. P . ) is indicated by a current of O. 3pA . 

This current occurs "Then a Jout 0 . 1 cm of leaf (about 20 stomata ) remai ns 

exposed . 
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Aga i n it mus t be stressed t hat the above estimat es a re ve ry approx-

i mate due largely to the assumptions made concerning initia l a pica l 

oxygen concentration and stomata l density . In fact , ,york described later 

in t his chapter s hmyed t hat the requi red numbers of stomata are appreciably 

s maller t han t he above v1~lues . 

2 . Progressive submergence 

I n t he prec eding experiments stomat a l blockage ,.;ras from t he apex to 

base of t he l eaves . The foll owi ng expe r iments tes ted t ~e eff ect of 

progr essive stomata l bl oc tage in t he opposite direction . 

(a ) Procedure 

Both i nt act pl ants and single-leaved prepa r at i ons were used and 

( - 2 - 1) experiments ,.;rere carried out i n both light 15yE m s and darkness . 

Plants ,yere arranged f or R. O. L. measurements within a measuring 

cylinder as des cribed in Chapter 5 and t he l eve l of the agar medium 

adjusted to the root-shoot j unction . Whilst R. O. Lo ,.;ras continuously 

monitored the plants were submerged in stages (diffusion current being 

allowed to equilibrate after each submergence step ) until completely 

i mmersed . In the case of single- leaved preparations re lative stomat a l 

frequency a long the leaf was recorded at t he end of ea ch experiment o 

(b ) Results 

( i) Single leaves in t he dar k : s ee Fi g . 6 . 5. 

Unlike the resul t obt a ined in t he previous experiment R. O. L. declined 

,>lith submergence even though a large number of stomata (ab out 16cm of 

leaf) rema ined exposed ; on compl ete submergence oxygen fl ux from t he root 

fell to zero . There wa s a mar ... ed cor relat ion between t he f a ll in R. O. L. 

and t he distribut ion of stomata ; submergence of the s heath region , "There 

stomat a a re infrequent , had l itt le effe ct; submergence i n t he regions of 

high stomat a l densit markedly r educed R. O. L. 

-2 -1 Assuming t hat an R. O. L. of 93ng cm min from the untreated plant 

indicates a root apica l oxygen concentration of 15~~ (P. 148), a flux of 

- 2 - 1 15.5ng cm min indicates an apica l C. O. P . of 2 . 5%. Thi s flux occurs 
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when about 4 . 6cm of leaf apex, and hence very many stomata , remain 

exposed . This subs t antial i ncrease in t he numbe r of stomata required for 

maximum plant r espiration (c . f . p.l04) is undoubtedly due to the increased 

diffusion path length bet1"een the functi onal stomat a and the root apex 

(see Chapter 7) . 

The non- metaboli c resis t ance to oxygen diffusion along a leaf , RI , 

is given by an equation simi lar to 2. 10 . 

where : 

A xl 

-3 scm 

LI = the diffusion path length t hrough the leaf (cm) 

(6 . 2) 

D = the effective diffusion coefficient ( cm2s - 1), dependent 
e 

on leaf porosity (see p.126) 

A = the cross secti onal are a of t he le ~f (cm2 ) 
xl 

Hence , an increase i n path lengt h s hould be accompanied" by an i ncrease i n 

r esistance . For example , in a leaf having a cross section area of 

2 - 3 0 . 0125cm and porosity of 50%, t he lacunar resistance will be 780 s cm 

per centimetre of leaf . Added to t his ,,,ill be the resistance due to the 

diaphragms (p . 150) , wh:i,lst acting synergistica lly ,vith the non-metabolic 

resistance will be the respi ratory oxygen consumption of t he leaf (p . 124) 

and t his effect ,viII a lso increase ,,,i t h path length . Hence , although the 

previous experiments showed that few stomata ,,,ere necessary to maintain 

the oxygen pr essure in t he ro ot apex above the critica l va lue , t hese 

stomata were situated at t he base of the leaf (Le. LI 'vas minimised). 

By submerging the leaf Ll ,,,as increased, ,vi th a corresponding increase in 

R
I

• To maint ain adequate ae r ation the rise in Rl had to be balanced by 

a decrease i n stomata l resistance , and t his wa s achieved by an elevation 

of stomatal number (Po 116) .• 

( ii) Whole plants in the dark: s ee Fig .6 . 6 . 

The subme rgence of whole plants gave results simila r to those for 

single leaves (see Fig . 6.6A) . H01vever , the basic pattern was modified in 
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those plants having "free" leaves - ie . s hort leaves free from t he main 

sheath (Chapter 3) . Stomata l distribution a long these leaves is simila r 

to that along normal le~ve s , but their length is less than the ensheathed 

portion of the plants . In Fig . 6 . 6B free leaves extend to 1 . 5cm and 4 . 0cm; 

submergence of the s horter masll:s t he i nitia l plateau , ,.,hilst submergence 

of the longer probably susta ins the relativel"' steep decline in R. O. L. 

I n Fig . 6 . 6C the initial plateau is present but the simultaneous submergence 

of two free leaves extending to 6cm is reflected as a sharp fall i n R. O. L. 

Further submergence to 8cm resul ts in a slight decrease i n slope , but 

i nundation past the s heath (8 . 4cm) causes the R. O. L. to f all steeply again . 

( iii) Single leaves in the light : see Fig . 6 . 7 

Illumination caused a major departure from the flux pattern obt a ined 

in darlmess ; in t he latter st~ges of submergence the decline in R. O. L. 

'ms very much recluced and a tendency to plateau formation ,.,as appa.rent . 

As before R. O. L. ceased at tota l submergence . 

The tendency to plateau formation was tentatively attributed to photo­

synt hesis . It ,.,as thought that a "balance" may have been reached ,.,hen 

suff icient leaf was submerged to contain phot osynthet i c oxygen and channel 

it to the r oots (see Chapter 8 ) but yet the number of exposed stomata was 

such as to allo,., adequate ca rbon dioxide entry . Under these conditions a 

gradient of CO
2 

,.,ould exist down t he l eaf . , similnr oxygen gradient ,.,ould 

prevent the escape of photosynthetic oxygen into the atmosphere, with the 

tendency for t h is gas to remain at a "c onstant" concentration 'vi t hin t he 

leaf . This effect 'oTOuld naturnlly be transmitted to t he root , where it 

would give rise t o the R. O. L. plateau . Complete submergence of the leaf , 

so as to curtail the at nospheric CO
2 

supply and reduce photosynthesis , 

would r esult in depletion of the interna l oxygen regime and the f all in 

R. O. L. to zero . 

( i v) Whole pl ants in t he light : see Fig . 6 . 8 . 

The effect of "free " l eaves is apparent as in the corresponding da rk 

experiment , but again a "photosynthes is plateau" occurs , bet'veen 18cm and 

\ 
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22cm submergence i n curve A, and 12cm and 14cm i n curve B. 

F. THE EFF CT OF REDUCED STar T L NUMBER: ADDITIONAL 

EXPERU ' NTS 

The experi ments described belm" ,,,ere designed to te~t further t he 

effect of reduced stomatal number upon internal aeration . 

(a) Procedure 

Both ,,,hole plants and single-leaf prepa r ations 'vere used and 

experiments ,vere performed in t he aar Ir . In order to monitor R. O.L. 

a slight modification i n procedure was necessary s ince plants were to be 

cut to the root bases . Instead of supporting t he pl ants in bungs t hey 

,,,ere held at the stem region by clamped forceps . Only t he experimenta l 

root passed through t he bung in '-Thich it 'l>TaS held by loose cotton wool . 

In t he case of whole plants the main leaves ,vere cut t o equa l length 

and free leaves were removed . The cut leaf ends 'vere sea led ,d t h lanolin 

and t he level of the agar medium wa s kept approximately O. 3cm belm" t he 

root-shoot junction . 

The leaves ,'lere s hortened i n stages , and t he equilibrium diffusion 

currents recorded both ,d th t he cut ends open and t hen sea. led ,vi th l anolin . 

The experiments ,.;ere halted ,.;hen only the roots remained. 

(b) Results 

The effect of reduced leaf length upon the R. O. L. from a whole pl ant 

is illustrated in Fig . 6 . 9 . Cutting t he leav es f rom 27cm to 12cm had no 

influence on R. O. L. ,dth either open or s ealed leaf ends . Hm.;eve r , 

further cutting led to a divergence in t he "sealed" and "open" curves, 

t he former re ma i ning cons tant , while the latter rose . The point of 

divergence is not clea rly defined due to the amount of leaf cut , but 

r esults of t he preceding experiments (eg . p . l04) indicate that it mi ght 

occur at a leaf lengt h approaching t hat of the s heath r at her than at t he 

point i ndicated i n Fig . 6 . 9 . In t he "unsealed" series of measurement s a 

further increase i n R.O. L. took place at the next cut but in t he "sealed" 
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series there was a f a ll. Subsequently t here 'vas a slight fal l in R. O.L. 

in the unsealed series . This was unexpected and could be at t ributed to 

t he partia l bloclmge of the lacunae by liquid which had risen between 

the leaves by capillarity . Simila rly'vhen only the unsea, led root remained 

l ealmge of sap from damaged cells ,V'ould seem to have prevented an 

anticipated rise in R. O. L. It ,vas never poss i ble to prevent the \Vetting 

of t he cut leaf ends in the whole pl ants ; in the single leaf prepar ations, 

however , the capillary effect did not occur and in later expe r iments, 

"hen t he cut root bas e ,ms dried w'ith a gentle air stream , t he continued 

increase i n R. O. L. occurred as anticipated (Fig . 6 . 10) . In both Fig . 6 . 9 

and Fig . 6 .1 0 t he R. O. L. in t he IIs ea led ll series continued to f a ll as t he 

leaves "ere s hortened and became zero ,·,hen on ly the sealed root remai ned . 

The pr ocedure adopted in t hese experiments enabled stomatal number 

to be r educed without increasing t he diffusion pat h lengt h between t he 

functional stomat a and the root apex . In t his respect the experiments 

a re simi l a r to t hose in ,\,,;!ich t he stomata were blocked by l anolining 

(p . l08) , t hough t he comparis on must be made ,dth caut ion since the cutting 

process a lso r educed respiratory demand . Ho'vever , t he experiments aga in 

demonstrate that few stomat a a re sufficient f or adequate root ae r ation . 

I n the unsea led series of measurements the open l a cunae provided low­

r es i stance access f or oxygen when s tomatal number was r educed by cutting 

t o t he l eaf base ; R. O. L. increas ed as the diffusion path length (and 

hence t he internal diffus ive resistance) bet'veen t he cut le [1f ends and 

the root apex ,.,as l es sened . In t he IIs ea led" series , on the other hand , 

oxygen entry ,.;as exclusively t hrough t he stomata , a nd a dr[1stic r educt ion 

in stomatal number , brought about b~ cutting to t he s heath r egion of the 

leaves , resulted in a Imvering of R. O. Lo Even so , t he very few stomata 

pr esent in t he ba s a l 1.5cm of t he leaves of the whole pl ant (Fig . 6 . 9 , and 

see a lso Fig . 6 . 1) were suff icient to maintain t he R. O.L. at 95% of its 

ori ginal va lue . In t he single- leaf pl ant (Fig . 6 . 10) 2 . 0cm of le~f base 

mai nt a ined t he R. O.L. at 76,' of t he pr e-treat ment level. 
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G. A MOD·L 

1 . Introduction 

In providing an explanation for the stomatal effects observed in 

the foregoing experiments it was found helpful to consider a model 

system. Using this model it l.as possible to simulate t heoretical ly t he 

cutting-sea ling experiments described in the previ ous section, and to 

ShOl' l.hy , under normal conditions , stomata do not r estrict internal 

aeration. 

2 . Principle 

The electrical circuit ShOlnl in Fig . 6 . 11 represents a single ' leaf-

with-root ' system. Each segment (1 to 11) represents the diffusive 

resistances pr esent in unit length of leaf (1-8) , stem (9) and root (10 

and 11) . The diffusive res istances in leaf , stem and root are respectively 

indicated by R
l
/ , RI and RI and are connected in series . stomatal 

sm r 

resistances , R~t ' a re arranged in para llel . Values (ohms) were as signed 

to t hese resistances in an effort to express their r elative magnitude in 

t he plant . 

The overa ll va lue of resistors in para llel varies inversely with the 

number; thus, 20.0. in segment 7 (R:t / ) represents the reduced number of 

stomata at t he leaf ase (s ee Fig . 6 . 1) . In leaf segments 1-6 the stomatal 

number is assumed constant , lvhilst segment 8 represents the astomatal 

leaf base . 

A potential difference (20 ~olts) , analogous with an oxygen concen-

tration difference , is applied betlreen the atmos phe re and a sink external 

to the root apex represented by a connecti on to earth . Current flO1ving to 

earth is analogous lfi t h a r adial los s of oxygen from the root , but is not 

quantitatively equiva lent to loss to an electrode . 

It is important to note that neither respiration nor photosynthesis 

is included in t he model o 

To simulate cutting in the model consecutive segments a re omitted fro m 



FIG. 6.11 Simulation of stomatal effects based on 
electrical theory. 

The circuit represents the resistances present in 
unit segments of a single leaf - stem - root system.' 

Resistor values are as follows :­

R'st 2 n 

10 n 

I 
Rsm 40n 

R/r 30 n 

R/r/ 50n 

} Stomatal resista(lces 

Resistances within the leaf 

Stem resistance 

} Resistances within the root 

Segment boundaries are indicated by arrows' . 
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the calculations ; in t he "unsealed" condition the atmospheri c potential 

is applied to the non- stomatal resistor currently at the top of t he series , 

as 'veIl as to the stomat~l resistors so long as t hese rema ined . 

3 . Results 

The data obta ined from the model is plotted i n Figs . 6 . 12 and 6 . 13: 

"R . O. L." is S h 01ID in Fig . 6 . 12 and tota l diffusive resistance at the 

various cutting stages in Fig . 6 . 13 . 

A similarity bet1,een Fig . 6 . 12 and t e experimental curves , Figs . 6 . 9 

and 6 . 10 , is apparent : the "sea led" Imcl "uns ealed" cur rents a re 

coincident until t,vo stomata. l segments only rema i n . n explanation is 

provided by Fig . 6013 . It can be s een t hat the t otal resistance of the 

system also rema i ns unchanged in t he "sealed" and "unsealed" conditions 

until only the two basa l stomatal resistances are left . 

This effect is a function of the para llel arrangement of the stomatal 

resistances . The tota l resistance , R, of a number , n , of stomata l 

resis t ances , each of the same value Rst ' is given by: 

n 

If n is large R will be negligible and the magnitude of the overall 

resistance of t he model will be little more than the va lue of the non-

stomat al resistance in segments 8 to 11 . This situation is directly 

comparable to the living plant . 'Vhen stomata are pr esent in large 

numbers the overa ll stomatal res ist::mce to oxygen entry w'ill be effectively 

zero even t hough , due to a narr01·r aperture , the resistance of the 

individual stomata may be considerable . In thes e circumst~nces oxygen 

transport from the atmos vhere t o the roots will be a function of resistances 

within t h e plant (eg . diffusion path length , see P. l25) . Only when the 

number of stomata has been much reduced will stomatal resistance become 

significant ; under these circumstances va riation in stomat a l aperture 

I ay be expected t o influence i nterna l aeration . The relationship bet1"een 

stomata l number , pore width and interna l aeration is considered further in 
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the second and t hird parts of t his chapter . 

II THEORETICAL PREDICTIONS CONCEHNIUG STO lATA AND Hl'rERUAL AERATION 

In the previous section it 'vas demonstrated experimenta lly t hat 

stomat a may inf luence oxygen entry providing their number has been much 

reduced . In t his section theoretica l predictions a re made concerning t he 

relationship bet"een stomat a l number , aperture and resistance and certain 

effects which these f act ors may have upon internal plant aeration are 

dis cussed . 

A. THE CALCULATION OF STOHATAL RESISTANCE TO OXYGEN DIFFUSION 

The resistan ce to gaseous diffusion through a single stoma is the 

sum of t hree components . These are the resistances offered by : 

1 . The stomat al tube itself 

2 . The extra di f fusion path at the entrance and exit to the tube 

(the "end correction" ) 

3. The boundary l ayer of still air at the surfa ce of the leaf . 

1 . Tube resistance 

Consider a tube of length Ltb and uniform cross sectional area 

Ax , t b . The resistance to oxygen diffusion abng t he tube , Rtb , is given 

by : 

A 
x ,tb 

-3 
s em 

( 2 -1) Do = t he diffusion coefficient of 02 in air cm s 

(6 . 3) 

The stomatal tube in Eriophorum more closely a pproximates in cross 

section to an elipse t han to a circ le (Plate 6.1). The cross sectional 

area at any point a long the tube , t herefore , is given by the formula 

for an elipse, ie : 

A =O . 5f"(xy 
x , ep 

2 
cm (6 .4) 
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where x and yare t he lengt hs of the 1:mg and short axes respectively. 

2 Therefore, the quantity 0 . 5 x y is equivalent to r ,where r is t he ep ep 

radius of a circ le of area equa l to A x ,ep . 

However, the vari at ion i n cross sectional area a long a stomata l 

tube (see Plate 6 . 2 ) prevents the use of equation 6 . 4 per se e Instead 

some average vru ue must be estimated for the cross sectional a re a of 

t he tube and t his was done using the equation recommended by Penman and 

Schofield (1 951): 

2 
em (6 . 5) 

where 

A x,st 

r th 

r m 

Therefore , 

2 = average cross sectional area of the tube (em ) 

= equivalent r adius of the stomatal t hroat (em) 

= equivalent r adius of t he stomat a l mouth (em) 

r th J r t h r m is equivalent to 
2 , "tvhere rst is rst 

a circle of area A t . x , s 

the r adius of 

It "tvas found that the throat "tvidth Tn E. angustifolium was ahrays 

approximately half t he mouth width , therefore both r th and r m could be 

calculated from measurements of the mouth width (y in equat ion 6 . 4) ; 

mean pore l ength (x in equati on 6 . 4) had the constant va lue of 0 . 0032cm 

(p . 97 ) . 

2 . End correction 

11hen considering diffusion t hr ough a narrow t ube such as a stoma 

resistance cannot be based solely upon the geomet ry of the tube since , due 

to t he fan- like diffusion :patterns at the entrance and exit to ea.ch pore, 

the concentrat i ons of diffusing gases a re not us ually Immm at the exact 

ends (Heidner and Hansfield , 1968) . Consequently diffusion through the 

tube must be treated as if occurring through a tube of the s ame cross 

sectional area but situated between the regions of kno~m concentration . 

The extra path lengt h involved is called the " end correction" and the 

diffusion r ate a cross it may be ca lculated from Stefan ' s La"tv "tvh i ch states 
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t hat t he diffusion rate , J, through small apertures is proportional to 

the diameter, d , of the ape rture and the concentration di fference , C, 

betw"een t he underside of t he pore and a point some distance away from it . 

I n the case of a stoma it may be express ed in equat ion form as: 

J= 2 DCd
t o s 

- 1 
g s (6 . 6) 

where d
st 

is the equivalent diameter of the stomatal pore (see p . ll}) . 

The diffusive resistance offered by the end correct ion , R d ' i s en 

given by: 

R end 
-3 s em (6.7) 

Si nce end corrections mus t be made at both ends of the tube the total 

end correction res istance is: 

Rend = D d 
o st 

1 - 3 s em (6 . 8) 

3 . Bounda r y layer 

When an air s &ream pass es over a flat surface such as a leaf a l ayer 

of still a i r - t he boundary laye r - occurs close to the sur face . Gases 

diffusing across the boundar y layer have normal diffus ion coefficients , 

but beyond the bounda~ l aye r turbulent a ir fl ow occurs and gases a re 

transpo rted much more r apidl y . Consequently , the resistance to gaseous 

diffus ion offered by t he turbulent a ir is negligi ble compared with t hat 

offered by t he bounda ry l ayer , and t he ambient oxygen concentrat i on may 

be regarded as t hat at the outer surface of t he boundary l ayer . 

Severa l authors give equations defining boundary l aye r t hi cl0l9SS , 

but since this quantity is difficult to determine - it varies i n a complex 

manne r 1vi t h wind speed - t hese have been simplified by approx i mating leaf 

shape t o a circ le (e . g . Penman and Schofield , 1951; Heath , 1969; Meidner 

and Hansfield , 1968) . In the case of a cyperaceous leaf , however , an 

expres s ion invo lving linear di mensions is required . In the pr esent study 

t he approx i mation given by Nobel (1974) was used : 
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cm (6 . 9) 

1vhere : 

Lb = the t hi ckness of boundary layer (c m) 

Ll = t he linear dimension of leaf i n dowmvind dire ction (cm) 

v = t he air velocity 
a 

- 1 (cm s ) 

- 0 . 5 and the factor 0 . 4 has dimens ions cm s 

The dependence of Lb upon ,vind s peed is apparent, and t his is 

illustrated i n Fir, . 6 . 14 for a leaf of width 0 . 5cm situated with the long 

axis normal to the wind direction . In the laboratory environment air 

currents were likely to have been mi nimised and subsequent ca lculations 

assume "still" air conditions ( ie . V 
n, 

-1 = 10cm s - Pmvell , 1940; Nobel , 

1974) • 

The diffusive resistance offered by t he boundary layer , R
b

, is given 

by: 

-3 s cm (6 . 10) 

,.,here : 

2 
Al = the are a of t he leaf , or leaf segment (cm ) . 

4 . Tota l stomat al resistance 

The t hree components of stomatal resistance des cribed above a ct in 

series , hence t heir combined resistance is obt a ined by t heir addition. 

The resistance offered by the stomatal tube and end correct ion is 

given by: 

Ltb 1 
Rtb + Rend = D A + -n-=-d-

o x , st 0 st 2 

and , if A is considered as f'( dst 
x , st 4 

Rtb + Rend = D 
o 

1 
A (Lt b 

x , st 

?( d t 
+ 4

S
) 

-3 s cm 

the equation may be 'vri tten as : 

-3 s cm (6 .11) 

The quanti t y '"K ds t is the end co r rection term for gas entr y and 
4 

exit , and (L
tb 

+ 7( dst ) is t he "eff ective length" of the stomatal tube . 
4 

The tota l resis tance is given by adding the resistance of t he boundary 

layer : 
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1 -X d t Lb 
Rtb + Rend + Rb =D A (Ltb + 4

S
) + D o Al 0 x , st 

1 [ Al 
'X d 

+ Lb J (Ltb + st) -3 (6.1 2) = D Al Ax , st 
s cm 

4 
0 

Stomatal resistances act in pa r a llel, t herefore, if there are n stomata 

2 
over Al cm , t he total resistance, Rl,st ' is given by: 

R1,st ~ lJ 0 \1 [ n A::
st 

(Ltb + 'X :st) + ~ ] - 3 s cm (6 . 13) 

B. RELATIOlJSHIP BET'VEE STO 1P T L NUMBER AND RESISTANCE 

Equation 6 . 13 has been used to determine the relationship between 

stomatal number and resis t ance and in Fig . 6 . 15 stomatal numbers from 

100 to 10 , 000 are plotted aga inst resistance for a 1 . 0cm long leaf seg­

ment of w·idth 0 .5cm (i.e . Al = 0 . 5 cm
2

) in ' still ' air . The stomata ",·ere 

assumed to have a pore width of 5 . 0run (see Fig . 6 . 2 ) and pore lengt h and 

depth of 32pm and 16 . 3pm respe ctively (p . 97 ) . 

The curve is a rectangular hyperbola ,.,i th the equation: 

R = 15 , 644 + 0 . 868 
l , st n 

-3 s cm 

ie . the assymptote y = 0 displa ced from t he x axis by the va lue of the 

boundary layer resistance (0. 868 B cm- 3 ) . 

Fig . 6 . 16 is a double log pl~t of stomatal numbers from 1 to 10 , 000 

against res istance . 

It can be seen from the figures that initially the resistance decreases 

r apidly,.,ith increasing stomata l number . It then decreases more slmvly 

until further increase in the nwnber of stomata has little effect and 

R tends tm.,ards the limiting value of the bOlUldary layer re s istance . 
l , st 

-2 '+lith 5 , 000 stomata per 0 . 5cm leaf surface (ie . the stomata l density 

over most of the Eriophorum leaf - Fig . 6 . 1) the resistance has the very 

1m., va lue of 4 s cm- 3 For compa rison , a 1 . 0cm segment of root , of radius 



150 

125 

100 

cr 
E 
0 

Ul 75 

Q) 

u 
c 
a 50 ..... 
lI) 

' -
lI) 

ClJ 
cr:: 

25 

o~--------~~--~----~----~-o 2 4 6 8 10 

Stoma ta I number ( .~ 10 3 ) 

FIG. 6.15 Relationship between stomatal number 
and effective resistance for a 1·0 cm 
leaf segment of wid~h a·5cm in "still" 
air (10 em s- 1) 



5 

4 

7 
E 
0 

1Il 

OJ 
U 
C 
a ..... 
1Il 

1Il 
OJ 

0::: 

0') 
0 
.-J 1 

a~------~----~----------------------~ a 1 2 3 4 5 

Log stomatal number 

FIG. 6.16 Log
10 

plot of stomdtal number against 

effective resistance for a 1· a cm leaf 

segment of width . a·5cm in " still" air 



- 117 -

0 . 05cm and porosity 20~~ has a diffusive resistance of 3 , 105 s cm- 3 

(s ee p . 126); t his is t he resistanc e afforded by a reduction in stomatal 

2 density to only five per 0 . 5cm • 

C. THE RELATIONSHIP BE'l"fE":N STOHATAL APEH.TURE .AND RESISTANCE 

Equation 6 . 13 ,vo,s used also to s hO\. the 'fay i n .. hich stomatal 

res istance varies with de~ree of opening for a 1 . 0 x Oo5cm leaf segment 

with 5 , 000 stomata situated in still air ; see Fig . 6 . 17 . The curve is 

again hyperbolic , described by the equat ion: 

- 7 
R - -1- (5. 06 x 10 + 4 . 878 x 10-4) + 0 . 868 

l , st r st rst 
- 3 s cm 

.. her e r s t is the mean stomatal r adius (see p . 113) . 

It can be seen t hat .. ithin t he r ange of stomatal apertures considered 

(1 . 0 to 10 .0pm) , the stomatal resistance in t he 1 . 0cm long leaf segment 

- 3 does not exceed 13 . 9 s cm The increased stomat a l number associated 

with l arger leaf areas will , of course , greatly reduce the stomat a l 

resistance at any particular aperture (see Figs . 6 . 15 and 6 .1 6 ) . 

D. THE RELAT I ONSHIP 13 'T f EEN STmlATAL APEHTURE .AND THE NINIMUN NUHBER 
OF STOHAT RE m IRED TO HAINT I N THE INTl~RNAL 0 YGEN CONCENTRAT ION 

noVE THE CRI'l'ICAL VALUE 

'lith reference to the res piratory data pr esented in Chapter 3 

consider a portion of an Eriophorum plant comprising : 

1 . 5cm of astomatal leaf bas e , of width O. 5cm, and tota l respiratory 

- 9 - 1 oxygen consumption of 6 . 0 x 10 g s • 

2 . 1 cm of storaat a l leaf of width 0 . 5cm and oxygen consumption of 

- 9 -1 1 . 0 x 10 g s • 

3 . A spherical stem of volume 0 . 065cm3 and oxygen consumption of 

8 . 0 x 1 0- 9 g s - 1 

4 . Five roots , each of length 5cm and r adius 0 . 05cm, with a r ate of 

- 9 - 1 
oxygen consumption of 5 . 0 x 10 g s 
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The total r ate of oxygen cons um tion by t his sys tem is 40 x 10- 9 g s-l , 

and t his 02 must enter t he p l ant by t he s t omata of t he 1cm stomata l l eaf 

segment . The gas analys is data pr esented in Chapte r 4 i ndicat es t at the 

oxygen concentration within t he l eaves of Eriophorum is similar t o t hat 

of t he at mos phere (Fi gs . 4 . 7 and 4 . 8 ) . As sumi ng , t hen , t hat 20 . 4)~ 02 

'vi t hi n t he leC:l.ves r esult s i n a concent rat ion of about 155b in t he root 

apic es (see p o148), t hen t he C. O. P . of 2 . 5;' in the root ' -lould corr espond 

with a leaf oxygen concentration of approxi mately 3 . 5%. Therefore, t he 

maximum stomat a l r es i s t ance whi ch will al 101-1 no rma l respiration (ie . 

mai nt a i n 3 . 5% 02 in t he l eaf) i s g iven by : 

where : 

C 

C 

R 
l , st = 

= t he 
o , a 

0,1 = t he 

C C 
o,a - 0,1 - 3 s cm 

J 

O2 concentration in t he ambient a ir (g 

°2 concentration in t he leaf (g cm- 3) 

(6 . 14) 

cm - 3) 

(g S -l) J = the 02 diffusion r a t e t hrough t he stomat a 

. 9 ~ 
Since C = 20 . 4%; C = 3 . 5;~ and J = 40 x 10- g s n. is f ound o,a 0,1 1,st 

to be 5,133 s cm- 3 

Having established t hat t he stomA-t a l r es istance must not rise above 

5 , 133 s cm-
3 

fo r maxi mum respiration to be ma i nt a i ned , t he couditi ons of 

stomat a l number and aperture whi ch ,.,ould contribute t o t his va lue may now 

be determined . 

Equation 6 . 13 may be r earranged to give t he quadr atic : 

a b 
R =--+-+c 

l ,st 2 r 
rst st 

where : 

0. -

b 
1 

= 2D n 
0 

c = ~ 
D o Al 

(=5,133 ) -3 s cm (6.15) 
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and rst = the mean radius of the stomat a l pores . 

Equation 6 . 15 1ms solved for rst by substitution of values of n , 

and the corresponding pore widths (y ) were ca lculated using equations 

6 . 4 and 6 . 5 . 

The relationship between stomat al aperture and the mi n imum number 

of stomat a required for maximum respiration in t he system described above, 

is Sh01ID i n Fig.6 . 18 . It must be mentioned t hat the gr aph is probably 

accurate on l y for stomatal ,ddths of about 1.0r and above; at narr01ver 

apertures t he pore w'idth approaches the mean free path of the diffusing 

oxygen molecules and norma l diffusion l aws no longer apply (Neidner and 

~mnsfield, 1968) . Nevertheless, Fig . 6 . 18 illustrates well that fev 

stomata are required to sustain normal re spiration . For example at a 

pore width of 8 . 0pm t hree stomat a only are ne cessary , ,.,hilst at a pore 

width of 1. 0pm the number is twenty . 

Similar ca lculati ons to thos e described above may be employed to show 

that 48 stomata at a pore ,ddth of 8 . 0pm and 288 at a "Tidth of 1 .Or 
are sufficient to maintain t he internal leaf oxygen conc entration at t he 

norma l figure of about 20j~ . 

E. THE EFFECT OF STOHAT L BLOCKAGE ON Tl ' INTE AL OXYGEN RffiIME 

In an attempt to confirm the pattern of results cbta i ned in t he 

lanolining experiments (p. 104 and Fig . 6 . 4) the above t heory was used to 

simulate stomata l blockage in a plant having a total respiratory r ate of 

- 1 50ng 0
2

5 , and a s ingle leaf, lengt h 20cm ,with t he characteristics given 

in Table 6 . 2 . Stomat a l width was assumed to be 5. 0pm . 

For t he plant to respi re at its maximum r ate t he minimum gradient 

of oxygen concentration between t he atmosphere and the inside of the leaf 

-1 
must be such as to al lm., stomata l oxygen entry at a r ate of 50ng s 

Using equati ons 6 . 13 and 6 .1 4 , and assuming atmos11heric ox "gen concentration 

to be 20 . 75%, the relationship between t he number of f unctional s t omata and 
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TABLE 6 . 2: LEAF CHAI T RISTICS USED TO PREDICT THE RELATIONSHIP 
BET1-lEEN STOHATAL BLOCKAGE AND I NTEP.NAL OXYGEN REG IHE 

(All stomat a were assumed to have a pore width of 5.0r) 

Distance from Leaf Leaf Width Stomatal Density 
Bas e (em) (e m) (em-2) 

o - 1 0 . 75 0 
1 - 2 0 . 75 0 
2 - 3 0 . 75 50 
3 - 4 0 . 75 150 
4 - 5 0 . 50 800 

5 - 6 0 . 50 3 , 000 
6 - 7 0 . 50 6 ,500 
7 - 8 0 . 50 8 , 000 
8 - 9 0 . 50 9 ,000 
9 - 10 0 . 50 9 , 000 

10 - 11 0 . 50 9 , 000 
11 - 12 0 . 50 9 , 000 
12 - 13 0 . 50 9,000 
13 - 14 0050 9 , 000 
°14 - 15 0 . 50 9 ,000 

15 - 16 0 . 50 9 ,500 
16 - 17 0 . 50 9 ,500 
17 - 18 0 . 50 9 , 500 
18 - 19 0 0 20 9 , 500 
19 - 20 0.20 9 , 500 
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t he leaf oxygen concent ration required to produce this gradient was 

established . The r esults , expressed as internal leaf oxygen concentration 

v . length of leaf "lanolined", are given i n Fig . 6 . 19 . 

The similarity between Figs . 6 . 19 and 6 . 4 is appa rent, and it may be 

seen t hat in t he t heoretical curve t here is little change i n leaf oXYGen 

concentration until about 2cm of stomata l leaf remain; this is the 

equivalent of only 150 functional stomata . Consequently R.O . L. from the 

roots of the pl ant should similarly rema in unchanged (c . f . Fig . 6 . 4) . 

It must be mentioned t hat the t heory used to de rive Fig . 6 .1 9 will apply 

onl y w'hilst the plant is r espiri ng a t its maximum r ate ( ie . at leaf oxygen 

concent rations of and above 3.5% - see P. llS) . From Fi g . 6 . 19 it can be 

seen that t his c r it ica l oxygen c oncentrati on ,viI I occur ,,,hen only 0 . 1 cm 

of leaf , or about 4 stomata , re ma i n functional . 

III . CONFIRMAT ORY EXPERIHENTS J NIL DIS CUSSION 

A. CONFI RMATORY EXPERI}~NTS 

The experimental and t he ore tica. l work described in the l>receding 

sections has clea r ly shown t hat very few open stomata are required t o 

sustain normal r espiration , par ticularly w'hen t hese a re situated at the 

leaf base ; the pr ecise number , how'ever , was not determined . Also, the 

r elati onships between stomatal number , aperture and diffusive resistance 

indicate that only when stomatu. a re pr esent in sma ll numbers w'ill change 

in aperture alter resistance sufficiently to influence oxygen entr y . The 

experiments des cribed below 'vere designed : 

(a ) to determine more precisely the numbe r of stomata required 

for adequate aeration, 

(b ) to t est experimentally t he hypothesis that closure of 

stomata pr esent i n s mall numbers will influence internal 

aeration . 
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1 . The number of stomata required for adequate ae r ation 

(a) Nethod 

A pl ant , w'ith a ll but one leaf removed , 'vas arranged for R. O. L. 

measurement and the leaf cut i n the astomatal regi on below the sheath 

(see Fig . 6 . 1) . When t he diffusion current had equilibrated the cut end 

was sea led with lanolin and the current al lo'ved to fall to the residual 

va lue . At this stage the leaf s urf[1ce was s canned ,vi th a travelling 

microscope to ensure that stomata were absent . "Tith the aid of t he 

microscope and a micro-mani pulator a small hole 'vas made through the 

epidermis i nto a l a cuna using fine ,vire (radius = O. 0028cm ) . The 

diffusion current ",as then allmved to re -equi librate in the dark. The 

new equilibrium va lue was always i ndicative of an oxygen pr essure in the 

root ''1'1 i ch exceeded the C.O . P . (s ee Table 6 . 3 and Chapter 4 ), and the 

experiment 'vas halted at t his stage . 

(b) Theo r y 

The resistance to oxygen diffus i on offered by the hole , R
h

, is given 

by an equation s imilar to 6.11 , i gnoring boundary layer r esistance , the 

va lue of 'vhich is less than unity . The number of stomata , n , ,·,hich would 

offer a tota l resistance equa l to Hh may then be ca lculated from : 

'vhere Rst is the r es i stance of one stoma . 

(c) Results 

The r esults of three experi ments a r e summarised in Tab le 6 . 3 . In 

each experiment a single hole , t he equiva lent of only nine s tomata of pore 

'vidth 8.0ym, was sufficient to bring the root apica l oxygen concentrat ion 

to B. va lue approa ching t hat 'vi th the unsealed leaf . This w'as , of course , 

much i n excess of the critica l va lue of 2 . 5%, and it is apparent that the 

number of s tomata of ape r ture 8.0pm required to maintain the C.O . P . will 

be less than nine . I n the whole plant the requi red number of stomat a 

~er leaf s houl d be even smaller , theor etica lly by a factor equal to t he 



TABLE 6 . 3 . 

For Expl anat i on see P . 121 

Oxygen Entry t hrough Cut Oxygen Entry t hr ough Hole 
Experiment · Leaf End 

R. 0 . L'='2 -1 Root apica l R. O. L. Root apica l 
(ng cm min ) O

2 
(%) (ng cm- 2mi n- 1 ) O2 ( ~~ ) 

1 121. 9 12 . 6 104 . 5 10 . 8 

2 117 . 1 12 . 7 98 . 2 10 . 7 

3 126 . 7 12 . 6 11 7 . 2 11 . 6 
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reciproca l of the leaf nUMber . 

2 . The effect of induced c l osure of stomata present in small numbers 

(a ) Hethod 

These experiments vere simila r to the P . M.A. work described ea rlier . 

Hm.,ever , in this case, 1-Then t he diffusion current had equi librated prior 

to spraying , the leaf was cut in staGes (the cut ends being sea led with 

lanolin) until t he current began to f a ll; t his usua lly occurred when 

about O. 5cm of lea f rema ined above the sheath (c . f . the point of divergence 

i n Figs . 6 . 9 and 6 . 10) . The diffusion current 1faS a llm.,ed to re-equilibrate 

in t his condition and then t he leaf was sprayed with P .N •. solution . 

(b) Results 

The r esult of a t pica l experiment is Given in Table 6 . 4 . It is 

clea r that when t he number of stomata 1TUS limiting oxygen entry (indicated 

by t he slight f all in diffus i on curr ent) a reduction in pore size (to about 

O.2r - see Fig . 6 . 3) had a marh:ed influence on internal aeration . 

B. DISCUSSION 

The work described i n t nis chapter sh01'1s conclusively that under 

normal conditi ons stomatal movements are unlikely to affect internal 

plant aeration . Indeed , induced stoMata l closure to very narrow apertures 

is ineffective in reducing the amount of oxygen entering the E . angustifolium 

pl ant . T is is attribut able to the ve~r low diffusive resistance of 

stomata wQen present in large numbers . 

Although fewer than nine open (8.0r) stomata may be sufficient to 

a llow almos t maximum aeration of the stem and root system in Eriophorum , 

t he pores must be situated at the leaf base . In more apical re gions 

more stomata are requi red due to t he i ncreased diffusion path between t he 

point of oxygen entry and the root apices, and t o t he synergistic r espir atory 

oxygen uptake in tho leaf . These observations lead to the prediction that 

partial inundation of pl ants in the field might cause SUb-optima l oxygen 



TABLE 6 . 4 : THE EFFECT OF P . M. A. ON STOHATA PR'SENT I N SHALL NID:lB ~RS 

Condition Diffusion Current 
(pA) 

Leaf uncut; length above s heath 
15.5cm 2 . 50 

Leaf cut and end sea led; lengt h 
above s heat h approximately 0 . 5cm 2 . 35 

PoM.A. applied : 

after 30 min. 0 . 80 

after 1h 0 . 75 
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entry . 

The results e~phasise the need for c ~ution in referring to stomata 

as "closed" . For example , "rhen assessing t he effect of azide on the 

stomata of tohacco leaf discs , ''Talker and Zelitch (1 963) considered pores 

of 2r or less to be closed ; so f ::u as oxygen entry is concerned normal 

aeration could be maint~ined by very fe,., stomata of t his aperture . 

Si nce t he diffusivity of ","ater vapour in ~ir is of the s ame order 

as th~t of oxygen (eg . 0 . 25 and 0 . 20 cm2s - "1 at 200 C respectively) it seems 

likely that if conc entration gradients are sufficient 'vater vapour fluxes 

through stomata of narrow apertures could similarly be considerabl:e . If 

this is the case , the apparent cuticula r trans piration observed by va rious 

"rorkers in pl ants ,dth " closed" stomata (eg . Meidner , 1976) could be due , 

at least in part , to diffusion t hrough stomatal pores of sub- microscopic 

"Tidths . 

Other authors als o have stressed the need for caution in t his respect . 

For example Pallas (1 965) found t hat in several crop species rqtes of 

transpiration continued to f a ll after stomata had app~rently cloGed, 

whilst lIygen and Midgaard (1 954) attributed a proportion of the "cuticula r 

transpiration" i n Pinus sylvestris needles to diffusion t hrough sub­

mic roscopic stomatal apertures . 
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CHAPrER 7 

INTERNAL RESISTANCE TO OXYGEN TRANSPORT 

1. I N'l'RODUCTION 

The s imilarity bet ween the diffusive fl ow of oxygen within the plant 

body and t he flow of electricity a long a conductor has been mentioned 

several times (e . g . Chapter 2) . In much the same way t hat current flow is 

i mpeded by electrica l res istance , oxygen transport from the ,atmosphere to 

the roots, and from t he roots to the surrounding medium , will be limited 

by internal diffusive r es istance of t he plant . 

Alt hough several authors have made r eference to internal resistance 

a s a f actor i nf l uencing plant aeration (e . g . Coult, 1964 ; GreemTood , 

196'Pb ; Armstrong , 1972 ; Ar mstrong and fright, 1975) very little r esearch 

has been directed specifica lly towa r ds its characterisation. Apart from 

the estimates of root "Tall per meability i n rice and mai ze made by Luxmoore 

et a l e (1 970b) there is only one experimental study kno'nl to the author i n 

which internal r es istance has been quantified: this was made by Healy 

(1975) who measured the res i stance to oxygen t r ansport in the mesophyte , 

Pisum s ativurn L. Ho,,,ever , '''hilst being t he first '\-TOrk of its kind , Hea l y ' s 

r es earch ,,,as concerned solely ,dth diffusive impedance in the pr imary root ; 

stem and leaf f actors ,,,ere not considered. The purpose of t he research 

described in t his chapter was i1.,of old : to study t he internal resistance to 

oxygen transport in a wetland plant (Eriophorum angustifolium) and to 

assess t he contribution of diffusive impedances in the leaves , stem and 

root . 

Two t ypes of internal plant resistance may be distinguished . These 

are: 

(a ) The actua l physica l r esistance to gase ous diffusion offered by the 

i nterce l l ular s pace system, 

(b ) A "pseudo- resis t ance tt , caused by r espi r ation and latera l leakage of 

oxygen from t he plant. 
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These tw'O components constitute an "effective" diffusive resistance 

and before considering resistance in Eriophorum it is necessary to discuss 

t hem in greater detail . 

A. PHYS ICAL RESISTANCE 

The magnitude of the diffusive resistance offered by the gas space 

system (Le . the pore space resistance , R ) depends upon t~e length of the 
p 

diffusion path , the porosity of the tissues and the tortuosity of the 

gas-conducting channels (Armstrong and Wright , 1975) . 

1 . Diffusion path length 

The simplest analogue of internal oxygen transport is the diffusive 

flm., of oxygen from a source to a sink along a tube of uniform cross-

section . If diffusion is i n one dimension only (i . e . along the x- axis) 

and there is no latera l loss or ga in of diffusible species , t he resistance 

offered by the tube is given by an equation simila r to 2 . 15 : 

L 
R = D A 

o x 

-3 s cm 

L - the lengt h of t he tube . (cm) 

D = the diffusion coeff icient f or oxygen 
o 

A = the cr oss-sectiona l area of the tube x 

( 2 -1) cm s 

2 (cm ) 

(7 . 1 ) 

It is apparent from t his equation t hat if A is constant R ,.;ill 
x 

increase linearly with path length L. 

If the oxygen source is situated at one end of the tube , x = 0, 

and the sinlt at t he other end , x = L, the oxygen diffusion r ate along the 

tube, J , is given by: 

D A (C -C1) 
J 

_ 0 x 0 
- L 

-1 
g s (7 . 2) 

where Co and C
1 

are the oxygen concentrations at the source and sinlt 

respectively (g cm-3). 
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From equation 7 . 2 it can be seen that the oxygen diffusion r ate , J , 

""ill decrease hyperbolica l ly "Ti t h i ncreasing path lengt h . Using a rtificial 

silicone rubber "roots" Armstrong (1972) show-ed this to be the case and, 

for example , recorded a 60% reduction in R.O . Lo from a 3 . 75% porous root 
( , 

when the diffusion path increased from 0 to 13 . 2cm. IIealy (1975) and 

Armstrong (1978 ) have obta ined experimental evidence to s how- that in the 

absence of res piratory activity the R. O. L. from the primary root apex in 

pea declines with increas ing root length; in this case , however, the 

hyperbolic relationship was mas ked by the changes in porosity and root 

s hape which accompanied grmvth . 

In the simple case of a root of constant porosity and with an external 

oxygen sink operating only at the apex, the homogeneity of diffusive 

re s istance als o gives rise to a l inear fall in concentration between t he 

source and sink a long the x-axis (eg . Armstrong and Wright, 1976b) . 

2 . Gas-filled porosity and tortuosity of the gas s paces 

In the plant the diffusion system is much more complex t han the simple 

model cons idered above , and the basic resistance equation (7 . 1) ¢ust be 

modified to include fractional porosity (€) and, where appropriate , 

tortuosity of the gas -conducting channe ls . These f actors increase the 

diffusive resistance , the former by decreasing the area (A ) available for 
x 

diffusion, the latter by increas ing t he path length, L. However , it is 

customary to consider the effects of porosity and tortuosity as a reduction 

in diffusivity; the " effective" diffusion coefficient , D , is given by: 
e 

where: 

D = DE" e 0 

2 -1 cm s 

~ is a tortuosity f actor ~1o 

The corresponding diffusive resistance is t hen given by: 

where : 

R 
P 

L 
= D A 

e x 

-3 s cm 

(7 . 3) 

(7 .4) 

L = the observed diffusion path length (e . g . root length ) (cm) 
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A = t he tota l cross-sectional area of the organ under 
x 

consideration (cm
2

) 

R = the resistance due to t J:le gas space system (i . e . "pore space" 
p 

or "non-metabolic" resistance) 

It must be noted that the ca lculation of R us i ng equation 7 . 4 
p 

may be complicated by t he non- uniform distribution of porosity both 

within the pl ant and w"ithin individual organs (Chapter 3; Armstrong , 

1971a) . In addition , a change in cross-sectional area can affect 

resistance (Healy , 1975). However , the roots of wetland plants are 

commonly of approximate l y constant radius and complicat ions due to change 

in root shape did not arise in the present study. 

It has been demonstrated, both for wetland and mesophytic species, 

t hat t he intercellular s paces do form a continuous~tem for the diffusion 

of gases within t he plant . For example , Evans and Ebert (1960) used 

15 o to follow the transport of oxygen down the root of Vicia faba L. 

They concluded that t he movement of the gas ,,,as by diffusion through 

continuous gas spa ces, and it had the same kinetics as diffusion down a 

polythene tube of diameter 0 . 5cm. In order to fit a theoretical curve 

to their experimenta l dat a they found it ne cessary to assume a path 

lengt h , L
1

, ,,,hich was some,,,hat greater than the a ctua l root length, L 

(e. g . when L = 15cm, L1 = 21cm) . They attributed this discrepancy to the 

tortuosity of the gas channels . 

In a similar piece of work Barber et 0.1. (1962) showed t hat the 

diffusion of 150 from leaves to roots of rice and barley was along con-

tinuous gas spaces . Again a theoretical pat h length greater t han t he 

actual root length was required for rice . However , they considered that 

t his may not have been a consequence of tortuosit~, so much as an increase 

in diffusion path length, caused by entry of the gas along the whole 

length of the leave s rather than at the root base . 

In their study of labelled oxygen diffusion t hrough roots of barley, 

corn and rice Jensen et 0.1 . (1 967 ) used data of Evans and Ebert (1 960) and 
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Barber et al e (1962) to calculate a tortuosity f actor (~) of 0 0 433 , but 

they point out that 'Y may va r y w'ith porosity. Values of D obtained for 
e 

t he t hree species increased in t he order barley < corn~ rice, i n agr ee-

ment w'ith a corresponding increase in root porosityo 

Unlike the forement ioned workers l'a'reemvood (1 967b ), w'ho measured t he 

increase in oxygen concentrat ion at the root surface of mustard seedl i ngs 

1.hen t he at mosphere around t he leaves 1.as changed from N2 to O
2

, concluded 

that t he gas diffused along non-tortuous channels o Examination of longi-

tudinal secti ons of the roots of 'criophorum (Pl ate 7.1) and rice (Plate 

3 . 2b) simila rly indicate that tortuosity is low. (The apparent discontin-

uity of t he gas channels in t he root apices of Eriophorum and rice is 

simply a consequence of the curvature of the cell co lumns i n t his region 

(see Plate 3 . 2) . 

Armstrong and Wright (1976b) and Armstrong (1 978) used the electrica l 

ana logue (p . 29) to predict t he influence of "effe ctive porosity", 

E: (=£ Y ) , upon the internal oxygen regime of roots in anaerobic media . 
e 

I ncreased porosity was shown to enhance the internal oxygen s t atus and 

R. O. L. and i t was suggested that roots having t he low porosities 

characteris t ic of non- wetland species are entirely unsuited to gr01vth in 

waterlogged soil . Luxmoore et al e (1 970a-d) used a mat hematica l model to 

study t he oxygen relations of rice and ma i ze roots and a lso predicted 

t hat i ncreased internal oxygen levels would acc ompany increased effective 

porosity in both s pecies . 

B. PSBIJDO':'RES ISTANCE 

1. Concept 

In much the same way t hat electrica l re s is tance r educ es the current 

flO1. bet1veen t he ends of a linear conductor , lateral loss of oxygen 

along a linear diffusion path will reduce the diffusive flux between the 

ends of t he path . Respiration and R. O. L. both contribute to the loss of 



PLATE 7.1: Eriophorum angustifolitim; longitudinal section through 

a segment of cortex in the region 0 .1 5 to 0.20 cm 

behind the root tip . 

Note t he lack of tortuosity in the gas conducting 

channels. (x 760). 
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oxygen from the internal atmos phere of the plant and in t his re spect 

these processes act as pseudo-resistances, contributing to the effective 

resistance of t he plant . 

Conside red in this way the idea of effective resistance seems 

straightfo~vard and the work described in this chapter was begun with a 

view to characterising effective resistance in E. angustifoliurn . However, 

a s the work neared completion it bec ame apparent that this simplistic 

vie1v of ef fe ctive resistance , implied by Armstrong and ){right , 1975, is 

deceptive; in f act the concept is much more complex than at first t hought , 

and t his will become apparent in t he follo1ving discussion . 

(a) Electrical Analogy 

The "ray in w'hich r espiration and radial oxygen leakage from t he root 

can contribute to effective resistance can be conveni ently illustrated by 

a simple electrica l analogy. 

Consider a simple c ircuit (Fig .7 .1 a) in 1vhich the t1VO series con­

ductors , A and B, each of value 100 ohms, represent the physical reistance 

to the longitudinal diffusion of oxygen within t he plant (i . e . the pore 

space resistance) . The potential difference of 200 volts between points 

X and Z is analogous to the oxygen conc entrat i on difference between the 

atmosphere (at X) and a sink external to the root apex (at Z) . The current 

measured at Z, which represents R. D. L. from the apex , is 200 volts ~ 200 

ohms , or 1 ampere . There is a linear fall in potentia l between X and Z, 

and at Y t he potential i s tOO volts . 

Nmv , conside r a similar situation in which a third conductor, C, of 

value 10 ohms , is situated l aterally as shown in Fig . 7 . 1b; t he current 

flowing t hrough C represents a latera l l os s of oxygen from the system. 

Conductors Band C are in par allel and t heir combined resistance is 

approximately 9 . 1 ohms . The total resistance in t he system is , t herefore , 

100 ohms + 9 .1 ohms, or 109 . 1 ohms , and the current flow'ing through 

conductor A is 200 volts ~ 109 . 1 ohms , or 10833 amperes . The potential 
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FIG. 7.1 Circuits to illustrate the concept of effective diffusive resistance 
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drop bet,.,een X and Y is given by 1 . 833 amperes x 100 ohms = 183.3 volts , 

and hence the potential at Y is (200 - 183 . 3) volts, or 16.7 volts . 

Therefore , t he current measured at point Z is i n t lJis case only 16 . 7 

volts ~ 100 ohms, or 0 . 167 amDeres . 

If it was possible only to measure t he current at Z and t he potential 

difference between X and Z (cf . the cylindri cal platinum electrode 

technique) the apparent resistance in the first system (Fig ~7 . 1a) would 

be 200 volts 7 1 ampere , or 200 ohms ; but in the second system (Fig . 7 . 1b) 

the resistance would be 200 volts ~ 0 . 167 amperes , or 1 , 250 ohms . In 

other words the shunting of current t hrough C ( crudely equivalent to the 

removal of oxygen by respiration or lealmge) causes an apparent increase in 

resistance of 1 , 050 ohms , to give a tota l e f fective resistance of 1,250 ohms. 

In the diffusion system effective resistance may conveniently be expressed 

in the same units as physical resistance - i . e . s cm-3• 

It must be noted that whilst serving to illustrate the concept of 

effective r esistance , the simple analogue described above is by no means 

an accurate representation of respiratory oxygen uptake or lateral lealmge . 

Respiration is largely independent of oxygen concentration (Chapter 4) , 

,,,hereas current flow through C in Fig . 7 . 1 b is entirely dependent upon 

diff erence in electrical potential . I n t his respect t he model more closely 

illustrates the effect of oxygen leakage , the magnitude of v,hich varies 

with the oxygen concentrat ion di ffe r ence betw'een the i nternal atmos phere 

and the external sink. 

(b) Effective Resistance and Oxygen Concentration . 

An equation has already been presented which defines apical oxygen 

flux in terms of total effective root resistance (i . e . physica l plus 

pseudo-resistance) and oxygen concentration (equation 4.4) . A similar 

equation may be written to relate flux to total effective plant res istance , 

R
t

, and ambient oxygen concentration , Co : 

f = 
C 

o -2 -1 
g cm s (7 . 5) 
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This equation may be r earranaed to define R
t 

as : 

C 
R = --2..-_R 

t f A s 
-3 s cm (7 . 6) 

r 

If respir ation is significant the respiratory component of t he 

ps eudo-resistance , and hence R
t 

ca lculated using equation 7 0 6, will not 

t ake absolute values but will vary w'ith C . This is due to t he lack of 
o 

direct proportional i ty between flux and oxygen concentration (C ) and 
o 

may be illustrated as f ol101"s . 

Pure l y hypothetical relationships between ambient oxygen concen-

tration , C , and ap ical flux a re s hown in Fig . 7 . 2a , "dth r espir at ion 
o 

inactive (i) and active (i i) (c . f . Fig . 4 . 1a and c and Fig . 4 . 2 ) . 

is t aken as 0.1 and R as 1 . 0 , tota l r esistance in t he absence of 
s 

If A 
r 

respiration , calculated f rom Fig . 7 . 2a(i) using equation 7 . 6, is sho~m 

as a function of Co in Fig . 7 . 2b(i) . In t his case Rt is clearly independent 

of ambient oxygen concentration , and is , i n fact, equal to t he physical 

resistance , Rp ' Wit h respiration acti ve t he Rt v . Co r elationship above 

t he C. O. P . is as s hown i n Fig . 7 . 2b(ii ) , and it can be seen t hat the 

apparent tota l re s istanc e de creases 'vith increasing oxygen concentration. 

As C becomes larger the effe ct of respirato~oxygen consumption as a 
o 

component of R
t 

becomes less and as Co tends to infinity , R
t 

will tend 

t01{a rds t he va lue of t he physical resistance . It should be noted that 

the dependence of R
t 

upon Co is a function only of the respiratory 

component of the pseudo- resistance ; l eakage , being concentration-

dependent , wil l merely a lte r t he slopes , but not the shapes, of the plots 

in Fig . 7 . 2a . 

Due to t he variation of R
t 

"d t h Co it i s not possible to derive an 

absolute value f or total r esistance , and f or pur poses of comparison it 

is es s entia l t hat R
t 

be dete rmined at a standar d ambient oxygen concen­

tration . In t his t hesis t he standard chosen was 20 . 41 %, t he oxygen 

concentration in moist air . 
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(c) The Tota l Resistance of Organs Exc is ed and I n Situ 

In order to deduce t he tota l r esistance of t he various pl ant organs 

a teclmique was adopted whereby total plant resistance 'vas measured 

(equation 7 . 6) before and after excision of a portion of tissue . It was 

expected that the difference i n t he t wo values of R
t 

would give an 

estimate of t he total resistance of t he excis ed tissue segment . Hmvever , 

in view of t l e relationship between oxygen concentration and tota l 

resistance di s cussed above , and because t he i nterna l oxygen ' concentration 

in any part of a pl ant depends upon activities in a ll othe r parts of the 

pl ant , a fundament a l question was r ai sed : is t he apparent tota l 

resistance of an excised tissue segment identica l to the tota l res istance 

of the same segment in situ? An answ'er was again sought us ing a simple 

electrica l analogy . 

Consider the circuit shown in Fig . 7 .3. Resistors R; and R~ , each 

of va lue 10n , represent t he physical resistance to longitudinal oxygen 

diffusion a long t,'lO segments of root. A liquid s hell resistance i s 

represented by R' (= 5~) and an externa l sink (C = 0) by a connection to 
s 

earth . Latera l loss of oxygen due to respiration is repr esented by t appi ng 

I 
a constant 2 Amps mid-way a long R1 (the basal segment) and 3 Amps mid-way 

I 
a l ong R2 (the api ca l segment). I f the oxygen concentration at the root 

base , C = C , is repres ented by 500V, t he current loss to eart h , I, 
o 

(crudely equivalent -bo R. O. L. ) may be ca lculated (see p . 153) and has t he 

value 17.8 Amps . The tota l e f fective resistance in t he system, Rt' is t hen 

given by : 

and is found to be 23 .089.n. 

Similiarly , the tota l resistance of t he basal segment in situ may 

be calculated, and is found to be 10048n. 

If the basa l segment is now' lI excisedll i . e o C = 500V is applied 
o 

at point X - the apparent total r es istance of t he system remai ning may 
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be recalculated, and has the value 10 . 465n . The apparent resistance 

of the excised basal segment is t hen given by t he difference in the 

I t,.,o values of Rt ' i . e . 23 . 089.n. - 10. 465.f1.. = 12 . 624..0.. . Clearly , t his 

apparent resistance is i n excess of t he 1 0 . 48~ which t he basal segment 

offered ,.,hen in situ. 

It is apparent , t herefore , that it is not possible to deduce the 

total r esistance of organs by excising them from the plant and noting 

the fal l in total plant resistance o Data obtained in t his way , however , 

are still meaningful in that they indicate the extent t o which the 

various organs contributed to the overall resistance of t he intact 

plant when in situ. 

(d) Total Effective Resistance and Liquid Shell Resistance 

The concentration-dependent oxygen flux from a root to an ensheathing 

electrode ,.,ill vary ,dth t he magnitude of the liquid shell resistance, 

R . The occurrence of r adial oxygen loss decreases internal oxygen con­
s 

centration and this , in turn , will alter effective resistance as described 

above . Thus , effective plant resistance is dependent upon the value of 

t he shell r esistance . 

Again t his concept may be illustrated using the circuit s hmm in 

Fig . 7 . 3 . If , for example , U/ is increased from 5.n. to 20A the total 
s 

effective resistance is r a ised from 23 . 089~ t o 24 . 94SL , whilst a shell 

I 
resistance of 200~ increases the value of Rt to 47 . 5~ • 

From t h is it f ol1m.,s that total effective plant res istance deduced 

using the cylindrica l electrode technique ,dll vary with liquid shell 

thickness , and t he refore with root radius . However , in t he pr esent study, 

it is unlikely t hat this effe ct of root radius would have been significant 

since for the r anee of root radii encountered (about 0 . 035 - 0 . 045cm) R 
s 

varied from 5 .1 39 x 105 to 4 . 033 x 105 s cm- 3 only. Electrical analogue 

data indicated that this variation in Rs would influence Rt by a maximum 

5 -3 of only 0 .1 x 10 s em • 

From reasoning identical to that above it may be deduced that just 
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as liquid shell res i stance influences the total effective plant resistance , 

so too ,.ill root w'all resistance , s ince this f a ctor also controls R. O. L. 

This topic is considered further on p . 149. 

The l ogica l conc lusion from the above discussion is that it is 

impossible to measure an absolute tota l plant resistance using the 

cylindrical platinum electrode , or other concentration-dependent sensor . 

An absolute va lue of total resistance could in t heory be obtained only if 

it was possible to ascerta in t he internal oxygen concentration at some 

sub-apica l point in the root , together 1vi th t he 0 xygen diffusion r ate into 

t he root apex . However , although total resis tance obta ined using the 

cylindrica l platinum electrode must be kept in perspective , being in part 

a function of the "sensing system" , it is a useful concept for compar ative 

il lustration of di ffusive impedence , as t he 1Tork described i n t his chapter 

will illustr ate . 

2 . The Components of Pseudo-Resistance 

(a) Lealmge 

(i) Leakage from the root 

If the internal oxygen concentration of a root situated i n anaerobic 

soil is greater than zero , and providing t he root 1.all is to some degree 

permeable to oxygen , a gradient of oxygen concentration 1vill a rise between 

t he root and t he soil . Oxygen 1.ill diffuse out of the root along t he 

concentration gradient and t he internal oxygen regime will be reduced . 

The experimental liter ature dea ling with thi s r adial oxygen los s has been 

r ev iewed in Chapter 1. 

The quantity of oxygen lost by lealmge 1.ill be influenced in part by 

the degree and extent of t he wall permeability . There is much evidence 

to suggest t hat R. O. L. from the roots of wetland pl ants is r estricted to 

the apica l regi on . Goto and Tai (1957) s howed the apica l regi on of rice 

roots to be highest in oxidising activity and by use of a redox indicator 

dye Armstrong (1967c) obtained a simi l a r r esult for Menyanthes trifoliata 

and Molinia coerulea o Use of the cylindrica l pt electrode has s hown that 
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oxygen leakage is also confined to t his regi on (Fig . 2 . 7 and Armstrong , 

1964 , 1967b ) , although Armstrong (1971a) obt ained evidence t hat the 

basal regions of longer rice roots can regai n permeability and suggested 

t hat this may be associated with pre-emergent latera ls o This observation 

may explain r esults of van Raalte (1941) w'hich i ndicated that the "IV'alls 

of the basal regions of rice roots a llow' oxygen entry. 

Luxmoore et a l. (1 970b) est imated the root "Ivall perme,abili ty of rice 

roots to 0 from r espiratory data obtained fro m root segments of Immm 
2 

surface area i n a solution of 4 . 4% oxygen. Although the dubious assumpti on 

,.,as made t hat the centres of t he root seGments "I'Tere anaerobic , the results 

-4 -1 indicate a decrease i n permeability from 11 x 10 cm s at Oo5cm behind t he 

-4 -1 apex to less than 1 x 10 cm s at 6cm. 

In contrast to the situation in "IoTetland plants the root "Ivalls of meso-

phytes appear to be permeable to oxygen a long the whole of their length. 

Healy and Armstrong (1 972) have sho"lm that the roots of pea seedlings are 

permeab le to oxygen along their lengt h and Luxmoore et al e (1970b ) found 

that the permeability of maize roots 10cm behind the apex ,,,as 5OJ~ of the 

api cal val ue . 

The low permeability over the greater lengt h of the wetland root will 

reduce the tota l oxygen leakage to a low value and i n comparison "Idth 

respiratory oxygen los ses its effe ct upon the interna l oxygen regime is 

likely to be negligible . In non-wetland plants , on t he ether hand, 

l ealmge may considerably influence t he oxygen regime at the apex . Healy 

and Armstrong (1 972) s lowed that R. O. L. from the apex of a pea root was 

- 2 - 1 25ng cm min when lealmge from t he basal parts "Ivas prevented by 

- 2 -1 " jacketing" ,-lith agar gel , but only 7 . 5ng cm min 'vhen t he jacket was 

removed. 

Since the sub- apica l root-lea mge component of effective resistance 

'vas likely to have been negligible in E. angustifolium (see Fig . 2. 7) no 

account of this f actor "I'l'as t aken in t he pr esent study. The i mportance of 

leakage in roots having non- wetland characteristics is discussed further 
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in Chapter 9 . 

(ii) Leakage from the aerial parts 

In the present study diffusive resistance in the aerial parts 

of ·riophorum was investigated . It is ne cessary , t herefore, to consider 

the extent to which leakage of oxygen from the submerged leayes might 

contribute to this resis tance. 

Results pr esented in Chapter 6 have s hown t hat when the aerial parts 

are unsubmerged an adequate supply of oxygen for root aeration enters the 

plant t hrough the stomata immediately above the sheath. Consequently, 

as regards resistance in t he aerial parts of unsubmerged plants , diffusion 

in t he s heath region only need by considered . On the other hand partial 

submergence increases the diffusion path length in the leaves since oxygen 

must pass to the roots t hrough the submerged parts . In t his case leakage 

f rom the submerged stomatal leaf surface could influence the passage of 

oxygen to the roots and c ontribute to the effective resistance . However , 

results pr esented in Chapters 4 and 5 indicated that in a ll but very large 

pl ants t he influence of leakage from even totally submerged leave s is 

negligible compared with respiratory effects . Therefore , it is doubtful 

1 .. hether leakage from the aerial parts "rill exert an important influence on 

the internal oxygen regime , and its contribut ion to effective resistance 

has not been investigated in the pr esent study . 

(b ) Respiration 

A survey of the literature reveals that respiration is likely to 

reduce the internal oxygen regime of roots , and so add to the effective 

resist ance . This applies to both 1.etland and non-, .. etland species, though 

t he effect in the latter will be greater . 

Heal y and Armstrong (1972) shm'Ted that the R. O. L. from the apex ; of a 

- 2 -1 pea root increased from 7 . 5 to 98ng cm min when respiration was minimised 

by cooling the root from 23 0 to 30 C. '''orking with rice Armstrong (1971 a ) 

estimated that for roots of 7- 9cm in length respiration reduced oxygen flux 

from the apex by 50Cla 1 .. hen t he plants had been grown in non-waterlogged con­

ditions , and by 20-30% , .. hen grmm in waterlogged soil . 
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The difference was undoubtedly due to the greater porosity of the water-

logged roots . Yu et al e (1969) s ho1red that roots of barley, des pite a 

1m. mean porosity of 2 . 4/~ ' could attain lengths of 12-13cm in flooded 

soil; they attributed t his to a low respiratory rate . 

In contrast to the above vTorkers, Evans and Ebert (1960) concl uded 

t hat little oxygen is los t from t he gas sp~ces as it passes d01vu the 

root of Vicia faba . They attributed t his to i mperme bi l ity of t he walls 

of the cells lining the gas s paces . It is difficul t to accommodate t hese 

results in view of t hose outlined above and t he dat a presented later in 

this chapte ro 

Respiratory oxygen demand is not evenly distributed in t he root but 

is closely associated with the distribution of porosity and tends to decreas e 

,vi t h distance from t he apex . This is particula rly evident in t he roots 

of ,retland s pecies (Figs . 3 . 2 and 3 . 3) , and consequently t he apex will 

offer a greater effe ctive resist~nce than an equal lengt h of root base . 

II . RESISTANCES IN ERIOPHORUM ANGUSTIFOLIUM 

Severa l experimenta l teclmiques 1rere employed to quantify phys ica l 

(pore space) res istance , Rp ' and total r esistance , Rt , in intact plants 

and va r i ous organs (leaf , root , root wall , root shoot junction) . 

A. RE ISTANCE IN TIlE INTACT PLANT 

1 0 Hethods 

(a) Pore Spac e Resistance 

(i) Theory 

Providing the internal oxygen pressure is above t he critica l value 

the flux , f , from a r oot apex to an ensheat hing pt electrode can be 

expr essed by t he equation: 

Co ~ ~ 
f = (R +R )A - Resp . g cm s 

p s r 
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"There : 

C = the 
0 

O
2 

concentration at t he point of entry into 

t he plant (g - 3) cm 

R = the 
p 

physical r esistance within t he pl ant , inc l uding 

any resistance in t he apical root ,.,all (s cm -3) 

Resp . = a quantity determi ned by t he respiratory activity 

- 2 - 1) in t he plant (g cm s - see P. 52 
, -3 

If the external oxygen concentration is increased to a va lue C g cm 
o 

t he ne", I 
fl~~ , f , is given by: 

C
I 

I 0 
f = (R +R)A - Resp . 

p s r 

- 2 -1 
g cm s (7 . 8) 

These t1VO equations co.n be combi ned 1vi t h respect to Resp., which 

remains constant above t he C. O. P ., to give : 

C' C 
0 - 0 

Rp = (? _ f)A
r 

- Rs 

(ii) Procedure 

- 3 s cm (7 . 9) 

The procedure was identica l to t hat employed f or the gas - mixtures method 

of measurin r critica l oxygen pr essure (Chapter 4) . The oxygen c oncen-

trations used ,.,ere 13. 64~~ and 20 . 41 ~~ (Air) . 

(b) Total Resistance 

The total r esistance of t he plants used in the experiments described 

above was determined by substitution of t he flux ,.,hen C = 20 . 41 % into 
o 

equat ion 7 . 6 . 

2 . Results 

Non- metabolic r esistance (eight experiments) ranged from 1. 556 x 105 

5 - 3 5 - 3 t o 2.390 x 10 s cm , wit h a mean of 2. 056 x 10 s cm • Values of total 

r esistance fell in t he r ange 3.1 02 x 105 to 4 . 715 x 105 s - 3 cm , mean 

3.782 x 105 s cm- 3 • Alt hough r espir ation certa inly increases t he overa ll 

diffusive r es istance its contribution cannot be regarded as excessive . 

This is a likely consequence of the aerenchymatous s tructure , oxygen 

consumption being mi nimised in t he highly porous tissues which constitute 

t he bulk of the plant body. 
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B. THE I:NFLUENCE OF DIFFUSION PATH LENGTH 

LEA YES AND ROOTS 

RESISTANCE IN 

In t he experiments described above the contribution to plant 

resistance made by t he unsheathed portion of the aerial parts would be 

negligible , since the oxygen source to the roots was effectively applied 

via the stomata immediately above the s heath . (see Chapter 6) . I n order 

to investigate resistance in the aeria l parts it was necessary to apply 

the oxygen source some distance a long the leaves , whilst by altering t he 

point of application the effect upon resistance of diffusion pat h lengt h 

could be studied. 

1 . Hethod 

The modifications made to the basic experimenta l assembly for 

measuring R. O. L. (Fig . 2. 5) are shown in Fig . 7 . 4 . The arrangement of the 

two bungs on t he supporting rod allowed progressive excision of the aerial 

parts ,.,hilst t he root ,.,as left supported in t he lo,.,er bung . The electrode 

fitted into a recess in the lower bung, enabling the root to be cut until 

the apica l 1 . 5cm only rema ined . The experimental procedure was as follows . 

A plant with all but one leaf removed , or a ,.,hole plant ,.,ith the 

leaves cut to equal length, was arrang~d as s hown in Fig . 7 . 4 and lowered 

into the blacltened cy linder until completely submerged . The diffusion 

current was allowed to fall to zero and the plant left for severa l minutes 

to exhaust the internal atmos phere of oxygen . The plant was then r a ised 

slightly to expose about O. 2cm of leaf . The leaf ends ,.,ere t hen cut with 

a r azor blade and , if necessa ry , dried ,·Ti t h an nir stream. The diffusion 

current ,ms allo'ved to re-equilibrate . 

The diffusion pat h length bet,.een t he atmosphere and electrode was 

t hen s hortened by raising t he plant and excising a measured lengt h of 

leaf , the effect on oxygen flux being monitored as a change in d±ffusion 

current . Tl is process 'vas repeated dmm the plant . The stem ~Tas excised 

as a whole , leaving the root severed at the base , and this in turn was cut 
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to finally leave 1 . 5cm of root apex . At each current equilibrium t he 

plateau voltage "I.,as checked and any necessary adjustments made before 

recording the current . 

In order to determine t he effect of r espir ation , s ome experiments 

o ,.,ere ca rried out a t 3 e by i mmers ing t he measuring cylinder i n i ce-water; 

it was hoped t hat at t his temperature respi r atory activity "I'lould be mi ni-

mi s ed . 

2 . Results and Discussion 

The lL . O. L. from t he root apex is plot t ed against apparent di ffus ion 

o pat h length in Fig . 7 . 5 f .or whole and single-leaved plants at 23 C and 

3
0 e. The position and lengt h of the stem is indicated on ea ch curve by 

arr01.,s . 

There was an i ncrease in R. O. L. with decreasing pat h lengt h in all 

plants but the variation in flux was much less pronounced in t hose pl ants 

. l ' h . t· . . . d At any patll length f lux from t he 30 l.n ,., ll.C respl.ra l.on was ml.nl.ml.se • 

plants "I.,a s a lways hi gher than t hat from plants at 23 0 e, whilst ,.,hole 

plants produced hi gher fluxes than s ingle-leaved prepar ations . 

From t he flux dat a given in Fig . 7 . 5 overa ll plant re s istance was 

ca lculated (equation 7 . 6),the 30 vaues being converted to equivalent 

va lues at 23° (p . 55 ) , and this is s hown as a f unction of apparent path 

length in Fig . 7 . 6 . The resistance is mar kedly increased in r espiring 

plants , particularly a t longer pat h lengt hs ; this correlates with t he lower 

flux va lues from these pl ants . The cooled plants , on the other hand , of fer 

relatively l ittle resistance , and this is ref lec t ed in t heir higher flux 

va lues . Thi s dif f e rence in overall res istanc e between cooled and uncooled 

plants is undoubtedly a function of t he respiratory activity of the l atter . 

The decrease in R. O. L. at longer diffusion path lengths is a r esult 

of the i ncreased diffusive resistance as s ociat ed ,'lith lengt hening of t he 

diffusion path . However , the shape of the resistance v . path lengt h 

curves (Fig . 7 . 6) requi res further comment . If the plants had uniform cros s-

section area and zero respiration , and if De ,.,a s constant a long the ,.,hole 



FIG.7.S Apical oxygen flux as a function of 

apparent diffusion path length. 

<> Whole plant. ~·c r Data converted to 

values at 23°C t:. Single leaf,3C 

0 ' Whole plant, 23·C 

[J Single • leaf, 23 C 

The position and length of the stem is indicated 
on each curve by arrows. 
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FIG. 7.6 
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Effective diffusional resistance as a 
function of apparent path length. 
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length of the plant , then refe rence to equat ion 7 .4 shows that resistance 

w'ould i ncrease linearly ''lith diffusion path length . All the experimental 

plots in Fig . 7 . 6, however, s how some degree of curvature, t his being 

much more pronounced for the respiring plants . In the case of t he cooled 

plants the plots are approximately linear for about 15cm path length and 

then curve slightly over tha remaining increase in diffusion path . The 

linear portion of the curves may be attributed to the h i gh porosity and 

fairly constant cross-sectiona l a rea of the leaves for much of their 

lengt h , whilst the decreased porosity and cross-sectiona l a rea at the leaf 

apex accounts for t he disproportionate i ncrease in resistance at l onger 

path lengths; residual respir at ion may have added to the eff ect . The 

enhanced curvature in t he r espiring plants is undoubtedly due to the a ccum-

ulation of respiratory activity associated ,dth lengthening of t he 

diffusion path , superimposed upon t he diffusive f actors discussed above ; 

the acropeta l increase in leaf respiration r ate (Table 3 . 1) may have 

added to the curvature . 

In genera l lower resistance patterns were obta ined for the ,.,hole 

o 0 plants , both at 3 and 23 C. The most likely explanation seemed to be 

t hat in these plants the leaves act as resistances in parallel , so that 

the overall r esistance of t he shoot system is less t han t hat offered by 

t he individual leaves . This effect is compar able ,vi th t he parallel arrange-

ment of stomata discussed in Chapter 6 . 

It is of interest that the stem does not appear to contribute any 

more resistance to the plant than , for example, a comparable lengt h of 

leaf base . Com'lay (1 937 ) attributed the resistance in t he stock of 

Cladium mariscus to the compact nature of its tissues , for a lthough t he 

cortex had a porosity of 35~~ it formed only a small proportion of t he 

whole stock , t he porosity of the stele of ''lhi ch was as low as 6~~ . I n 

addition Com'lay suggested that the diff usion pat h t hrough t he cortex 

"Tould be tortuous . The stem of E. angustifolium , with its compar atively 

high r espiratory r ate and overa l l porosity of about 1 0?~ , might also be 
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expected to offer a high resistance to t he flux of oxygen . II01.ever, a 

deta iled exam ~l1ation indicated t hat the cortex may occupy up to 6070 of 

the tota l volume . No attempt was made to measure experimentally the 

porosity of the cortex alone , ,·rhi ch may t herefore be appreciably higher 

than the 1<Y;'o overall porosity; Plate 7 .3 tends to confirm t his . Also , 

the diffusion pat!l bet"reen leaf and root in t he Eriophorum stem may be 

much shorter t han t he overall lengt h of t he stem, since leaf and root 

bases lie in close proximity (Plate 7 . 2 ) . Resistance in t4e stem is 

discussed in more detail in t he follm.ing secti on . 

It must be po inted out that great care must be taken when t he coo ling 

method is used to determine non- metabolic resistance . Residual respiration , 

bloclrnge of t he exposed l a cunae by liquid creep, and possibly even con-

densation within t he finer intercellular spaces could all contribute to 

elevated R va1ues . For example , in t he experiments described above the 
p 

apparent pore-space res istance per cm of mid- leaf r anged from 0 . 085 t o 

5 - 3 0 . 20 x 10 s cm • When resistance in the lacurua r diaphr agms is tru~en into 

account (p . 150) , the effective lacunar porosities calculated from t hes e 

t,.o values of R a re 25% and 2 . 5~b respectively. The former value is in p 

good agreement with the mid-leaf porosity determined earlier (Fig . 3 . 1) , 

,.hereas the latter is extremely 1m.. Clearly , residual respiration and/or 

bloclrnge of the gas s paces had elevated the apparent R of 0 . 20 x 105 s cm- 3 
p 

above the true value . 

The coo ling method must be regarded , t heref ore , as less reliable 

than the gas-mixtures met hod (p .138) for the estimation of non-metabolic 

res i stance . H01.ever , since R i n the root and leaf is easily calculo.ted 
p 

by substitution of porosity data (Chapter 3) into equation 7.4 , its 

further exper imental investigation "ras not pursued . For the determination 

of non- metabolic re s istance in t he stem and lacunar diaphragms , where the 

ne cessary porosity data is not easily obtained , t he gas- mixtures method 

pr oved a c onveni ent technique . 



PLATE 7.2: Eriophorum angustif ol ium; t hick hand section (ca . O.05cm) 

through the stem shmving the short diffusion path between 

the bases of the root and outer leaves (x 8). 
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C. RES ISTANCE IN THE STEH/ IWOT-SHOOT JUNCTION 

There is very li ttle liter ature dealing ,d th the r~s istance to oxygen 

transport offered by t he junct ion of the root and shoot . Laing (1940b) 

s tated t hat gas es are unable to pass readily into a very young root due 

to a compact mass of undiffe rentiated t issue at the root base ; as the 

root grm,s the compact region narrow·s and gas movement into the root 

be comes eas ier . Coult (1964) cons i dered that in Menyant hes trifoliata 

diffusion of oxygen across t he compact cort ical tissues at t he root base 

would be in t he liquid phase and would contri bute little to t he oxygen 

supply to the root . Com,ay (1 937) found that the stock of Cladium mariscus , 

taken as a "hole , offe red appreciable r esistance to the passage of air , 

but t he actual junct ion of the root and stoclt did not . 

I n t he present study t " o methods we r e employed to eva luate the 

resistance to oxygen diffusion offered by t he root-shoot j unction of 

E . angustifolium. 

1 . Nethods 

(a) Gas Mixtures 

The t heory of t his method is that given for t he dete r minat ion of t he 

pore space r es is t ance of intact pl ants (p .138) . The procedure was as 

fo1101"s . 

pl ant was arranged f or R. O. L. measurement in the double bung system 

Sh 01ID in Fig . 7 . 4 with t he liquid just covering the bas e of the experimental 

root . Prior to application of the gases the leaves i,ere excised with a 

r azor blade as close as pos s i ble to the stem and t he cut ends dried with 

an air stream . The availab le gas mixtures were air and 40 . 4~ O2° These 

were a.pplied to t he cut l eaves a s descri bed in Chapter 4 , but in t his case 

a smal l glass t ube replaced t he measuring cylinder as a leaf chamber . 

When equilibrium currents had been ohtained f or both gases the pln.nt 

was raised in t he measuring cy linder and t he root cut i mmediately below t he 

stem. The cut r oot end ,,,as dried 1vi t h an air stream and t he gases agai n 
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applied in sequence to obt a in t he diffusion currents after stem excis ion . 

The difference in R before and after excision of the stem gives a 
p 

va lue for t he non- metabolic resistance in t he stem/root- shoot junction , 

R . • 
PU 

The total r es istance contributed to the plant by t he junction, Rtj , 

,.as given by the difference in Rt before and after stem excisi on by 

substitution of the flux in ai r into equation 7 . 6 . 

(b ) Excision of the Stem 

This method made use of t he 23 0 and 30 C resistance data obtained by 

the "excision pr ocedure" des cribed in t he previous section (p . 139 ) . 

Although not designed solely for the estimation of root-shoot junction 

res istance (Le . por tions of leaf and root base "ere excised ,vith t he 

stem), it enabled estimat es to be made of Rpj and Rtj • 

2 . Results 

Using t he gas mixtures method non- metabolic re s istance in the root-

5 5-3 s hoot junction r anged fro m 0 . 057 x 10 t o 0 .1 30 x 10 s cm Total 

resistance in the junction when in situ had contributed 0 . 084 x 105 to 

0 . 202 x 105 s cm-3 to the t ota l resistance of the plant . Considering the 

relatively high r espiratory rate of t he stem tissues (Chapter 3) t he 

respiratory component did not markedly increase t he resistance values . 

It is poss ible that t his ,.as due to the s hort diffusion path beh"een t he 

leaf and root bas es referred to earlier (p .142) . 

Values of R . obtained by the second method r anged from 0 . 10 x 105 
PJ 

to 0 . 28 x 105 s cm- 3 , whilst t he tota l re s istance contributed from 

0 . 235 x 105 to 0 . 586 x 105 s cm- 3 to t he plant res istance . Since t his 

second method ,.,as not intended specifically f or the estimation of root-

shoot junction resistance , re lative ly l ong l engths of l eaf and root base 

,.,ere excised ,vi t h the stem, and this is a likely explanat ion of the higher 

values of Rpj and Rtj • Hence , the results obt a ined by t he gas mixtures 

method must be cons i dered the more r el i able . 

An important point to emerge from the abov e r esults is that the 10'. 
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resistance in t he root- shoot junction provides strong evidence f or t he 

continuity of t he gas s pa ce sys tem bet ween lenves u,nd roo ts . Thi s w'as 

confirmed by anatomica l i nvestigat i on , and i n Plate 7 . 3 , 1·rhi ch s hows a 

transverse section t hr ough t he root base in the r egi on of t he root -shoot 

j unction , t he uninterrupted i nt er cellula r spu,ce system betw'een the root 

and stem cortic es may be clea r l y s een . 

D. RES ISTANC . I N 'l'IlE ROOT W: LL 

1 . Introduction 

There is evidence t hat in a number of species the dif fusive resistance 

offered by the apica l root 1vall at norma l temperatures i s very Imf or 

negligible . Armstrong (1 967b ) found t hat if root 1fall re s i stance was 

assumed to be zero the theoretica l f lux va lues based on t he measured 

int ernal oxygen concentrations of severa l wetland species (not including 

E . anaustifolium) corresponded closely to va lues measured by t he cy aindrica l 

electrode method . Working 1vith mustard seedlings Greemvood (1967b) 

estimated the maximum root wall resistance to be equiva lent of onl y 12 pm 

of 'vater path (Le . one cell layer); for a root segment of lenGt h O. 5cm 

5 anu r adius 0 . 05cm the corresponding wall resis t ance is only 0 . 098 x 10 

-3 ) s cm (see equation 4 . 8 • Luxmoore et a1. (1970b) obtained root wa ll 

-4 -4-1 
permeabili'~ies for rice and maize of 11 x 10 . and 8 x 10 cm s 

respectively; corresponding 'vall resistances fo r root segment s of lengt h 

0 . 5cm and radius 0 . 05cm are 0 . 058 x 105 and 0 . 080 x 105 s cm- 3 (i . e . about 

10 to 12;un of 'vater path) . The actua l liquid di f fusion path offered by 

the apical rice root wa ll (i . e . the cell l ayers beyond the observab le 

cortica l gas spaces ) is 50 to 60)lID' Armstrong and '-{right (1975) have 

suggested that the discrepancy between observed and eff ective 1mll thickness 

may be partly accounted for by cytoplasmic streaming . 

During the present study it became apparent that the apica l root 

wa ll resistance in Eriophorum 'Y"as not negligible . If 1vall res istance w'as 

i gnor ed , and t he electrical ana logue programlned using other resistances 
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PLATE 7.3: Section through the root-shoot junction of E.angustifolium, 

showing the continuity of the gas spaces in the cortices of root 

and stem (x 270). 

Note : Satisfactory penetration of the stem tissues could be 

obtained only by use of an ultra-low viscosity resin 

(Taab Laboratories , 52 Kidmore Road , Emmer Green , 

Reading, Englend) . 
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quantified in this chapter , predicted flme values 'vere substantially 

h i gher than those measured experimentally. Experimenta l and analogue 

data could be brought into agreement simply by programming for wall 

resistance . In view of this, and be cause a knmvledge of wall resistance 

is of great importance to the prediction of internal oxygen concen-

trations using the cylindrica l electrode technique (see p . 53 ) the apical 

o root wall resistance in Eriophorum at 23 C ,vas measured experimenta lly . 

2 . Hethod 

Plants 'vere arranged for R. O. L . assay as des cribed in Chapter 2, t he 

apical radius of the experimentnl root having in each ca se be en previously 

measured . 1V'hen t he diffusion current had equilibrated the plant ,vas 

removed and t he root system i mmersed in a bath of acid citrate (see 

Chapter 4) . The portion of the root previously conta ined within the 

. electrode ,ms excised and using spade-ended forceps was gently squeezed 

beneath the cup of a gas analyser (Chapter 4) to extrac;i; the [Ias from the 

i nterc ellular spaces . The w·hole procedure ,vas carried out as rapidly as 

possible to minimise changes in the oxygen content of the gas to be 

extracted . The oxygen concentratinn in the gas sample was then determined 

as described on p o63. 

3. Theory 

The total diffusive resistance offered by the apical root wall, 

R is given by: 
t , 'vI' 

R = 60Cr _ R 
t ,wl f A s 

r 

"\Vhere : 

-3 s cm (7 . 10) 

C = the gas phase oxygen concentration in the roo·1:, (measured by 
r 

gas analysis) (g cm-3 ) 

f = the experimental flux (g cm- 2min- 1
) 

However , just as total plant resistance varies "\Vith oxygen concen-

tration (p . 130), so will r espiration in t he root ,-raIl cause R t,'vl ' 
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(obtained using equation 7 .1 0) , to vary,dth C. Consequently, for 
r 

each experiment, R 1 at t he s tandard oxygen concentration (20.4170) vTas 
w 

estimated using t he follow'ing procedure . 

The oxygen concentration vTi thin t he root, C , may be related to the 
r 

concentrat ion at the root surface , C l ' and to the oxygen flux from t he 
w 

root , f , by an equation which embraces t he oxygen consumption and 

diffusivity in t he wall layers : 

2 Mr 
o 

=4D" 
e 

2 
r. 

{ r 12 + 
o 

(for derivation see Appendix 4) 

where: 

-3 g cm (7 . 11 ) 

N - the ' r ate of oxygen consumption by t he root ,.all, assumed uniform 

( -3 -1) in t he r adial direction g cm s 

r = the root r adius (cm) 
o 

r. - r minus the thickness of t he root w'all , the mean value of ,.hich 
1 0 

was 65pm , S.D.: 2pm (cm) 

( 2 -1) D = t he effective diffusion coefficient in the root wall cm s , 
e 

assumed uniform in t he r adi a l direction . 

-3 -1 Using a va lue for H of 75ng02 cm s , the mean respiratory r at e of 

the Eriophorum root apex (Fig . 3 . 3) and experimenta l vruues for C , C l ' f , 
r w 

r and r., D may be calculated . This va lue may then be substituted back 
o 1 e 

into equation 7 . 11 , and the flux predicted when C is ~scribed a value of 
r 

268 . 7 x 10- 6g cm-3 (Le . 20 . 41 %) . Finally the flux so obtained may be 

substituted into equation 7 .1 0 to obtain the total wall resistance at the 

standa r d oxygen conc entration . The values of R
t 

I so obtained are ,w 

necessarily ~roximate because of the possible error introduced in 

- 3 - 1 assuming a wall r espiratory rat e of 75ng cm s • However , such an error 

i s likely to be minimal , since va riation in root ,.all respiratory rate , 

even by a relat ively large amount , has little effect on Rt ,wl ' For exmple, 

equation 7 . 11 may be used to s how t hat in a root of radius 0 . 05cm , with a 
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wall of t hickness 65F ' tota l 1-Tall resista.nce (at 20 . 4 1 ~~ oxygen concen-

5 - 3 "-3 -1 tration ) is 1 . 26 x 10 s cm when ms pir atory r ate ~s 50ng cm s and 

5 - 3 - 3 -1 1. 29 x 10- s cm ,.hen M is 100ng cm s 

Non-metabolic r esistance in the root "all , H l ' may be estimated 
p ,.w 

by substitution of the va lues of D ,obtained from e 

equation 7 . 11 as described above , into equat i on 4 . 8 . 

The permeabi l ity of t he apica l root "all to oxygen , Perm . l' may be 
1-T 

derived from R
t 

1 and R by the relationship: 
,'" p " .,l ' 

1 

4 . Results 

- 1 cm s (7 . 12) 

The results are summarised in Table 7 . 1 . The gas samples from the 

roots shm.ed that t he oxygen concentration 'l'l"ithin t he apices, C , had a 
r 

mean value of 14 . 6~~ , S . D. :!: 1 . 17%. This figure is higher than t hose 

obt ained by vari ous workers for other ,.,etland plants : e . g . Menyanthes 

trifoliata , 11 . 2% (Coult and Vallance , 1958); rice , 8 . 4% (vmRaalte , 

1944)~ Spartina alterniflora , 3. 5 - 5 . ~v (Teal and Kanwisher , 1966); 

Schoenus nigricans , 12 . 5 - 13 . 5"0 (Ar mstrong , 1 967b) • 

In all the Eriophorum plants studied a ,.0.11 resistance was evident . 

Uncorrected tota l resistance had a mean value of 1 . 75 x 105 s cm-3 

S . D. + 0 . 95 x 105 -3 s cm the corresponding mean wall permeability "las 

-5 -1 + -5-3 6 . 97 x 10 cm s , S . D. - 4 . 86 x 10 s em • Thi s permeability is a 

f actor of ten less t han t he va lues obt a ined for rice and mai ze by Luxmoore 

et 0.1. (1970b) (p .145), reflecting the g r eater resistance in the 

Eriophorum apica l root wall . Tota l wall resistances at the standard (20.41 ~ ) 

oxygen concentration differed only slightly from t he unc orrected res istanc es, 

5 -3 + 5-3 t he mean va lue being 1 . 68 x 10 s cm , S . D. - 0.93 x 10 s cm 

Ca lculations based on equation 7 . 11 s how, however , t hat t he apparent wall 

resistance bec omes increasingly significant at low internal oxygen concen-

trations (C ) , since the oxygen consumed by the root ,.,0.11 is then no longer 
r 

n-egligible compared with that lost by lealcage . 



Root 
Radius 

(cm) 

0. 0435 
0 0 034 
0 . 0415 
0 . 0345 
0 . 03'7 
0 . 036 
0 . 041 5 
0 . 0375 
0 . 0335 
0 . 038 

TABLE 7 . 1: n-rrERNAL APICAL OXYGEN CO\fCENTRATI ON , AND RES I STA.l"'JCE ,AND EFFECTIVE DI FFUSION 
COEFFICIENT I N TIlE APICAL ROOT WALL OF E . AHGUSTI FOLIUH 

Internal oxy~en conc . "Tall resistance Water path Effective 
From ana:§rsis From flux Total Total Non-D1~ta- equivalent to diff . coeff . 

C C uncorrected corrected bolic R r r ,ex R R R p ,iYl 
t ,wl t ,wl p ,wl 

(%) (%) ( 5 - 3) x10 s cm (x10 5s an-~ If, 5 - 3) x10 s cm hun) (: - 5 2 - 1 x10 cm s 

12 . 9 8. 0 2. 38 2. 28 2 .30 177 0 . 70 
15 . 4 14 . 0 0 0 55 0 . 47 0 0 51 47 4 . 14 
15 . 7 8. 9 3 . 09 3.00 3. 00 204 0 . 57 
15 . 1 12 . 2 1.16 1 . 12 1 . 14 79 1 .• 82 
15 . 7 9. 1 3. 23 3.14 3 . 15 189 0 . 61 
13 .9 10 . 8 1. 34 1. 29 1 . 32 93 1 . 51 
12 . 7 9. 8 1 . 19 1 . 15 1 . 17 97 1.41 
15 . 3 909 2 . 41 2 . 36 2 . 38 156 0 080 
13 . 8 11 . 7 0 . 88 0 . 85 0 . 88 61 2 . 45 
15 . 5 12 . 1 1. 24 1.1 9 1 . 23 93 1 . 52 

-- ~ -- -- -- --- ---- .- --------.-~-. . ---~~--~~-

NOTE : Apica l root wal l t~i clmess taken as 65pm 

Wall.Perm. 
(from R 1) p , iY 

ie - 5 - 1) x10 cm s 

3 . 18 
18 . 35 

2 .55 
8 . 09 
2 . 37 
6 .70 
6 . 87 
3 ,, 57 

10 . 80 
6 . 81 
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In Fig . 7 . 7 uncorrected total ,.,0.11 resistance is shovm as a function 

of total plant resistance (6bta i ned using equation 7 . 6); it canbe seen 

t hat t he relat i onship is significantly linea r (P . = 0 . 01) . The broken 

line is the regression line for the "standardised" wall r esistanc e . The 

graph indicates that at va lues of tota l pln-nt resistance gr eate r than 

a bout 1 . 6 )C 105 - 3 tota l wall r esistance is an i r'lportant component of s cm 

total plant r es istance . At pl ant resistances les s than 1 . 6 x 105 - 3 s cm 

wall resistance is probab l y negligi ble . However , t he contribution of tota l 

wa l l resistance to tota l plant resis tance is not merely additive ; it has 

already been pointed out (p . 134) that t he pr es ence of a wall re s i s t ance, 

by v irtue of its effect on R. O. L., will i ncrease the apparent total 

r esistance in the r est of t he plant . 

5 -3 Non- metaboli c resis tance in the root ,.,0.11 (mean 1 . 71 x 10 s cm 

+ 5 3 S.D. - 0 . 92 x 10 s cm- ) was little different from the tota l resistance . 

This i mpl i es t hat the res piratory component contributes only a s mall 

amount to t he root ,vall re s istance . 

In al l but hro experiments t he ,vate r pat h equiva lent to the non-

metabolic ,vall re s istance was sUbstantiully greater t hem t he measured 

thiclmess of t he root ,.,0.11 (i. e 65p - p . 147) . Thi s is in ma rlced co ntrast 

to the situation i n rice and maize (p.1J+-S ), for ,.,hi ch Armstrong and 

Wri ght (1975) have suggested that cytoplasmic streaming may i ncrease 

diffusivity in t he ",'all layers (see p .14S) . The low effective dHfasivity 

in the Eriophorum root wall is probably expla i ned by suberisation ; in 

t he two plants where wall resistance was low suberisation may have been 

minimal. The e f fe ct ive diffusion coefficients in these two root ,.,a lls 

,.,e re hi gher than that in 'vate r ; again it is tempting to invoke cytoplasmi c 

streaming a s an explanat i on of t his observation . 

An i lUportant e f fe ct of r oot ,.,0.11 resistance is to cause the internal 

oxygen concentration deduced from flux data to be less than the true va lue . 

Thus, if equation 2 . 9 is to be used f or estillating internal oxygen concen-

tration a c orrection must be applied to t ah:e acc ount of re s istanc e in the 
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root lvall . If the internal concentration ca lculated from flux data is 

C , and the actual concentration (found by gas analysis) is C , a 
r , ex r 

plot of t he r at io C : C against total plant resistance, Rt ' is 
r , ex r 

significantly linear (Fig . 7 . 8) . If the total resis tance of any experi-

l!lenta l plant is Imown , C may be corrected for wall resistance by r, ellC 

dividing by t he appropriate va lue of C : C obtained from Fig . 7 . 7 . r , ex r 

If total plant resistance is not knOlvn a less a ccurate correction would 

be division by t he mean value of C C • 
r , ex r 

E. RESI'TANC IN THE DIAPHRAGHS OF THE LEAF . 

1 . Introduction 

Reference has already been made to the occurrence of porous 

diaphragms in t he lacunae of wetland plants (Chapter 3) . Opinions differ 

as to t he extent to which these structures impede the diffusive flow of 

oxygen . For example , Barber (1956, 1961) has shown t hat the pores in t he 

diaphrams of Eguisetum l imosum become occluded at certain times of the 

year ; using mass flow experiments he concluded that this resul ts in high 

resistance . However , t hes e resu l ts may not be directly applicable to 

diffusive flolv syst~ms . In contrast Tea l and Kanwisher (1966) concluded 

that diaphragm r esistance in Spartina alterniflora is negligible . 

Non-metabolic resistance offered by a diaphragm , Rpd ' lvill be a 

function of effe ct ive porosity and diaphragm thickness . Altho ugh t he 

latter is easily measured , the former is difficult to determine by direct 

observat i on due to the surface appearance of t he tissue and possible 

tortuos ity of the pores (see Plate3 . 6a) . Little information is available 

in the l iterature , the only porosity value lmolm to the author being O . 587~ 

estimated by Coult (1964) for diaphragms (lamellae) in the rhizome of 

~ enyanthes trifoliata . 

In the present study two methods lvere used to estimate the effective 

porosity and non- metabolic resistance in the diaphrams of Eriophorwu. 
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2 . Methods 

(a ) Excision of Leaf Segments 

This method made use of res i stance dat a obta i ned f rom s ingle-

leaved plants at 30 e as described on p . 139 . Neasurement s ",,'ere confined 

to the mid-leaf segments t o t ake advant age of the uni fo rm cross-sectiona l 

a rea of t he leaf in t his region . 

The lengt h of the excised mid-leaf segments , L
l

, 1vas meas ured using 

a travelling mi croscope . The number of diaphr agms , n , i n ea ch a ir channel 

1·ras recorded , a s 1vaS t he mean diaphr agm t hi ckness , L
d

• Cros s - sectional 

area of the leaf segments Axl ' w'as det ermined by 1veighing sca le dra,vings 

of transverse sections . 

The non- metabolic di f fusive res istance due to t he diaphr agms in t he 

segment , Rpdl ' is given by : 

Ll 
s cm -3 (7 . 13) 

1vhere : 

~ l = the lacunar porosity of t he leaf segment 

Rpl = the overall non- metabolic resistance of t he leaf segment 

(s cm- 3 ) 

The va lidity of t his equation de pends upon t he assumption t hat oxygen 

was unable to by- pass t he diaphragms by diffusing bet'veen adj a.cent l a cunae; 

clearly , t his would eff ectively reduce the apparent diaphr agm re s i s t anc e . 

Alt hough gas spn.ces were pr es ent ,vithin t he tissues of the inter- lacunar 

walls as seein T. S ., t he lat era l surfaces of t he wa l ls (i . e . t hose adj acent 

to the l a cuna e) seemed devoid of pores . 

Equal numbers of diaphragms occur a long air channels of equa l lengt h ; 

t herefor e , Rpdl may be c 0nsidered due to n diaphragms , each of area equal 

to that of t he tota l l a cuna r space of t he leaf s egment , A I , a cting in x , a c 

series . The r esistance of one such di aphragm , Rpd ' is given by: 

- 3 s cm (7 . 14 ) 

The effe ctive porosity of the diaphragm tissue , t ed ' may be 
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estimated from Rpd by: 

E. ed = 
Ld 

(7 . 15) 

(b) Gas Hixtures 

The t heory and procedure for t his method. were identica l to t hose 

for the gas mixtures method for estimating r es i s t anc e in t he root-shoot 

junction (p .14-3) . A single-leaved plant , ,.,ith the leaf cut i n t he mid-

region, was arr anged with 0 . 2cm of leaf exposed to the two gas mixtures . 

Equilibrium currents were obt ained f or each mixture before and after excisicn 

of a leaf segment . Rpl vTas given by the difference in the two va lues of 

R , and diaphr agm porosity ,.;as derived as outlined in method (a) above . 
p 

3 . Results 

Effective diaphr agm porosities estimated by method (a ) fell i n the 

r anF;e 0 . 13 to 0 . 3~~ , with a mean of 0 . 2~6 (4 experiments) . Using method 

(b) the r ange was 0 . 15 to 0 . 3 8~G , mean 0 . 26~b (three experiments) . The t,vo 

procedures , t herefore, gave r esults which ,'Tere in good agreement . 

The mean effective porosity f or the t wo methods , 0 . 23;(" is some • .,hat 

less than the va lue of 0 . 58% given by Coult (1964) for the lamellae in 

the Nenyanthes rhizome . Coult ' s estil11ute was based on direct measurement 

of po~e size and did not take acc ount of any tortuosity of the pores, 

t hough in the diaphraams of Iv enyanthes, which are only one cell (40r) 

thick , t his is likely to be 10''' ' The porosity of the Eriophorum 

diaphragms given above will be i nc l us ive of a tortuosity factor , which may 

be significant since the diaphragms are 2-3 cells (58pm) in thickness . 

Diaphragm r es i stance may be derived from porosity as f ollows . 

Cnnsider a diaphragm of t hi ckness 5~ situated a cross a l acuna of cross­

-4 2 sectional area 3 . 57 x 10 em . The non-metabolic resistance offered by 

this diaphragm (fed = 0 . 23%) is 0 0 34 x 105 s cm-3 (equation 7 . 4) . Hm.,ever, 

fourteen air channels are nor mally pr esent within t he Eriophorum leaf , 

t herefore , t he overal l resistance offered by the occlusion of each of the 
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-5 f ourteen channels by one diaphragm is 0 . 34 x 10 ; 14 , or 0 . 024 x 105 

- 3 s cm Diaphr agms occur at a frequency of about 3 per cm in t he mid-

leaf , hence the r esistance due to t he di aphragms in 1 cm of leaf ,.ill be 

3 x 0 . 024 x 10 5 , or 0 . 072 x 105 s - 3 cm For comparison 1 em of root of 

r adius 0 . 05cm and effective porosity 10,s has a non- metabolic r esista.nce 

of 0 . 062 x 105 s cm- 3 • 

Assuming that the diaphr agms in the sheaih regi on of the leaf I1 ls o have 

an ef fe ctive poros ity of 0 . 23%, t heir r esistance in 1cm of leaf , of cros s -

2 5 -3 sectional a rea 0 . 036 cm and porosity 6lf/v , i s onl y 0 . 017 x 10 s em 

5 - 3 if t hey occur a t a frequency of 3 per cm , or 0 . 0114 x 10 s cm at 2 

diaphr agms pe r ,cm. Even a 1 em long block of diaphragm tissue, of cross-

sectional area equa l to that of t he diaphr agms in t he leaf base , would 

5 - 3 of fer a r esis t ance of on ly 0 . 98 x 10 s cm 

It is clea r from t he above r esults that des pite their low effective 

porosity diaphragms do not offer non- metabolic resistance 1Yhich is excessive 

i n compa rison with t hat offe red by other pa rts of the pl nnt . 

III MODELLING 

The r es istance dat a obt a i ned in t his chapter are suitable f or 

programming the electr ica l analogue; i nde ed t hey we r e obtained 1Yith t his 

i n mind and have been so employed in t he analogue investigations described 

in t his thes is . Ho",ever , some Imo,dedge of diffusion mat hematics also 

enables a mathematical mode l of t he plant-e lectrode system to be derived ; 

t hi s , when used in conj unction with experimenta l resistance and r espirat ory 

dat a , may be used to compute i nternal root oxygen concentration and l~ . O . L . 

The follow'ing illustr ate s how t his may be done . 

A. l~INCIPLE 

Consi<ler the electrical circuit s hown in Fig . 7 . 3 . The current , I , 

to earth can be ca lculated by summing the voltage drops across t he three 

resistors • "lith r efe r ence to t he section r eferring to current t appings 
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mid-way a long t he r esis t or s (p . 34 ) the procedure is as f ol lows . 

Drop across U' = tu~ (2 ) + u/ (3 + I) 1 (7 . 16) 

= 10 + 30 + 101, or 40 + 10 1 volts 

Dro p across U
l 

= tu; (3) + Ul (I ) 
2 2 (7 . 17) 

= 15 + 1 Or. 

/ I Drop a cros s R = R I, or 5I 
s s (7 . 18 ) 

The s um of t hes e voltage drops gi ves t he t otal voltage drop , C - C, 
o 

'vhi ch equa ls 500V s ince C = O. 

C - C = 500 = 44 + 25 I 
o 

fro m whi ch .1 = 17 . 8 Amps . 

(7 . 19 ) 

This va l ue of I may be used to determi ne t he v ol tage drops a cros s 

/ / 
R1 and R2 fro m equat i ons 7 . 16 and 7 . 17, and t hese a re r espect i ve l y 218 and 

193 volts . By s ubtracting t he s um of these hTO vol tf\.ge drops from C , 
o 

the potentia l at t he upper end of R/ (i.e . t he " root surface") may be 
s 

obt ained, and is 89 volts . 

Thi s simple procedure may n Olv be applied to t he pl ant . 

B. THE HODEL 

Cons i der t he 'vetland p l ant s hown s chematica l l y i n Fig . 7 • 9 . For 

modelling purposes t he pl ant is divided int o segments , which a r e designated 

by s ubscripts a s follows : 

Leaf base 1 

Stem/root-shoot junction j 

Root base b 

Sub apica l segment s a 

Apex a 

Root wa ll ,vl 

Liquid s hell s 

The diffusive res is tance (non- met ab ol ic ) i n each segment is given as 

Rl , R
j 

etc . 

If t he oxygen concentration drop across each segment is given t he 



5·0 em leaf base 

5'Oem 

stem 

root base 

sub-apex 

,apex 

-----root wall 

FIG. 7. 9 Diagram of a plant used to : illustrate the 

rrothematical model described on p. 154 

\ 
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s ymbol Ll, v e have : 

c - C = 6 + 4 . + A b +A +~ +~ 1 +~ 
o e 1 J s a a 'v s 

'vhere C = O. 
e 

- 3 g cm (7. 20) 

If respiratory rate has the symbol M (g cm-3s-1 ) and t he volume 

of the various segments V (cm3), and if f (g s-1 ) is t he diffusion rate 

of oxygen from root to electrode, t hen t he individual concentration drops 

a re given as follows : 

,vl 

MV) + R .f 
J 

Llb =Rb ( t}l~Vb + L s a MY) + Rbf 

,vl 
L\ = R (t M V + ' a HV) + R f sa s a sa s a L s a 

(7 . 21 ) 

(7. 22 ) 

(7 . 23) 

(7 . 24) 

.6 a poses certain problems: t apping the respiration at t Ra gives the con­

centration drop betv een t he top and bottom of the api cal segment 

(see p . 34) . It i s more rea listic to consider t he concentration drop 

to mid-'vay a long t he apex (i . e . corresponding with the centre of the 

electrode) . Thus: 

L\ = i R (H V + M IV 1) + i R f 
a a aa 'v" a 

(7 . 25) 

It i s not possible to model t he concentration drop across the root 

'vall in t he manner common to the above concentration drops . This is 

because the point a long R 1 at ,vhich the re spiration must be t apped may 
'v 

not be mid-,vay (cf . t he other diffusive r esistances) but va ri es 'vith the 

r atio of the radii f rom t he centre of the root to t he inner and outer 

surfaces of t he root 'va ll . 6 "1vl may , however, be obtained using an equation 

similar to 7 . 11 : 
M b2 

2 

(~) - 1J + RwIf g 
- 3 

b. "Ivl = C - C 
wI [~ + 2 log, (7 . 26) = 4D 

em 
r ,vl 

e 

where : 

b = the root radius 

a = b minus the wall thicl~es s 
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and C are the oxygen concentrations at the inner and outer 
'I'll 

surfaces of the root wal l r espectively. 

Lastly: 

C 
o 

The delta equati ons may then be combined to give : 

- C e + f(Rl+R.+Rb+R + tR +R l+R ) J sa a w s (7 . 27 ) 

The flux , f , may be calculated from equat i on 7 . 27 . Thi s may t hen be 

substituted into equat ions 7. 21 - 7 . 25 to compute t he individual oxygen 

concentrat ion drops which , when added , and subtracted from C , give t he 
o 

oxygen concentration w'ithin t he root apexo 

The model was t ested by considering a plant comprising : 

( i ) 2 A 5cm l ength of leaf base of cross-section area 0 . 044cm , l a cunar 

5 -3 porosity of 6or~ , and diaphr agm resistance 0 . 017 x 10 s cm per 

cm (p.153) 0 

(ii) A stem/ root-s hoot JUIlction of volume 0 01 cm3 , but modelled as only 

one-fifth of t his volume to t ruce a ccount of t he single leaf base 

(Le . t he w'hole pl ant 1>TaS assumed to possess five leaves - see p086 ) . 

(iii) A 5cm length of root basH , of radius 0 . 04cm and porosity 53%0 

(iv) A 1cm sub-apica l segment , of r adius 0 . 04cm and porosity 25%0 

(v) A 0 . 5cm apica l segment , of radius 0 . 04cm and porosity 2~6. 

(vi) A root '>Tall of t hiclmess 65pm. 

If t he root apex l ies within a cylindrica l electrode of r adius 0 . 11 25cm, 

and mean values of exper imental r esistance and respiratorJr data substituted 

into the equations:., the oxygen concentration at the inner surfn.ce of the 

% - 2 - 1 root '>Ta ll ca lculates to 12 . 9"0 and t he flux to 129 . 5ng cm min • Clearly , 

t hes e values lie ,vi thin t he r ange of experimental val ues enc ounte red 

during t he present study , indicating t hat the model i s valid . However , 

although such models may provide fair l y a ccurate data , the mat hematics 

involveu is very tedious . Under t hese circ mstances working models may 

be employed to advantage . 
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IV . FINAL COl lENTS 

The effectiveness of inte rnal aeration is dependent upon the 

diffusive r esistance , both physical and effective , offered by the plant . 

Interna l oxygen transport has rea ched maximum development in w·etland 

spec ies ; therefore , it i s a logica l assumption that under normal c ircum-

s tances diffus ive resistance i n t hes e plants wi ll be co rrespondingly 

low·. The w·ork described in t his chapter provides evidence to validate 

this assumption , and this is probably best illustrated by comparing 

~riophorum angustifol ium ,,,i th t he mesophyte Pisum s ativum, the only 

other pl ant f or whi ch res i stance data has been obtai ned. 

Heal y (1 975) studied diffusive resis tance in the primary root of pea 

under a va riety of conditions . He showed that ,.,i th t he intact root system 

o immersed in anaerobic medium , total effe ctive r esistance at 23 C in the 

5 -3 pr imary root :t·ose from about 20 x 10 s cm at a length of 4cm to infinit y 

at l en r;ths i n exce s s of about 9 . 5cm. 'lith the r oots cooled to 30 C to 

minimise r espirati on non-metabolic resis t ances at the saIne root lengths 

,.,ere In Eriophorum t otal resis tance at a 

root length of 4cm was about 4 x 105 s cm- 3 whilst non- metabolic resis tance 

at t his root lenr:th ,.,as about 1. 5 x 105 s cm- 3 (Fig . 7 . 6) ; it is possible 

that resistance in t he root w·all may ac count f or the gr eater part of these 

va lues (Table 7 . 1) . o Indeed , total resis tances at 23 C for "hole . riophorum 

5 -3 ) p l ants ,dth aerial parts in air did not exceed 6 . 1 x 10 s cm (Fig . 7 . 7 . 

Thes e large differences i n di ffusive resistance betveen the wetland and 

non- wetland pl ant a re reflected in the difference in apica l oxygen flux . 

For example , R. O. L. from t he Eriophorum root at no r mal temperatures is 

- 2 . - 1 frequently as high as 120ng cm m1n in pea flux is seldom i n excess 

- 2 -1 of 60ng cm mi n even fro m roots as short as 3cm. 

The l ow diffusive resis tance in Eriophorum compared to that in pea 

is undoubtedly a consequence of the high porosity ancl the associated 

r eduction i n respi ring tissue , although Healy (1975) has s ho,m t hat leakage 

from t he pea root can also ada to the effe ctive resistance o In t hi s 
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context it is of inte r est to reca l l that many non- ''letland plants r espond 

to flooding by producing fresh roots of increased poros ity (eg . Yu et al , 

1969) 0 

Despite t he h igh porosity , interna l resistance in Eriophorum 

increases considerably ''lit h increased diffus i on path lengt h (Fig . 7 . 6) . 

This causes a dr astic r eduction in interna l oxygen transpor t (Fig . 7 . 5) 

and it i s possible t hat partial inundation of plants in the field could 

caus e sub-optimal oxygen pr essures in the roots . 

An i mportant result to emerge from the pr esent study is t hat non-

metabolic resistance in the root-shoot junct i on of Eriophorum is low 

5 5 - 3) (R . : 0 . 057 x 10 to 0 . 130 x 10 s cm ; tota l resistance in the 
PJ 

junction a l so contri butes little to overall plant resistance (Rtj : 

5 5 -3) 0 . 084 x 10 t o 0 0 202 x 10 s cm • Coult (1 964 ) concluded that in 

Henyant hes trifoliat a the cort ic a l gas space systems of root and shoot 

became di sc ontinuous at the junction; the r esults pr esented here , ho''lever , 

s uggest that i n Eriophorum the opposite is the case . This ,,,as conf i rmed 

by micros copic obs ervation , and i n the section of the root-shoot junction 

s hmm i n Plate 7 . 3 t he c ontinuity of the /Jas space systems in the cortices 

of shoot and root is abundantly c lear . (Recent pr eliminary "Tork on 

~{enyanthes does , i n f act , indicate a simila r gas spa ce continuity) . 

The effective porosity of t he diaphragns of the l eaf ( 0 . 13'l~ to 0 . 38~~) 

is lO'ver t han t he porosity of 0 . 6~~ for lenyanthes obto.ined by direct 

obs ervation (Coult 1964) . Hm'lever , despite the 1m. porosity , diaphragm 

re s istance in Eriophorum is small , being only 0 . 0114 x 105 to 0 . 017 x 105 

- 3 s cm pe r centimetr e of leaf base ; t his c ould "rel l be due to a parallel 

resistance effect of the diaphr agm pores (c . f . stomatal r esistance , Chapte r 

6) . Therefore , whilst providi ng effective barriers aga i nst f l ooding of 

t he gas s pace system diaphr agms a re unlilte l y to offer an important resistance 

t o oxygen transport . 

Probably t he mos t surprising r es ul t has been the detection of 
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significant resistance in t he apica l root vall of Eriophorum since other 

"retland species for 1vhi ch dat a a re available do not seem to exhibit t his 

feature . It i s possible that t his degree of root wall i mpermeabi lity, 

by reducing R. O. L. to a certa in extent , may be the cause of t he h i gher 

apica l oxygen concentrations in Eriophorum than in other s pecies (po148) . 

Despite t his , oxygen fl ux from t he Eriophorum root is considerable and 

rhizosphere oxygenation is unlil:ely to be reduced by a significant degree . 
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CHAPTER 8 

PHOTOSYNTHESIS AND INTERNAL AERATION 

A. INTIWDUCT ION 

Various investigators have studied the relationship between 

photosynthesis and interna l oxygen levels , t hough the importance of 

photosynthesis to root aeration has been less extensively studied . Most 

research has been carried out using submerged or semi- submerged aquatics . 

It is widely knmm t hat i n t hese plants exposure to bright light produces 

elevated gas pre ssure within t he intercellula r spaces (eg . Barthelemy, 

1874). Roodenburg (1927) (cited by van Raa lte , 1941) measured increased 

pressures in t he gas channels of Nymphaea L. in sunlight and ascribed 

this to t he production of oxygen by photosynthesis . As early as 1866 

Van Tieghem had measured oxygen ~ o r:. c entrations as high as 90~~ in gas 

bubbles evolved by photosynthesising Elodea Michx . 

Laing (1940b ) performed detailed analyses of the i nternal atmospheres 

of various water plants and showed that the oxygen levels within severa l 

semi- subme r ged species were boosted during photos)mthesis . For example , 

the oxygen concentration 1vi thin the rhizome of Nuphar advenum Ai t . grmving 

i n t he In.born.tory rose from 2 . 216 in t he dark to 1 3 . 7~~ in t he light; 

oxygen levels 1vithin the roots of a plant under field condit ions rose 

from 1. 6% to 7 . 9%. Laing n. lso demonstrated an accumulat i on of CO
2 

in the 

leaves during darkness , w'hilst during illumination t he level of this gas 

fell , presumably due to its being utilised in photosynthesis . 

Hartman and Bro1vn (1 967) demonstrated a cyclic variation of oxygen 

concentration in t he internal atmosphere of Elodea canadensis . The lowes t 

oxygen concentration , occurred during darkness at 11 p . m. whilst the 

highest value , 28~& , was re ached during daylight at 11 a . m. Variation i n 

CO2 c oncent r ation was much less pronounced but was clea rly half a cycle 

out of phase 1.ith t hat of t he 02 concentration , a result similar to that 
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obta i ned by Laing . 

Rhizos phere oxygenation by oxygen appar ently derived from photo­

synthesis has been demonstrated by Wium-Andersen and Andersen (1 972b ) . 

Thes e workers measured t he redox potential i n t he sediment of a Danis h 

lake and f ound t hat oxidation to a depth of 20cm "'Tas closely co rrelat ed 

1ri th t he distribut ion of roots of Isoetes L. 

I n contrast to t he situat ion in submerged aquatics 't here is little 

evidence that photosynt hesis can boost t he internal oxygen regime of pl ants 

with their aeria l parts exposed t o t he atmosphere . Van Raalte (1 941) 

analysed gas ext rac ted from the roots of rice plants 'rhi ch had been kept 

i n light and darJmess but found no difference i n oxygen c ontent . I n a 

l ater paper (van Raalte, 1944 ) he concluded t hat photosynthesis did not 

i nfluence r hizos phere oxygenation by rice roots o Ar mst rong (1 967b ) 

arrived at a similar conclusion: using Eriophorum angustifolium he 

removed mos t of t he photosynthetic tissue by excising t he leaves and found 

t hat t his did not a lter the oxygen diffusion rate from t he roots . 

Hmrever , t here are s ome reports in t he literature whi ch provide 

i ndirect evidenc e t hat photosynt hesis may aid i nternal ae r ation in plants 

with exposed aeria l parts . Cannon (1 932) measured the uptake of oxygen 

from distilled ,rater by t he roots of 1ril101r and sunf101rer pl ant,s . In 32 

of t he 53 experiments performed t l ere 1'Tas a 1m-rer rat e of oxygen upt ake 

in t he light t han i n darkness , and Cannon attributed t hi s to photosynthetic 

oxygen being utilised in root re spir ation . Vamos and Ktlve s (1 972 ) 

compared weather data for a period of longer than tw'ent y yea rs ,d th t he 

oocurrence of hydrogen sulphide damage in rice crops (tlbrowning disease tl ) . 

They found t hat in t hose y ears 'rhen t he disease had occurred t he re had 

been very litt le sunshine whilst in sunny years t he disease was almost 

absent . Experimenta l studies confirmed t he prot ective role of sunlight 

in t he prevention of damage by H
2
S . Ho,rever , Vamos and KBves invoked a 

r ather compli cated explanation for t hese results . They suggested t hat i n 

t he leaf H2S is oxidised by free OH- r adica ls formed during photosynthesis 
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(H
2
S + 20H- ----t 2H

2
0 + S) . I n t h e root oxygen evolved from pera cids, 

s ynt hesised f r om a cids and f ree OH- r adica l s , ,-ras t he main ox idis i ng 

agent . Lit t le i mportanc e was attrib~~ ed to the ro l e of f r ee disso l ved 

oxygen . 

The d i screpancy b etw"een t he ma gnitude of t h e photosynt hetic eff ect 

i n submerg ed and exposed p l ants would se em to b e a consequen ce of t he 

low diffusivity of oxygen in ,yater (see Chapter 1) . Apparent ly , i n 

submerged plants , oxy gen is evolved f aster t han t h e rate at which i t can 

leak away to t h e s urroundi ng medium and e leva t ed i nterna l c oncent rations 

result . I n p l ants with expos ed l eaves , h ow"ever , phot osynthetic oxygen is 

likely to escape to t h e atmos phere a s r apidl y a s i t i s p roduced and i t s 

level in t h e i nternal a t mos phere will not i nc r ease (St iles , 1 960 ; 

Greenwood , 1969 ) . 

I n t h is chapter experime nt s a r e described ,·rhich ,yere designed to 

determi n e t h e r elations h i p between subme r gence and t h e photosynt hetic 

enhancement of t he i nterna l oxygen reg i me . The manne r i n ,yhi ch t h e 

ph otosynt hetic effect could be mod i f i ed by t he CO
2 

suppl y to the s ubmerged 

pa rts ,ya s a lso i nv estigated . Erioph orum angustif olium w"as us ed as t he 

test s pecies . 

B. TIm EFFECT OF PIIOTOSTh1THESIS ON TIm INTERNAL OXYGEN REG I IE 

OF E . ANGUSrH'OLIUN 

In view of the relationship between i nterna l oxygen reg i me , phot o­

synthesis a nd submergen ce outlin ed abov e , t h e photosynthet i c effect wa s 

i nv estigated in Eriophorum plants w"i til the a eria l parts subme r ged to 

v a rious d egrees . 

1 . Jlieth od 

Whole plants ,yere a rra nged f or R. O. L. measu rement wi thi n measuring 

cy linde rs as describ ed on p . 75 • 

The light source ,vas a s ingl e 500 r incandes cent l a mp (Ph illips 
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"Ar gaphoto") . Illumination 'vas unilateral , t he hal f -circumference of 

t he measuring cylinder more dis tant from t he light source being blackened. 

Experi ments 'vere ca rried out in a darkroom. 

Incid~nt r adi ation was measured using a quant um sensor in conjunction 

,vi t h an LI- 185 Quant um/ Radiometer/ Photometer (Lambda I nstruments Corp., 

Lincoln , Nebrasca ) . T}lis instrument measures photon flux density in t he 

photosynthetica lly active spectra l r egion (ie . wavelength 400- 700nm) in 

( ) - 2 - 1 units of micro-Einsteins pE m s (An Einste i n is the number of 

quanta requir ed to a ctivate 1 mole of a photochemical ly reactive substance -

ie . Avogadro ' s number , or 6 . 02 x 10
23 quanta) . The i ncident r adi at ion was 

monitored at t he sur face of the measuring cylinder and 'vas varied simply 

by a lte ring t he position of the light source . To obtain t he 101ver 

intensities of r adiation s heets of tissue pape r were placed in t he light 

pat h . At a ll t imes a cold water heat shield was kept het1ve en t he lamp and 

p l ant t o a bsorb infra- red radiation , "Thils t the ambient temperature w'as 

kept constant by using f ans to c irculate the a ir . The t emperature within 

the measuring cy l i nder was noted frequently and fluctuations were minima l . 

Radial oxygen loss was monitorecl "hilst the i ntensity of the incident 

radiation was va ried from zero to 200pE m- 2s - 1 (the maximum va lue obtain­

able with t he available light source) . Plants were subjected to f ive 

degrees of submergence (above the root- shoot junction ) in 0 . 05/~ deoxygenated 

agar medi um (viz . 0 , .1 .1 .2 and full) , measurements being based on t he . , 2, 4 

lengt h of t he longest leaf . The agar medium had a pH of about 6 and 

rec eived no additiofu~l CO2 • 

The first measur ed va lue in ea ch experiment was the R.O . L. from t he 

unsubme r ged pl ant a t zero inc i dent r adi ation . This was used as a r efe rence 

and as cribed a va lue of 1 OO~~ ; the dat a subseqllently obt a ined 've re 

expr essed r elative t o this va lue . 

2 . Results and Dis cussi on 

The r elationship bet'veen R. O. L. and intensity of r adi ation f or e ach 

of the f ive degrees of submergence is sh o1vu i n Fig . 8 . 1. At ea ch submerg-
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ence level R. O. L. increased hyperbolica lly with increasing i ncident 

radiation to about 100pE m- 2s-1 , reflecting a similar increase in the 

internal oxygen r egime . The shape of the curves is similar to t hat 

pr esented by various authors to express the re lationship het'veen photo­

synthetic r ate and light intensity (eg . Heat 'l , 1969 ; Bickford and Dunn, 

1972) . It is likely , theref ore , t hat in the present case the observed 

variation in R. O. L. indicates a similar variation in photosynthetic 

activity . 

The magnitude of the R. O. L. at any light intensity 'vas strongly 

influenced by the degree of submergence . In gener al, R. O. L. under the 

five degrees of submergence was : 

The " j a cketing effe ct" of submergence was demonstrated further by 

blackening the submerged portion of the aerial parts . When t his was done 

i ncreased light intensity had no effect on R. O. L., indicat ing that it 

'vas phot osynt hesis i n the submerged parts onl y whi ch enhanced the internal 

oxygen regime . 

In order to explain t he above observations it is ne cessary to 

consider that under the experimenta l conditions oxygen leaking from 

roots can be derived from two sources , viz the atmosphere and photosynt hes is . 

Results presented in Chapter 6 suggest t hat the effectiveness of the 

atmospheric source 'viII be at a maximum at zero submergence (ie. 'vhen t he 

diffus ive res istance bet'veen t he atmosphere and root apices is minimised) . 

So far as the photosynt hetic source is concenned , t his will on t he one 

hand be enhanced by increased submergence , since t he escape of oxygen 

from the submerged leaves wi ll be reduc ed . On the other hand , CO2 supply 

f rom t he atmosphere might b reduced by submergence (and with it photo­

synthetic O
2 

production) , due to increased diffusive resistance bet,.,een 

the atmosphere and the submerged leaf bases . The r esulting R. O. L. i s 

due , t herefore , t o the interaction of t hese factors , and maximum R. O. L. 

'viII occur w'hen the degree of submergence is such that the balance between 
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" j a cketing" and CO
2 

entry is opt imal. 

Any increase in R. O. L. above t he 100% value (uscribed to the 

unsubmerged plant in the dark) must have been due to an elevation in 

internal oxygen regime caused by photosynthesis . I n all but t he fully 

submerged plant photosynthetic oxygen production was sufficient to bring 

the R. O. L. above t his value . Maximum R. O. L. (111 %) occurred in the 

half-submerged plant , but it is of interest that even in t he unsubmerged 

plant t he R. O. L. was boosted to the 108% vulue . This could be attributed 

to photosynt hesis in t he astomatal leaf bases ; when t he basal regions 

of t he leaves w'ere blackened i llumination did not affect R. O. L. In t he 

fully submerged plant the R. O. L. ,ras r a ised from a dark va l ue of zero to 

only 66% of the dar kened , unsubmerged condition . In t his case t he 

atmos pheric CO
2 

source 1ras absent and photosynthesis must have been 

dependent upon CO
2 

derived from respiration , t houGh it is possible t hat 

a s mal l amount of the gas may have been pr esent in t he agar medi um . 

C. THE EFFECT OF CARBON DIOXIDE SUPPLY 

It 1ms suggested above t hat under the experimental conditions 

photosynthes is lrould be limited by CO2 ava ila.bi li t y . The next stage in 

the investigation 1ms to test lrhether i ncreased CO2 suppl y lrould elevate 

the rate of photosynthesis and lead to further boosting of the internal 

oxygen regi me . In terrestia l pl ants the main source of carbon for 

photosJ~thesis is atmospheric CO2 - Providing other factors are not 

limiting the rate of photosynthes is increases hyperboli ca lly lrith CO2 

concentration (eg . Gaastra , 1959) . 

Algae and certain aquati c angiosperms are able to assimilate bicar­

bonate (Steeman- Nielsen , 1960 ; Raven , 1970) . It i s believed t hat HC03-

enters t he cells by a ctive transport , is dehydrated to CO2 by t he a ction 

of ca rbonic anhydrase , and is fixed by carboxydismutase (Raven , 1970 , 

1972) . Al l plants able to assimi l ate HC03- can also utilise free CO2 

(Raven , 1972) . Wium- Andersen (1 971) investigated photosynthetic carbon 
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uptake in Lobelio, dortmanna L. o,nd concluded tho,t t his s ljecies i s probo,bly 

unable to utilise HC0
3

- o,nd uses only free CO
2

• I n addi tion he sho,red 

that the r a te of photosynthesis increased t hree to five times more ""hen 

CO2 ,.,as added to ,rater around the roots than "Then added to ,rater a round 

the leaves . He suggested that since the free CO2 content of the Lobelia 

l akes is very limited t he plant must obtain its CO
2 

supply from t he 

sedi ment . Analysis of t he CO2 content of t he interstitial ,rater in t he 

sediment gave concentrations of 1-5rrWl 1-
1 , suff icient for optimum photo-

synthesis (Ilium- Andersen and Andersen , 1972a) . I n contrast , Yoshida 

et al e (1974) concluded t hat t he absorption of CO2 by rice roots for use 

i n photosynthesis was a l most negligible , t he ma i n ca rbon source being 

atmospheric CO2 • 

In t he present study, before the effe ct of increased CO2 concentration 

was i nvestigated , preliminary experiments ,.,ere co,rried out to dete rmine 

,rhether E . ang'lstifolium could: 

(a) utilise bicarbonate in photosynt hesis 

(b) absorb CO2 by t he roots for use in photosynthesis . 

1 . Genera l Method 

The basic method ,vas to monitor R. O. L. from pl ants under various 

degre es of submergence ,.,hilst the concentration of HC0
3
- or free CO2 in 

the bathing medium was altered ; the plants 'Tere illuminated at a constant 

- 2 - 1 
flux density of 100}tE m s • 

In t he experiments using free CO2 the pH of t he agar medium ' iUS 

adjusted to 4 . 0 ,dth hydrochloric acid ; at t his pH free CO
2 

only is 

pr esent . Co,rbon dioxide-saturated agar medium was prepared by adjusting 

the pH of t he liquid to 4 . 0 and bubbling ove rni ght with CO2 gas . The 

desired concentration of CO2 in the bathing medium was obtained by adding 

the appropriate volume of t his saturated solution. 

When bicarbonate was used the pH of the medium was adjusted to 8 . 3 

with KOH solution. At t his pH t he concentration of IIC0
3
- is a hlmdred 

times that of free CO2 (,num-Andersen , 1971) . A stock solution of 
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100mH 1- 1 HC0
3
- (as KHC0

3
) in aga r medium was freshly prepared before 

each eiX.peri l'lent and ' -laS added to t he bat hing medium to obtain t he required 

concentration of HC0
3
-. Since t he dissolut ion of ICHC0

3 
is an endothermic 

process , care 'vas t aken to allOlv the stock solution to come to laboratory 

temperature before addition to the bathing medium in order to prevent 

convect i on . 

To t est 'Y'hether a pH change from 4 . 0 to 8 . 3 could alter R. O. L. 

per se the oxygen flux ,.as moni tored from a plant 3/ 4 submerged in medium 

- 2 - 1 
at pH 4 . 0 and illuminated at 10 )yE m s • The pH '>'as t ht'n r a ised to 8 . 3 

by addition of KOH solution. The R. O. L. after equilibration was identical 

to that at pH 4 . 0 , i ndicating t hat the pH change did not affect photo-

synthetic rate . Wium- Andersen (1971 ) obtained a similar result ,dth 

Lobelia . 

2 . Utilisation of Bicarbonate 

(a) Procedure 

Intact plants '>'ere 3/ 4 submerged in agar medium at pH 8 . 3 and 

- 2 - 1 
illumi nated ,d t h 100pE m s • "Then t he diffusion current had equilibrated, 

stock bicarbonate s olution ",as added to bring t he concentration i n the 

bat hing medium to 1mN 1-1 and t he diffusion current a l l Olved to re-equili­

brate . - 1 This '>'as repeated for HC0
3

- concentrations of 2 , 5 and 20m}! 1 

At t he end of the experiment 5cm3 N HCl were added to t he bathing 

medium. 

(b ) Resul ts 

Regard less of the concentration of HC0
3

- in the bathing medium the 

oxygen diffusion current never varied from its original va lue . However , 

addition of t he HCl a11vays produced an a l most i mmedi ate rapid rise in 

current . 

These results indicate that Eriophorum is unable to utilise bicarb-

onate i n phot osynthesis . The ,>,axy cuticle pr obably prevents the uptake 

of HC0
3 
- through the leaf surface , ,,,hi l st any bicarbonate absorbed by 

t he roots does not seem to be available for photosynthes i s . Ho'vever , t he 
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rapid i nc rease in R. O. L. on additi on of nCI , 'vhich woul d have liberat ed 

CO2 in situ , ,·ras s t r ong evidence t hat free CO
2 

entered t he pl ant from t he 

bathing medium and caused an elevation in oxygen pr essure by increas ing 

t he photosynthetic r aie . 

3 . Uptal(e of Ca rbon Dioxide by Roots 

(a) Procedure 

I nt act plants were arranged as i n t he previous experiment s but t he 

agar medi um 'vas a t plI 4 . 0 . The space between t he bung and measuri ng 

cy linder 1val l was "sea led" with cotton ,voo l , effectively dividing t he 

cylinder into an upper leaf and Imver root chamber . 

1'1hen t 1e c:.iffusion current had equilibr ated stock CO2 solution was 

pipet ted into t he root chamber t hr ough a hole in t he bung which was 

i mmediately sea led with a cotton '-Tool plug . The di ffusion current was 

-1 monitored a s t he CO2 concentration was r a ised to 2 . 0~I 1 • 

(b) Results 

Wium- Andersen (1971) found t hat CO2 supplied to the roo t s of Lobelia 

illuminated with 13mW cm- 2 'vas limiting only up to about 1rnH 1-1 • I n 

t he present experiments the CO
2 

concentration 'vas r a ised to double t his 

va lue but at no time did an increase i n diffusion current occur . This 

indicates t hat any CO2 absorbed by t he roots of Eriopborum is not utilised 

to any me asurable degree in photosynt hesis , a r esult in agreement with 

t hat of Yoshida et a1. (1974 ) for rice . 

4 . Increased Free Carbon Dioxide Supply to t he Leaves 

(a) Pro cedure 

Int a ct pl ants were arranged as in t he previous experiments at t , t 

and 'full submergence in agar medium at pH 4 . 0 . Inc i dent r adi at i on 1·ms 

mai nt a ined a t 100pE m- 2s - 1 whilst t he concentration of free CO
2 

in t he 

ba-th ing medium wa s increased from zero to 1 . 0rnM 1-
1

0 

(b ) Results 

Hadia l oxygen los s , expressed as a pe rc entage of t hat from t he 

unsubmerged plant i n the dark , i s shmm as a functi on of CO
2 

concentration 

in Fig . 8 . 2 . In general R. O. L. increas ed with CO2 concentration , though 
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the manner in whi ch it did so requires comment o 

I n t he tota lly submerged plant there ''laS little ef f ect of increased 

CO
2 

concentrati on belm" 0 . 2mH 1-
1 ; above t his value increase in R. O. L. 

- 1 was hyperbolic , CO2 saturation probabl y occurring at about 1 . 1-1 . 2~1 1 • 

A similar resul t was obt a ined for the 3/4 submerged plant; in t his case 

- 1 R. O. L. increased hyperbolical ly above about 0 . 1mM 1 CO
2

• So luti on 

-1 
concentrations of 0 .1 and 0 . 2mH 1 CO2 are equivalent to gas ~has e con-

centrations of about 0 . 25 and 0 . 5~/o respe ctively . It is possible that in 

t he submerged a erial parts respir atory CO2 could have accumulated to 

t hese levels prior to the addition of CO2 to the bathing medium. Hence, 

solution concentrations belm" 0 . 1 and O. 2mN 1-
1 would not elevate t he 

internal CO
2 

concentration in t he 3/4 and fully submerged plants and 

photosynthetic r ate would be unaf fected . Laing (1 940b ) measured CO
2 

concentrations in excess of O o 5 ~~ in the submerged aerial parts of severa l 

,,,ater plants . 

A second possible r eas on for the ineffectiveness of CO2 concentrations 

- 1 belmy 0 . 1 and 0 . 2~1 I may have been a synergism between CO2 uptake in 

the guard cells and a high bound.ary layer resistance to CO2 diffusion 

into the plant in the unstirred medium . TJ is may have necessitated t hres­

hold CO2 concentrations in t he bulk so l ution in excess of 0 . 1 and O. 2mH 1-1 

hefore t he concentration gradient between t he solution and internal 

atmosphere was suffic ient to allo,y diffusion of t he gas through the 

stomata o 

-1 
In the 1/2 submerged plant R. O. L. inc reased only above Oo3mM 1 CO2• 

I n t h is case leakage of oxygen to the atmosphere may have been such that 

-1 
any elevation of photosynthesis by CO2 concentrat ions belmy 0 . 3mM I 'va s 

i neffective in r a ising R. O. L. by a detectable amount . 

5 . Supplementary Experiments 

Tm-mrds t he end of the iyork described in this t hesis a lamp became 

available ( "Kingston Reflector Spotlight " - 15011) ' ''hich could provide a 

- 2 - 1 r adiant fltL,{ density of S00yE m s • Us ing t his light intensity t he 
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experiments described in the previous section w'e re repeated lvi tIl 1/2 and 

fully submerged pl ants . Results are presented in Fig . 8 0 3 . 

It can be seen t hat the r elat i onships between R. O. L. and CO
2 

concen-

tration foll ow' t he s ame pattern as S : lOlffi i n Fi~ . 8 . 2 . How'ever , at CO
2 

concentrat ions above t he " t hreshold values " R. O. L. is subs tantially 

highe r under t he hi~her level of illumination . The data in Figs . 8 . 2 and 

8 . 3 illustrat e f a irly t ypi ca lly t he i nfluence upon photosynt hes i s of t he 

i nterwclion of t he f actors light intensity and CO2 concentrati on (see , f or 

example , Heath , 1969) . 

D . DISCUSS ION 

The r esults pres ented in t h is chapte r sh o • ., that under certa i n c ircum-

stanc es photosynt hesis can boost the interna l oxygen regime of 

E. angustifolium and can i ncrease r adi a l oxy~en loss from the roots . The 

magnitude of t he effe ct at a particular light intensity depends upon the 

degree of submergence of t he plant and upon the availability of fre e 

ca rbon dioxide in t he bathing medium. 

'Hth no additi onal CO2 i n t he bathing medium photosynthesis must 

rely upon t he at mos phere and respiration a s sources of the gas . Under these 

circumstances t he magnitude of t he H. . O. L. depends upon t he "bal ance" 

between t he jacketing effect of submer~ence and t he entry of atmospheric 

CO2 throu~h t he unsubmer ged portion of t he aerial parts . This balance 

appears II optimal" at 1/2 submergence i'1hen , at a light intensity of 100pE 

- 2 - 1 
m s , the R. O. L. may rise to 111 -1 15% of its val ue from the unsubmerged 

pl ant in t he dark (Figs . 8 . 1 . and 8 . 2) . 

'Hth CO
2 

added to t he bathin~ medium the photosynthet i c effect varies 

directly with t he degree of subme r gence . Thus , in t I e fully submerged 

- 2 - 1 -1 
pl ant at 1 00~ m s and 1 . 0~1 1 CO2 , R. O. L. is 156% of t he value f rom 

the unsubmerged plant in the dark . At this CO2 concentration an i nciclent 

- 2 - 1 - 1 r adiation of 500pE m s e levates R. O. L. to 274/0 , ,.,hilst at 2 0 0rnM 1 CO2 



FIG. 8.3 Diffusion current as a function of dissolved carbon dioxide concentration 

Radiant flux density 500 jJE m2 s1 

(0) plant 1/2 submerged 

(0) " fully " 

... : '.-" 
" . 
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- 2 -1 % ( ) and 500jill m s the v<1 lue is 30B 0 Fig. 8 . 3 • 

It is of i nterest to note t hat even in t he tmsubmc r ged condition 

photosynthes is can satisfy t he oxygen demands of t he pl ant . Although 

leakage of photosynthetic oxygen from t he leaves may pr event elevation 

of t he i nternal oxygen r egime, the f act t hat such lealrogc must occur 

along a concentration gradient means t hat entry of atmospheric 02 will 

be prevented . Hence t he oxygen ,.,ithin t he plant will be entirely t hat 

derived from photosynt hesis . 

In order to extrapolate t he above findings to field conditions 

measurements were made of solar r adi ation and of CO
2 

concentrations in 

pools ,,,here E . angustifolium ,,,as abundant . On an apparently f a irly dull 

day sola r - 2 -1 r adiant flux density was BO~1E m s • Using t he titration 

method of Hackereth (1963) it w'as found t hat free CO2 concentrations in 

- 1 t he pool ,,,ater may ap:proach O. BmM 1 • Therefore , it could well be t hat 

in the field , when t he aerial parts of t he pl ants a re partially submer ged , 

photosynthesis '''ill enhance interna l a e:-ation and i n so doing i ncrease 

r hizosphere oxygenation appreciably. 
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CHAPl'ER 9 

THE SOIL AS AN OXYGEN SINK 

Introduction 

Facultative aerobes and reduced soil components constitute a latent 

sink for oxygen i n waterlogged {anaerobic} soil (Chapter 1) . Plant roots 

situated in such soil neces sarily depend upon internal aeration for their 

source of r espiratory oxygen and should the root wall be gas - pe r meab l e 

some of t his oxygen ",·ill diffuse into the surrounding soil (p . 12 ) . It 

has been usual to consider this r adial oxygen loss from t he point of view 

of its beneficial effects - ie . the formation of an oxidised rhizosphere 

(Chapter 1); however, R. O. L. must also cause a decrease in the internal 

oxygen regime and if the quantity of oxygen lost to the soil is gr eat t he 

internal concentration may be lO'vered below the critica l va lue . For 

example , Armstrong (1 970) has shown t hat the oxidised rhi~heres due to 

narrow roots can be much larger , i n relation to ro ot r adius , than those 

formed around thicl~ roots. This would seem to be advantageous, but the 

greater surface a rea t o volume r atio , and t he ass ociated higher oxygen 

flux to the soil , may caus e a drastic fall in oxygen concentration along 

the narrow root . 

In this chapter an electrical analogue study is described vhich ,vas 

designed to investigate the influence of the soil upon internal r oot 

a eration and to assess to what extent root radius might modify this 

influence . 

The analogue as described in Chapter 2 and by Armstrong and 'fright 

(1 976b) embodied tvo maj or deficiencies . Firstly , the r oot model was 

designed to simulate only one r adius , r = 0 . 05cm. Secondly , the simulation 
r 

of s pecified r ates of s oil oxygen consumption was not attempted . Instead , 

soil siru~ act ivity 'vas modelled using a method similar to that employed 

by Luxmoore et a l. (1 970a) in thei r mathemat i ca l model of root aeration. 

Each centimetre segment of root was considered to lie centrally within 

a cylindrica l s he ll of "Tater of fixed r adius , t he outer surface of which 
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was maintained at zero oxygen concentration (cf . the siru~ developed by 

the cylindri cal plat inum elect rodes used in t he experimenta l work) . 

Consequently , soil oxygen cons ump-tion varied linearly w-i th interna l 

oxygen concent ration . However , it i s mo r e rea listic to as sume t hat soil 

r es piration r ate will remain cons tant unless the oxygen concentration falls 

to a ve r y 101'1- va lue (Greemrood , 1963), and t h is uniformity of soil oXYGen 

demand will cause the r elationship bet'veen so i l oxygen consumption and 

internal oxygen concentration to be cur vilinear (Fig . 9. 2 ) . Theref ore, a 

necessa ry prerequis ite for the following study ,,,as to devise a met hod 

whereby (a) soil oxygen demand could be more realistica lly simulated and , 

(b) r oots of any r adius could be modelled . Having carried out these 

amendments to the ana logue t he i nfluence of soil oxygen demand on the 

internal oxygen regime of roots of dif ferent r adii was i nvestiaatedo 

r. AMENDHENTS TO THE ANALOGUE 

A. THE ELECTRICAL SIHULATION OF SOIL SINK ACTIVITY 

1 . Rhizosphere oxygen consumpti on 

Consid.er a root segment of length Lcm and r adius r em, l y ing 
r 

centrally withi n a cylindri ca l root-oxygenated rhizosphere , also of 

length Lcm, and radius r em, such t hat at a distance r - r from t he 
o 0 r 

root surface t he oxygen concentration in t he soil becomes zero . 

The volume of t l e oxygenated rhizosphere, V
r h

, is given by: 

v = ;r L (1: 2 _ r 2) 
rh 0 r 

3 em (9 . 1) 

The va l ue of r for any particular soil oxygen demand is a non-linear 
o 

functi on of root wal l oxygen concentration and may be determined from t he 

equation: 

,,,here : 

2 
Z(log Z- 1) = A - 1 

2 
r 

Z _-2... 
r 2 

r 

(Armstrong , 1970 ) 
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Mr 2 
and A is the dimensionless group __ ~~r __ ~ 

2Dt . Ct 
sOlI ,vl 

in which : 

-3 -1 
H = the soil oxygen demand (g02 em s ) 

Ct = the dissolved oxygen concentration at the root wall at 
wI 

temperature t (g cm-3) 

D t = the diffusion coefficient for oxygen in 'vet so.il at 
soil 

-5 2 -1 temperature t (taken as 1.0 x 10 cm s ,Greenwood and 

Goodman , 1967). 

Assuming that soil respirati on proceeds at a constant rate even at very 

l ow oxygen concentrations (Greenwood, 1963) the rate of oxygen consumption 

by t he soil of the rhizosphere ,vill be 

-1 g s 

In an equilibrated system this must equal the oxygen diffusion rate from 

the root surface . 

If root wall resistance is negligible , Fig . 901 s ho,vs how the r adial 

oxygen loss (expressed as both flux and diffusion rate) from 1.0cm root 

segments of radii 0 001 and 0 .1 0 cm, with an internal oxygen concentration 

of 10% , varies with soil oxygen consumption . It is of interest to note 

that under the same condit i ons of soil oxygen demand the flux from the 

narrower root is substantial l y higher than that from the root of larger 

radius 0 This agrees with the theoretical data obta ined by Armstrong 

(1970) (see p. 172), whilst Luxmoore et al e (1970b) concluded that in rice 

thin roots lost a greater proportion of oxygen to the soil, measured 

relative to that entering the root base, than did roots of greater radii. 

In Fig . 9 . 2 oxygen diffusion rate is plotted against internal oxygen 

concentration for 1.0 cm long root segments with zero wall resistance, of 

r adii 0.01 cm and 0.10 cm, situated in soil having an oxygen demand of 

4 0 10-5 • x 
... 

3 em em -3 -1 s • The ~ta illustrated in this figure confirm the 

curvilinear v ariation in soil oxygen consumption with internal root oxygen 
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FIG. 9.1 Radial oxygen loss from 1-0 em root segments as a 

functiort of soil oxygen consumption. 

Internal oxygen concentration 100/0 

Flux: 

(0) 

(0) 

root radius 

" " 

Diffusion rate: 

0-10 em 

0-01 em 

(0) root radius 0 ·10 em 

" " 0·01 em 
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concentration (P.173) . This t ype of relationship also provides one 

method of programming the analogue for specified rates of soil oxygen 

consumption : using a graph similar to Fig . 9 . 2 for the root r adius under 

consideration, and with a variable resistor replacing the fixed shell 

resistance, RI (Chapter 2), the oxygen lost to the soil at any internal 
s 

oxygen concentration could be programmed by adjustment of the variable 

resistor . 

However , i n the present study , a second method was adopted , which 

involved the calculation of the radius and diffusive resistance of a 

liquid shell 'vhich ,YOuld provide the same oxygen sink as the soil of the 

rhizosphere . 

2 . Liquid shell r adius and diffusive resistance 

The radius of a liquid shell , the outer boundary of which is maintained 

at zero oxygen c oncentration , which would impose the same sink on the root 

segment as the soil of the rhizosphere, may be determined by solving the 

following equation for r • 
s 

Dt A Ct 
,., r wI 

J = V}! = r (log r Ir ) 
r s r 

-1 
g 8 (9.3) 

where : 

The 

(g 8 -1) J = the oxygen diffusion r ate from the root surface 

D t = the diffusion coefficient of oxygen in 'vater at temper ature 
w 

r = s 

A = r 

2 -1) t (cm 8 

the radius of the liquid shel l (cm) 

the surface area of the root segment 

thickness of the liquid s hell is then equa l 

(r - r) cm 
s r 

2 
(cm ) 

to 

Fig . 9 . 3 s hows how the liquid shell t h ickness varies 'vith internal root 

oxygen concentration for two va lues of root r adius and five levels of 

s oil sink a ctivity (root 'vall r esistance ass umed negligible) . 

The resistance to oxygen diffusion , R! , offered by the radial path 



FIG. 9.3 

.... 

The variation in liquid shell thickness with internal root 
oxygen concentration for two values of root radius and 
five levels of soil sink activity. 
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between the root surface and the outer boundary of the liquid shell is 

given by equation 4.7, ie. 

r (log r Ir ) 
r s r 

A nt 
r w 

-3 s cm 

. (s cm-3 ) 3. Conve rsion of liquid shell diffus~ve resis·Gance _ _ to analogue 

resistance (ohms) 

In the case of a root segment of length 1.0cm and 0 . 05cm r adius, 

23 0 5 within a liquid s hell of 0.1125cm r adius, R cal culates to 1.7855 x 10 
s 

-3 s cm The analogue construction is such that t his resistance is equiv-

slent to 1.8 K.n.. With this resistor value the R.O.L . from the root 

. -1 -2 -1 
segment is 78.5ng m~n or 250ng cm min at an internal oxygen concen-

t r ation of 18.01 % and root wall resistance of zero (Armstrong and Wright, 

1976b) . Where the liquid shell r adius is other than 0 . 1125cm its electrica l 
/ 

resistance, R , may be calculated on a simple proportionality basis : 
s 

1.8 R 
s 

1.7855x105 
K.n (9.4) 

The relationship bet1veen analogue resistance and internal oxygen concen-

tration is shown in Fig .9.4 for t1vO values of root r adius and five 

levels of soil sink activity. The r elati onships between analogue 

re~tance, root radius and internal oxygen concentration at two levels 

of soil sink activity are plotted in Fig . 9 . 5 . Using graphs of the type 

Sh01~ in Fig . 9 .4 a specified rate of soil oxygen consumption may be 

programmed in the analogue by adjust ing the shell resistance to the va lue 

indicated either by the internal oxygen concentration (if root wall 

resistanc e is not programmed) or by the concentration at the root wall, 

C 1 (if a wall resistance has been included) . w , 

B. THE ANALOGUE SHmLATION OF ROOTS OF DIP ~EH.:ENT RADII 

In order to make use of shell resistances calculated as described 

above, and to simulate roots of various radii, it was necessary to display 



FIG. 9.4 
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R. O. L. and respiration as diffusion rate (ng min-1 ) rather than as flux 

-2 -1 
(ng cm min ). Flux, if required, could be derived simply by dividing 

diffusion rate by the surface a rea of the root segment in question. Some 

simple modifications to the analogue circuitry were needed to achieve 

thiso 

Because of a scale graduation of fifty divisions a convenient full-

scale deflection (f. s . d .) on the re spiratory and R. O.L. meters '\Vas 

125ng min- 1 This '\Vas suff icient to acc ommodate diffusion rates from 

thinner root segments and from thicker segments 1vith low'er internal 

oxygen concentrations . To monitor higher diffusion rates and respiratory 

activity the f . s . d o could be doubled or trebled by means of meter shunts . 

-2 -1 The conversion of the meters from f . s . d . 250ng cm min to f . s . d o 

. -1 125ng m1n '\Vas a simple modification . For a meter to give an f . s.d. of 

. -1 
125ng m1n the current previously requi red to cause an f . s . d . of 250ng 

- 2 . -1 1 cm m1n must now give a reading of only 78.5ng min- (since for the 

same root segment of r 
r 

-2 -1 = 0.05cm the flux of 250ng cm min and diffusion 

-1 
rate of 78 .5ng min are equivalen~. It is apparent , therefore, that the 

meter reading must be reduced from f . s . d o to 78.5ng min-1 without caus ing 

an overall change of current in the circuit . This was achieved by 

reducing the value of the 10.n. meter-shunt to 6 . 28.n. (ie. 10 x 78.5/125), 

the new resistor value being attained by using resistance wire cut to the 

appropriate length. Since t he new resistor had the effect of very slightly 

increasing the total current the original value was restored by connecting 

the difference in shunt resistanc e , 3.72..n, in series '\Vith the liquid 

shell resistance . 

,.,hen root w'all resistance was programmed it 1.,a s necessary to use the 

oxygen c oncent ration at the root wall (rather than the internal concen-

tration) in setting the shell resistance for a particula r soil sink 

va lue (po176 ). The wall concentration was measured simply by connecting 

voltmeters bet,.,een the resistors R:l and R: (Fig . 2. 8) . 



FIG. 9.5 The relati onships between analogue resistancel root 
radius and internal oxygen concentration at two ·Ievels 
of soil sink activity. 
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c. PROGR1UiHI NG 

Progral.1mi ng each segment of the analogue for the liquid shell 

res i stance ,vas carried out using t hree decade resistance s,,,i tches 

connected in series between t he root ,,,all and t he liqui d shell 

boundary . Each of the nine divisions of the switches connected 

respectively a 1 , 000n., 100n. and 10.J').. res istor i nto t he, series , 

enabling t he shell resistance t o be varied between zero and 9,99Un. 

II . SOIL OXYGErJ DEM,.\ ND , ROar RAD IUS AND TNTERNAL OXYGEN 

REGIHE 

I NVESTIGATION 1 

1 . Programming details 

The analogue 'vas programmed to simulate roots of r adi i 0.01, 

0 . 05 and 0 . 10 cm situated within soils of r ates of oxygen consumption 

eff ectively zero (ie . the root wall ,,,as impermeable), 4 x 10-
6 

5 3 -3 -1 and 4 x 10- cm cm s For simplicity respiratory rate and 

effective poros ity "ere cons idered constant a long the length of t he 

roots ; -3 -1 res )?iratory r ate "Tas progr mmed as 120ng cm s , a f a irly 

high va lue , whilst the porosity of 7 . 5% represents a mid- range va lue 

for non-1'Tetland r oots (Armstror g , 1978 ). Root wall r es i stance was 

taken as zero an the maximum root lengt h considered vTas 8 .0cm. 

2 . Results and discuss ion 

Figs . 9 . 6 , 9. 7 and 9 . 8 s hmv t he analogue-preducted oxygen 

profi les along roots of va r·ous lengths and of r adii 0 . 01, 0.05 and 

0.1 0cm respectively when situated i n soils havi ng the r ates of 

oxygen cons umption given above. 

'¥here oxygen leakage to the soil i s zero (plot A in ea ch figure) 

oxygen profiles at corresponding root lengt hs are identical r egardless 



FIG.9.6 Illustrating the effect of soil sink activity on the internal 
oxygen regime of roots of different length but of uniform 

. porosity (E=7·5O/o) and respiratory activity (120ng cm-3 s-1) 

Root radius r = 0·01 cm 

A Root wall resistance infinite, hence no oxygen leakage 
to soi I . 

B & C Root wall resistance negligible . 
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of the root radius . This is due to the fact that t he increase in 

respiratory oxygen consumption accompanying an increase in root 

radius is exactly balanced by the corresponding decrease in 

diffusive resistance (since these quantities are proportional to 

r 2 and 1/r 2 respectively). Consequently the product of diffusive 
r r 

resist:.tnce and respiratory consumption for any particul ar segment 

is constant o 

It may be seen from Figs . 906 - 908 th:.tt soil oxygen demand 

can exert a considerable influence upon the oxygen regime w·i thin 

the root o At each root length an i ncreas e in the r ate of soil 

oxygen consumption produces a decrease in interna l oxygen concen-

trat i on . T e effe ct of the soil sink i s more severe in the narrow· 

roots . T is agrees with computer predict ions made by Luxmoore 

et a1. (1970b ) and is undoubtedly due to the synergism betw·een 

soil oxygen consumption and the increased diffusive r esistance 
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ass ociated with decreased root radius . 

If root growth ceases at an apical oxygen concentrat i on of about 

2% (Chapte r 5) the maximum root lengths attainable i n each of the three 

so1.ls may be deduced from the figures . Greatest depth of penetration 

occurs w"hen there is no oxygen leakage to the soil (eg . due to an 

impermeab le root ,vall) and is betw"een 7 and 8cm regardless of root radius . 

Penetration depth i n soils having a finite oxygen demand then becomes 

dependent upon radius . Thus the narrowest root in the soil of greates t 

-5 3 -3 -1) sink activity (4 x 10 cm cm s ","ould g.'o,r to a length of only 3-4cm 

(Fig . 9. 6C) . The high rate of oxygen consumption per cm in the 0.10cm 

radius root enabled a maximum length of only 5cm to be modelled (Fig . 

9 . 8B , C) . However , the results suggest that t his root would grow to 

lengths exceeding t :: ose attained by narrow"er roots in t he same soil . 

It is known that roots grmving i n waterlogged soil are in general of 

gr eater r adius than those i n soil ,.,hich is well aerated (Kramer , 1966; 

Yu et al ., 1969) . 

INVESTIGATION 2 

1. Programming deta i s 

In this investigation the analogue was programmed to examine the 

relationship bet,.,een o.pical oxygen concentration , root length , effe ctive 

porosity, r espiration and soil oxygen demand. Aga i n , por osity and root 

respiro.tion were assumed constant along the length of the roots , but 

,.,all permeability fell from 100% at the apex to a minimum of 60% at 6cm 

and beyond . Programming details are summarised in Table 9 .1, which 

refers also to the results illustrated in Fig . 909 . 

2 . Results and discussion (See Tab le 9 .1 and Fig . 9 . 9) 

As in the previous investigation the effectivene~of the soil sirut 

in reducing the internal oxygen regime is ~reatest in the narrow roots 

(D,H). On the other hand the influence of respiratory activity is higher 

in the thicker roots : for example , if the C. O. P. is 2% the maximum length 



TABLE 9. 1: SUHH.! Y OF THE ANALOGUE n.TFUT DATA USED TO PIWDUCE FIG . 9. 90 

Figure Root Radius Root Respiration Soil Oxygen Consumpti on 
(cm) (ng0

2 
cm-3 s-1) (cm30 cm- 3 s-1) 

2 

A Any 120 0 

B 0. 05 120 4 x 10-6 

C 0 0 05 120 4 x 10-5 

D . 0.01 120 4 x 10-5 

E Any 30 0 

F 0.05 30 4 x 10-6 

G 0 . 05 30 4 x 10-5 

H 0 .01 30 4 x 10-5 

Other conditions: 

1) Effective porosity (left to right in each figure) (%): 1.5, 3, 

7, 15. 

2) Root ,·rall permeability declines from 100% at the apex to 60% at 

6cm and beyond . 

3) Root gro,vth ceases at 2. 0% interna l a pi ca l oxygen concentration. 



FIG. 9;9 Internal apical oxygen concentrations In roots as 

a furction of root length, root respiration , . 

effective porosity, radius and soil oxygen 

consumption. 

(See Table 9.1) 

" 
r " , ( 

0-' 

I,,' 

., 
,,­-. 

i! 

...... 

-
'J , , 

t''' • . ' , -, 
·:} 



E 

B F 
-'* -
c 
0 :.;:: 
0 
~ .... 
c 
Q) 
u 
c 
0 
u 
c C G 
Q) 
0'1 
~ 
>< 
0 

-0 
, U 
'0. 
« 

o H 

00 2 4 6 8 10 0 2 4 6 8 10 12 14 16 18 20 22 

Root length (em) 



- 181 -

predicted for the narrow root (r = 0 . 01 cm) is 5 . 5cm ,{hen respiratory 

-3 -1 ( ) r ate is 30ng cm s H , but on l y 0 . 3cm shorter at a respiratory r ate of 

- 3 - 1 
120ng cm s (D) . Where leakage to t he s oil is zero (A, E) the internal 

oxygen regime is i ndependent of root r adius (see Investigation 1) and is a 

function of porosity and respiratory r ate only . In all cases the apical 

oxygen c oncentration increases ,{ith increas ing effective porosity (ie. 

decreasing internal diffusive resistance). 

It is of i nte rest that an increase in t he effectiveness of the s oil 

sink. is ass ociated with increased concavity of t h e apica l c oncentration vs . 

root lengt h curve (compare , for~ample E and H) . Presumably, t his is a 

r esult of the curvilinea r relati onship between inte r nal oxygen concentration 

and soil oxygen consl~ption (p . 174) being superimposed on the othe~{ise 

convex concent rat i on vs . root length plots . 

Assuming that root growth ceases at apical oxygen concentrations 

belO1{ a critical va lue (in this case 21'0 ) rooting del)th under these circum-

stances varies directly with root radius and e ffective porosity and 

inclirectly ,{ith soil sink activity and root respiration rate . Thus; a 

root of radius 0 . 01cm, effective porosity 1 . 5% and respiratory rate 120ng 

- 3 -1 . -5 3 -3 - 1 cm s , ~n a s oil of oxygen consumption 4 x 10 cm cm s , would grow 

to a length of only 1. 9cm (D) . On t he other hand, a root of radius 0 . 05cm, 

-3 - 1 effective porosity 15% and respiratory rate 30ng cm s could grow to a 

1 th f 17 ' '1' t the r ate of 4 x 10-6 cm3cm-3s-1 eng 0 cm ~n a SOl consumlng oxygen a 

(F ); if there is no leakage of oxygen to the soil a root having similar 

porosit y and res piratory rate could penetrate t o a depth of 22cm irrespective 

of root radius (E) . 

It must be noted , hm{ever , that t he predictions conce rning maximum 

attainable root length given in Fig . 9 . 9 are likely to be in excess of the 

true values if the importance of rhizosphere oxygenation is taken into 

account . As the api ca l oxygen concentration declines with root length 

li . O. L. will decrease until its magnitude may be insufficient to provide 

adequate protection against invas ion by soil phytotoxins . In addition , 
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few roots grm-r devoid of l ateral s and t he sinll: due to the s e organs ,. ill 

Im.er t he i nterna l oxygen regi me and limit rooting dept h still f urther 

(Hea ly, 1 975) • 

CONCLUSICNS 

Armstrong (1978) suggests t hat in t he non-",etland root 157~ may 

repr esent an upper limit for effect i ve porosity , and t !li s on ly if t he 

tortuos ity f actor approaches unity. I ndeed, the ava ilable experjment a l 

data indicate t hat porosities significant ly less than t his a re usua l; 

f or example Yu et al . (1969) shm.ed t hat i n a number of non- wetland 

s pecies growing in drained soil r oot poros ities r anged from 3 .5~~ in 

ba rley to 11.5% in corn. The results presented in t his chapter i ndi cate 

that such roots are ill-adapted t o gr ovrth in waterlogged soil , even t lJOugh 

r espiratory r ate be as 10" 
- 3 -1 a s 30ng cm s and soil oxygen demand no more 

t han the moderate value of -6 3 -3 -1 ( ) 4 x 10 cm cm s Fig . 9. 9 . This agrees 

with t he results of Yu et al., whi ch s howed that the roots ",ere able to 

penet rate only a short distance below the water t able when t he soil 'vas 

"ha l f f looded". 

lilien subjected to soil waterlogging non-'vetland species can shm. some 

degree of adapt ation by producing fresh roots of higher porosity . Even so , 

t he enhanced i nterna l ventilation, whilst possibly enabling the pl ants to 

survive in flo oded environments , seems insuff i cient to allow the successful 

exploitati on of permanently waterlogged soil . The new ro ots produced by 

corn under conditi ons of " full f looding" (Yu at al. , 1969 ) had porosities 

up to 18%, 'vhilst in sunflm"er the porosity r ose f r om 6% to 11 ~~ ; these 

roots penetrated the wet soil up to 17cm and 12cm respectively. The data 

of Yu et al., agree f airly well llith the pr edictions pres ented i n this 

chapter in t hat even " adapted" non-'vetland r oots may penetrate waterlogged 

s oil only t o depths of about 17cm (Fig . 9.9 F) . On t he ot her hand , t he 

wetland root, ,dth its normal l y greater r adius , higher por os ity and 
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associated lower respiratory rate, and with leakage of oxygen to the soil 

restricted to the apical region , may be expected to attain substantially 

greater depths . By means of the mathematical model described in 

Chapter 7 it was predicted that E. angustifolium could root to a depth 

of 40cm in a soil having an oxygen demand of 4 x 10-6 cm3 02 'cm-3 s-l. 
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CHAPr~ 10 

FINAL DISCUSSION 

The differential sensitivity to conditions of soil anoxia exhibited 

by wetland and non- wetland plants is undoubtedly due largely , if not 

entirely, t o the pr esence in the former of an efficient system for the 

internal transport of oxygen . By gaseous diffusion t hrough large inter­

cellular spaces 1vetland plants a r e able to transport oxygen from the aerial 

parts to t he roots in suffic i ent quantity to maintain normal aerobic 

r espirati on ; in addition , oxygen may leak from the root into the soil to 

form a protect ive oxygenated r hi zosphere . Internal oxygen transport in 

non- wetland species , although probably abvays occurring to some extent , 

i s less effect ive (Healy and 1 r mstrong , 1972; Hea ly , 1975) . The high 

effecti 7e diffusive resistance due to 101-1 gas-filled porosity and the 

associated elevation of respiratory demand pr events the transport of 

oxygen in non- 1vetland plants in t he quantities associated '-lith 'wetland 

spe cies . Consequently, if non- wetland plants are subjected to lov oxygen 

concentration i n the r ooting medium, adequate aeration 1vill be restricted 

to short roots and to t he basa l regions of l onger roots . 

Nevertheless , despite t heir highly effi cient oxygen transport systems , 

1vetland plants mus t offer some r esistance to the internal diffus ion of the 

gas ; part of the research des c ribed in tbis thesis sought to i dentify and 

quantify the internal r esistances to oxygen transport in Eriophorum 

angustifolium. If photosynt hes is is prevented , the atmosphere is the only 

oxygen source for a plant rooting in anaerobic soil and in Eriophorum the 

gas was f ound to enter the plant exclusively via the stomata ; oxygen 

diffusion across the cut i cle and epidermis 1vas undetectable . It was showh 

t hat under nor mal circumstances stomatal movements did not r estrict internal 

ae r ation , and indeed relatively few stomata situated at the leaf base are 

requi red fo r the normal ventilation of the root system . If effective 

stomat a are r estricted to 1110re api cal regions , f or example by partial sub­

mergence , the number ne cessary for adequate root aerat i on rises due to the 
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increased diffusive r esistance caused by the lengthening of the-diffusion 

path . Artif icia l stomatal "closure" , induced by t he antitranspirant 

phenylmercuri c a cetate and by increased ambient CO
2 

conc entrat i on , was 

i neffective i n r educ i ng R. O. L. fr om the roots unless effect ive stomat a 

1ve re reduced to small numbers (for example by excising mos t of the leaf 

and sealing the cut end) . Theoretical considerations led to the conc lusion 

- 2 that the pr esence of $omat a in large number s (e . g . 10 , 000 cm louer leaf 

surfa ce in Eriophorum) accounts for their negligible diffusive resistance; 

t he only measur ab le impedance to oxygen entr y under normal circumstances 

seems to be that due t o the boundary layer of still air at the leaf surface , 

and even t his is s mall . Calculations be.sed on t hese findings indicate that 

normal respi r ation could be mai ntained i n s mal l Eriophorum plants having a 

- 1 rate of oxygen consumption of 40ng s by four stomata 1vi th a pore w'idth 

of 8pm, or 25 s tomata with a pore width of 1pm. Clea.rly, it is unlikely 

that darkness wi ll be detrimental to the 'vetland pl ant by its effect on 

stomatal aperture . 

The resul ts also illust rate the need f or caution when re ferring to 

stomata as "closed" . For example , '-Talker and Zelitch (1 963) implied that 

stomat a of width less than 2pm 'vere closed , 'vhereas under no rmal circum-

s tances stomat a of this ape rture ,-lill not i mpecle the diffusive flux of 

oxygen . It seems ne cessa r y , t he refore , to qua lify statements in 'vhi ch 

stomata a re des cribed as shut . Pores whi ch al low the passage of consider-

able quantities of oxygen may not , for e.ample , admit a meas urable amount 

of CO
2 

because of differences i n concentration gradient s , and t he different 

demand for t he gases by the plant tissues . 

Oxygen diffusing from leaves to roots, and f rom roots into t he 

surrounding mecium , encounters a number of dis crete impedances . Diffusive 

rESistance 'vas quantified i n 'vhole plants and in s ingl e-leaf preparati ons 

of E . angustifolium at 23
0

C (respiration normal) and 30 C (respiration reduced ) 

,'lith va rious degrees of sublle r gence (diffus ion pat! length) . Effective 
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diffusive resistance (i . e . physic ~l or non- metabolic resis tance plus t he 

pseudo-resist~nce due to respir~tion and le~k~ge) het ifeen t he atmos ·phcre 

~nd t he outer surface of t he root apex ifas l ess i n t he coo l ed plants ; 

the difference increased ilith diffusion path lengt h . For ex~mple , 

effe ctive resistances for uncooled and cooled plants 'fere r es pectively 

5 5 - 3 5 5 35 x 10 and 4 x 10 s cm at 17 . 5 cm pat l. length , and 4 x 10 and 2 x 10 

- 3 s cm at 4cm path length (Fig . 7 . 6) . The h i gher res istance in t he uncoolcd 

plants w·as undoubtedly due to respir~tion , which a ppe ars to be the major 

contributing f actor to ef fe ctive resistance . Healy (1975) simila rly 

found that respiration in t he roots of pea seedlings ma rkedly incre~sed 

effective r es istance , but in this s pecies physica l resistanc e due to low 

porosity and tor tuosity of the gas sp~ces 'fas also important . Tortuosity 

of the gas conducting channels in the Eriophorum root was fo und to be 

very 101" and t his in conjuncti0n "ith t he hiljh porosity, gr eatly r educes 

physical resist ,mce . 

Effective resist~nce wa s always less in whole plants than i n single-

leaf preparations . This is a cons equence of the par a llel a rrangement of 

the leaf resist~nc es , t he overall res istance of t he leaves being inversely 

proportiona l to their numbe r . Clearly , a hi gh leaf number , r e l ative to 

the volume of the stem and below-ground organs , would be a dis tinct 

advantage to the plant . 

Unexpectedly , r esistance in the stem/root- shoot junction ifas 101" and 

probably c ontributed no more to the tot~l plant re s istance than a portion 

of leaf base of length simila r t o t hat of the stem . Non- metabolic 

res istance r anged from 0 . 057 x 10
5 

to 0 . 13 x 105 s cm- 3 , ifhilst t he effective 

res istance contribut ed from 0 . 084 x 105 to 0 . 202 x 105 s cm- 3 to the total 

r esistance of t he plant . The low va lues are liltely consequences of t he 

s hort diffusion path bet"een t h e leaf and root bases , and the continuity 

of the gas conducting system at the root- shoot junction. Coult (1964) 

c onsidered t hat i n Henyanthes trifoliata a compact tissue zone at the root 
( 

base ,.;ould drastica lly limit the dif fusion of oxygen into t he root from 
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t he cortex of the rhizome . 'l'h is is clearly not the ca se i n Eriophorum , 

and in fact a brief ana tomica l study of Henyanthes did show the gas 

spa ces of the root and rhizome cortices to b e continuous; 11 O'1.rever , 

further w'ork is requ i red on Ienyanth es before any firm conclusions can be 

drawn . 

Resist~nc e to oxygen d iffusion offered by lacun~r dia phragms has been 

the subject of s peculat ion , but very little resea rch. I n t h is study non-

metabolic resista nce due to the diaphragms in the Erio))horum lea f was 

investigated . The mean resistance per d i aphragm in t he mid-lea f region 

w'as 0 . 34 x 10
5 

s cm-
3

, corresponding to an effective porosity of 0 . 235~ ; 

however , t he diaphragm resistance per cm length of mid-lea f is only 

5 - 3 
0 . 072 x 10 s cm - Oxygen diffus i ng from t h e atmosphere to the roots must 

ah1o..ys pass al ong the a stomatal l eaf bases a nd it is in t his reg i on , t here-

f ore , t hat diaph r agm re s istanc e ,viII be of grea test significance unde r 

nor mal circumstanc e s . Ca lc lat i ons show'ed t hat i n ench cm of leaf base 

5 - 3 resistance due to the diaphragms may be a s 10'1" as 0 . 0114 x 10 s cm • 

These r esults are in a greement ,,,ith the conc l usions of Tea l and Kamdsher 

(1966) and Armstrong (1972) th~t cellular partiti ons a cross the gas conducting 

channels are unliJ~ely to impose a subs tantial restra int on oxygen transport . 

Unli te the situation in severa l other w'etland species (. r mstrong , 

1 967b) t he api ca l root ,vall of "riophorum offers a ppreciable resista nce to 

the diffusion of oxygen . "Tall resis tance and tot a l plant resistan c e are 

linearly related , the former bein g an important component of the latter at 

5 -3 values of total resista nce above about 1 . 6 x 10 s cm • It is important 

to take account of ,vall res istan ce if the cylindrical electrode technique 

~ 

is to be used to p r edi ct i n ternal root oxygen concentrations . 

If the a ssumptions .lere ma de t hat the api c a l root "all had an effective 

thickness identica l to the observed thickness (65pm) , and tha t respira tion 

rate in the ,·;rall ,,,as tha t of the root apex a s a 'vhole (75ng cm - 3 s - 1 ) , the 

effective diffusion coefficient for oxygen in t h e wall l ayers , ca lculated 

- 5 - 5 from physica l resistance da ta , v a ried b etlveen 0 . 57 x 10 and 4 .1 4 x 10 
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2 - 1 
cm s o This variation ''/"as r efle cted in the range of ,,'all re s is t ance 

vn,lues and was probably a consequence of different degrees of w'all suber-

isati n . W'here wall diffusivi ty 'vas high suberisat i on ,,,as presumably at 

a minimum and in t,vo experiments the diffusion coefficients w'ere greater 

than the diffusivity of oxygen in water ; it is very tempting to offe r 

cytoplasmic streami ng as an explanation of t hes e enhanced diffusion 

coefficients . 

At normal i nternal root apical oxygen concentrations (mean about 15%) 

respiration in the root ,vall c ontributed little to effective wall resistance 

measured by the cylindrica l electrode technique . This is be cause respiratory 

oxygen c onsumption by the Hall is insignificant compared ",ith t he oxygen 

flux from t he root . At lower i nternal oxygen concentrations (ca . 2~~ or 

less) , when flux is much reduced , r espiration may add considerably to 

effective wall resistance . One can , t Lerefore , envisage a situation in 

which resistance in the 'vall could reduce the oxygen flux from t he root 

to an i mme n.surable amount whilst the internal oxygen conc entration might 

still be significant . 

In contrn,st to the situat i on i n 1Vetland plants , i n which the root 

,vall is permeable to oxycren only i n the api ca l region , oxygen leakage 

apparently occurs a long the entire length of the roots of mes ophytes . Healy 

(1 975) found that in pea seedlings loss of oxygen from roots in an anaerobic 

medium constituted a significant part of the effe ct ive plant resistance . 

I n E. angustifolium loss of oxygen from the root apex is negligible com-

pared with t hat consumed in respi r at ion . Also , leakag3 of oxygen from the 

leaves of semi-inundated plants did not appear to add to the total resistance 

under the experimenta l conditions . Hmvever , oxygen does leak from the leaves 

and it is interesting to rec all that oxidised iron deposits frequently 

coat t he leaves of buried , emerging plantlets , ,"hich rely upon gas diffusion 

from the parent plants for their oxygen supply . It is possible , therefore , 

that under t hese conditions leakage of oxygen from t he leaves may influence 
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t he internal oxygen regi me of young pl ants . 

An i mportant point , w·hich emerged tow·a rds the end of the ,vorl" on 

plant r esistance , was that ef fective r esistance is a concept of much 

gr eatpr complexity t han 'vas previously t Lought (Armstrong and 'fri ght , 

1975) • ifhereas the physica l (non- met::1bolic) resistance component is 

i ndependent of oxygen concentration (in much the same way that electrical 

resistance is independent of electrica l potential) , the res piratory 

component is very much dependent upon oxygen pressure • . It ,ms shmm 

t heoretically that because of t his the effective resis tance measured by 

the cylindrical electrode technique is inversely proportional to the 

ambient oxygen concentration . Consequently it was necessary to choos e a 

standard oxygen concentration in order to compare effective resistances . 

It was also found that t he apparent eff ective resistance of an excised 

plant segment is not identica l to the resistance of t he same segment 

in situ. 

Total effective plant resis tance wa s also shown to vary with the 

resistance of t he liquid shell betueen root and electrode , 1vhi lst in a 

similar me.nner root 1vall resis tance influences the effective resistance 

in t he rema i nder of the plant . All these effects are consequences of t he 

concentration-dependence of the respiratory component of effective 

resistance . It waR concluded , t herefore , that by using the cylindrica l 

platinum electrode (or , apparent ly , any other concentration-dependent 

sens or) it is not possible to obtain abs olute va lues of eff ective resistance . 

In spite of the lo,v resistance to oxygen diffusion offered by the 

wetland plant under normal circums t ances , situations could arise, f or 

example during partial inundat ion , 'vhen the diffusive resistance is 

effectively increased (by lengtheni ng of the diffusion path) . In such 

conditions internal aeration may bec ome rerlricted and the oxygen concen­

tration in remote parts of t he plant may be come insufficient to support 

ae robic respirat ion . lrior to t he present study the minimum internal 

oxygen pr essure requi red for ~interrupted aerobic metabolism (the C. O. P. ) 
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had never been deter'!lined f or int o,ct plants . 

If conditions are such as to reduce t he interna l oxygen sta tus 

tow'ards a C. O. P . , t hen since there is ahrays a gradient of ox:"gen concen­

tration bet veen leaves and roots (C lapter 5), it would be expe cted that 

t he C. O. P. 1'Till first occ ur i n t he root apex ; t his Ha s f ound to be the 

cas e . Ambient oxygen concentrations of about 10-11 % round the leaves 

produced c oncentrations of about 2 . 5% within t he cortica l i ntercellular 

spa ces of t he root apices of rice and Eriophorum . At t his concentrat ion 

r espiration in t he Imv-porosity ti ssues of t he meristem and developing 

stele became limited by oXYGen deficiency. The exper il :enta l situation 1vas 

modelled and it 1'ras concluded t hat due to t he proximity of t he gas spaces 

and t he cortica l cells , respiration in t he tis sues of the cortex was 

uninhibi tdd a :)ove gas phase oxygen concentrations of 0 . 1 7~ or l ess . These 

C. O. P . ' s a r e apprec iabl y lov er t han t hose obt a i ned by other 1vorl(ers using 

in vitro methods . There is abundant evidence t hat under norma l conditions 

t he oxygen concentration 1vi t hin the root apices of wetland pl ants is much 

in exces s of t he critical va lue of about 2 . 5~~ . 

Should oxygen pressures of 0 .025 atm or l ess occur in t he root apex 

t he onset of anae robiosis in parts of t he meristem and stele may be expected 

to Esul t in re tar<.led ro ot gr01vth , and possibly even in death of the apex 

due to irrevers i ble ultrastructura l damage (Vartapetian , 1973; Vartapetian 

et a1. , 1970) . I n t he pr esent work roots of intact rice plants ceased to 

elongat e ,.,hen t he oxygen concentration in t he apex 1vas br ought wi t hin t~le 

range of C. O. P . va lues previ ously determined . However , providing t he aeri a l 

parts had been ma i nt a ined at a higher concentration , t he roots recommenced 

growth at approximately norma l r at e on re-aeration; t his was the case even 

'1hen t he a pi ca l concentration had been kept as low' a s 0 . 1 to 0 . 3% for 40h. 

Subjecting t he plants to an atmos phe re of oxygen- free nitrogen around the 

aeria l parts for about 20h resulted in the death both of l eaves and roots . 

Under thes e c ircumstanc es roots rema i ned viable , and r ecommenced gr01vth on 
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r e- ae r ation , if provided ,dth a re s piratory subst rate in t he form of 

dissolved glucose . These results indic a.te t hat root gr mlth depends upon 

unrestricted aerobic respiration in t he I.!eristem , and hence upon adequate 

aeration . They als o suggest that anaerobic r espiration in t he plant is 

unable to support active root grow~th , but can be suff icient to ma i nt ain 

viability provi di ng a supply of r espiratory substrate is available (see 

Vartapetian at a l ., 1976 , 1977 ) . 

There has been speCUlat i on concerning the possibi lity that the gas 

space system of 'fetland plants may function as an oxygen reservoir . It has 

been suggested that oxygen stored within t he exteneive intercellula r s paces 

may prevent damage by anaerobiosis during periods of stomat a l closure in 

the dark (see Wi l liams and Ba.rber , 1961) . I n view of results obt a i ned dur:in g 

t he pr esent study t!lis suggestion is clearly open to criticism since i t 

seems unlikely that stomatal movements 'viII r estrict internal aeration . 

I n addition , the re- gro,vth of roots after 40h partial anoxia indicates 

t hat anae robic metabol ism may not exert the dama,c:r ing effe ct commonl y 

attributed to it ; hmvever , it is possible t lmt in t he field sub- optimal 

i nternal oxygen c oncentrations could be damaging to roots by restri cting 

r hi zosphere oxygenation . An i nvestigation of the "reservoir function" of 

ae renchyma in E. angustifolium sh owed that internally- stored oXYGen can 

ma i ntain no rmal respiration at 23
0
C for no l onger than 44 min ; if a Q10 

of 2 is assumed the co rresponding time at 130
C ,.;auld be only 88 min . 

fter about 60 min oxygen in t he interna l atmos phere is completely 

exhausted . Full i nterpretatinn of the experimental results necess itated 

an electrica l analogue simulation of t he oxygen relations of submerged 

Eriophorum plant s . It was shmm t l,at the gradient of oxygen concentrat i on 

between leaves and roots pers i sts after submergence , but oxyger- is re-

distributed within t he plant as the maj or oxygen source for t he basal 

regi ons of t he p l ant is t r ansferred f rom t he base to apex of the leaves . 

The analogue simulation also indicated t hat once the C. O.P. occurred in the 

root apex the process of respiratory inhibition quickly spread to the aerial 
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parts . 

There is abundant evidence in the literature that photosynthesis can 

enrich the internal atmospheres of submerged and semi- submerged plants with 

oxygen (e . g . Laing , 1 940b; Hartman and Br01ID , 1967 ) . In contrast , photo-

synthesis has little influence on t he internal oxygen levels of plants 

,vi t h t he ir ae ria l parts exposed to the a-l;mosphere . 0il11ilarly , the photo-

synthetic effect in E. angustifolium was fouhd to be related to the degree 

of submergence . In t he unsubme r ged plant the effect is small; in this 

case , although photosynt hesis may provide for the tota l oxygen demand of 

the pl ant , t he negligi ble stomatal re s istance a llows excess gas to escape 

to t he atmos phere as fast as it is generated and elevated interna l concen-

trations are pr evented. In the dark interna.l oxrgen levels a re depressed 

by all degrees of submergence above the root-shoot junction . In the light , 

,.iJ"hout free CO2 in the bat hing medium , elevat i on of the interno,l oxygen 

regL e depends upon the II j acketing" effect of submergence on t he one Imnd , 

and t he entry of adeCluate atmos},)heric CO2 on the other . Thus at half­

- 2 - 1 submergence and a radiant f lux dens ity of 100yE m s the internal oxygen 

concentrat i on in the root apex is 1117~ of that in the unsubmcrged plant i n 

the d.n.rk . t 3/ 4 and full submergence , hm.ever , t he values are 1025~ and 

665~ re spectively _ Free CO2 (but not HC0
3 
-) in t he bathing medium ,.as ShO'ID 

to greatly increase the photosynthetic effecto 
- 2 - 1 

At 100p£ m sand 1 . 0 _ 1 

1- 1 CO2 the f olloui ng values were obtained : 1/ 2 submerged , 1 24~~ ; 

3/ 4 submerged , 143%; fully submerged , 156, ' . At 
- 2 - 1 

500pE m s and ful l 

submergence , CO2 concentrations of 1 . 0 and 2 . 0mB - 1 
1 r aise the root 

apica l oxygen concentr:1tion to respectively 274~~ and 308% of that in the 

darkened unsubmerged plant . These results suggest that in the field photo-

synt hesis may cons iderably boost t he i nternal oxygen regime of partial l y 

submerged Eriophorum plants . It is interesting to speculate as to ,.hether , 

under such condit ions , a diurna l vari at i on in the dimensions of the 

oxygenated r hizosppere mi ght occur . 

The final part of the research described in this t hesis , an 
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analogue i nvestigation into t he so i l as a siru~ for oxygen diffus i ng from 

r oots , must unfortunLtely be r egar ded a s prelimina ry ''lOrk . IIm"ever , t he 

r esu l ts gave s ome indication of the extent to which the soil mi ght 

influence t he oxygen regi me ,jithin t he r oot . I nc reased soil oxygen demand 

produced a decre~se i n interna l root oxygen c oncentration , and t he eff ect 

is more severe the smaller t he root r adius . Potentia l rooting dept h ,ras 

s hmm to decrease ,d t h decreas i ng root r cdius , and ,vi tll i ncreasing respir-

at i on and so i l oxygen demand ; this is in agreement with observations 

that non- w'etland pl ants c ommonly respond to flooding by producing ne,,, 

roots of r, reater r adius and h i gher poros ity (e . g . Yu et al ., 1969) . If 

root grmvth is a r rested at an ap i ca l oxygen conc entrat i on of about 2~; , it 

,,,as pr edicted tha t even an II adapted" non-,,,etland root (of poros i t y 1 5~~ , 

- 3 -1 ) 
respirato~rate 30ng cm s and r adius 0.05cm could penetrate soil having 

- 6 3 - 3 - 1 a moderate r ate of O
2 

consumption of 4 x 10 cm O2 cm s to a maxi mum 

of only 17cm. Non- '\oretland roots having more norma l char a.ct cris t ics (eg . 

- 3 - 1 
porosity 7~~ , res piratory r ate 120ng cm s , r adius 0 . 05cm) could probably 

penetrate the s ame soi l to only 7C[;1 . I n contrast , t he ,'retland root , ,dth 

its nor ma lly h i gher porosity and a s s ociated. 101"er r es ]!iratory r ate , and 

w'i t h oxygen leall:age r estricted to t he a]!ex , 'fOuld be expected to atta i n 

greater de pt hs . Us ing a mat hemat ica l model it '"as predic t ed t hat 

E . angustifolium could root to a dept h of 40cm in a s oil having t he oxygen 

demand given above . 

FUTURE RESEAR H 

Although t he internal trans port of oxygen has been recognised for 

some time it is only comparatively r ecently that t he me chanis ms involved 

have begun to be studied in deta i l . The lack of convenient and reliab le 

t echni ques must a ccount i n part for t he [;aps i n our knmvledge of i nte r nal 

plant a eration . The cylindrica l platinum electrode technique provides 

an i mportant tool for the ch racterisation of a number of factors likely 

to i nflue nce the interna l oxygen s tatus of t he pl ant ( r ns t rong and " right , 
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1975); its use in the future shou ld. f a cilitate progress in t he field 

of internal o,e r a tion . 

The wo r l- des c ribed in t Lis t hesis has sugg~sted several lines for 

future r esea rch . I n pa rticulo, r , C. O. P . studies could be made on mes o­

phytes (gro, ins and veget able) o,nd on ivoody s pecies . The r elationship 

betw'een oxygen p r essure and. root g rowth requires further study, i n both 

w'etland o,n<1 other s pecies , and electron mi croscope ivork is requ i red to 

follow t he e f fects of 10"T .oxygen pr essures a t the ult rastructural level. 

In o,ddi tion to the pr esent study t h e only other ivork Immm to the 

author in i'Thich i nterna l resistances to oxy gen diffusion have been 

characterised is tho,t of llealy (1 975) . This aspect of t h e r es ea rch c ould 

be extended to advant~ge to non- wetland and to dicotyledonous s pecies; in 

t he latter a study of stomo,t al effects may be of particular interest • 

.An experimenta l investigo,t i on is requi red to co mpliment t Ile prelimina ry 

ano,logue study of t he effect of the soil as an oxygen sinh:. It is envisaged 

t ho,t R. O. L. could be measured from the apices of standard silicone rubber 

"roots" whi ch pass for nost of their length through t h e soils under 

i nv estigation . Comparison of the t heoretical flux at zero soil oxygen 

c onsumption vTi th the experiment a l fluxes s h ould indicate t h e sink a ct ivity 

of t h e soils . Combinati cJIl of flu.x data ivi th measurements of soil oxygen 

c onsumpti () n ( l!lembrane e le ctrode) should enab le c alculations to be made of 

the diffusi on coefficients of oxygen in the soils . 

Duri~, g the pr esent study the elect rica l analogue prove d an inva luable 

tool both f or the analysis of experimenta. l data and for investigations 

per se e It is anticipated that in t h e future use of the analogue will 

greatly f acilitate o,nalysis of t be interaction beti.een t h e many f a ctors 

w'h ich inf l uence interna l p l ant aeration . 
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APPENDIX 1: LIST OF SYMBOLS 

A Surface area 2 
(cm ) 

a (subscript): "in air" 

A 
x 

2 Cross-sectional area (cm ) 

a-w (subscript): "in air-saturated water" 

b (subscript) : "of the boundary layer" 

C 

C 

D 

d 

Concentration (difference) of oxygen (amount of 02 per unit 
volume; eg o g cm-3) 

Electrical capacit ance (micro-Farad , pF) 

( 2 - 1 ) Diffusion coefficient cm s 

Diameter (cm) 

d (subscript) : "of the diaphragm" 

L:l. (delta) : " the difference in" 

e (subscript): "of the electrode" 

e (subscript) : "effe ctive" 

end (subs cript) : "of the end co rrection" 

ep (subscript): "of an elipse" 

ex (subscript) : "expected" 

£ (epsilon): Porosity C%) 

f Diffusive flux of ox~gen (amount of 02 per unit area per 
unit time; eg o g cm- s-1) 

I Electric current (Amperes) 

i Diffusion cu r rent (Amperes) 

J Diffusion r ate of oxygen (amount of 02 per unit time; 
ego g s-1) 

j (subscript ): "of the root-shoot junction" 

L Distance or thickness (cm) 

I (subscript) : "of the leaf or leaf segment 

l a c (subscript): "of the lacuna or lacunae . 

M Rate of oxygen c onsumption (amount of 02 per unit volume 
per unit time; ego g cm-3s - 1 ) 

m (subscript) : "of the stomatal mouth" 
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n t he number of 

o (subscript): "of oxygen" 

P Fra ctiona l porosity (%) 

p (subscript): "due to porosity or gas-space system" 

Perm . : 

Q 

Q 

R 

R' 

r 

Permeabi l ity (cm s-l ) 

Quantity (of diff usate) (eg . moles; g ) 

Electrica l char ge (Coulombs) 

Di f f usive res is t ance (s cm-3 ) 

Electrica l res i stance (ohms;.t"l.) 

Radius (cm) 

r (subscript): "of t he root or r oot segment" 

Resp . : ( -1-2 Respi r atory component g 02 s cm surface a rea ) 

s Specific electrica l res istance (ohm cm) 

s (subscript): "of t he liquid shell bet\veen root and electr ode" 

s m (subscript): " of t he stem" 

soil (s ubscript) : "of (in) t he soil" 

st (subscript) : "of t he stoma or stomat a" 

t time (s) 

t (subscript) : "at time t" 

t (subscript) : "tota l" 

t (superscript) : " at temperature t tl 

tb (subscript) : "of the s tomat a l t ube" 

th (subscript) : " of t he stomat a l t hroat" 

f' (tau) : Tortuosity f actor (dimensionles s ) 

v 

V 

V 

w 

Potent ial difference (volts) 

Volume (cm3) 

Velocity (cm s-l) 

Weight (g ) 

''1 (subscript) : "in water" 

wi (subscript) : "of t he wi re" 

wI (subscript) : "at (of) t he r oot wall" 



x 

x 

y 
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Distance from the electrode surface (cm) 

Lengt h of the stomatal pore (cm) 

Width of the stomata l pore (cm) 
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APPENDIX 2 : OP R TION OF 'l' : iE POLAROGRAPH 

The polarogra]h ci rcuitry (Ar mstrong and ''lright , 1976a ) i s sho~m 

i n Fig oA2 . 1; on_y t hose features r elevant to t he pr esent study are 

de s cribed below. 

T Ie circui t c omprises six uni ts : (A) primary polari s ing c ircuit , 

(B) seconda r y polaris i ng c ircuit , (C) automatic voltage regulator and 

timing unit , (D) electrometer unit , (E) amplifier , (F) ~ains or 

bat t ery po've r suppl y . 

One to f i ve cat hodes may be polarised simultaneously . Circu't 

(A) po l a ris es one elect r ode at any one time and is used for the 

determi nat i on of curr ent-volta e r e l ationships and diffusion cur r ent s . 

Remai ni ng ca t hodes a r e held po ariscd us i ng t e electr i cclly isol~ted 

circuit (B) i n w'h i ch voltage i s s et manually and is i ndic at ed on meter 

H3. Each cathode may be sid tched into cir cui t (A) usinl1 Si'Titch S1 for 

measur ement s to be t aken , current e i ng r ead i n pA on H1 or rec orded 

on a chart rec orde r . 

Pola ris i ng vo l t age i n (A) is cont ro lled by the automat ic voltage 

r egulator and timer (C), "T lich may als o be used manua ll T if de s i red . 

The c ircuit supp ies exactly 1 . 0V across a ten- turn linear resistor , 

employing a 1. 5V bat t ery. On automatic control a moto r is tri~gered 

by t Ie timer u it at a time i nterval pr eset us i ng R1 (usua l y 2 mi n 

but vari able betueen 1.5 and 2. 5 min). When trigger ed the mot or turns 

t he vo l tage control one revolution and so a l te rs the vo l t age by Oo1V. 

Polari sing voltage in (A) may t hus be varied automatica lly fro m 0 to 

1.0V i n s teps of O. 1V , and i n e ither a positive or negative direction 

depending upon t he position of S3. When manual voltage control is 

r equi r ed t he push-button sivi tc S2 s horts out the timing devi ce and 

a llows t he motor t o free l y turn t he voltage control . T lis is ne cessary 

i n order to quicl~ly r eturn t he vo l t age to ze ro or to r e- set the plateau 

voltage . Any po l arising voltage may be held by swit chi ng-off t he mot or 

circuit vi th S4 . 
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Circuit unit (E) is an amplif i er vThich enab les current i n (A) 

to be displ ayed on a chart , recorder (Goerz II fultiscript 3") . T e instrument 

has a s i x-c entimetre sca le graduated 0-50pA . The amplifier provides 

three further scales of 0-5, 0-10 and 0-25pA , "'h i ch may be selected 

using 89 . (The 0-5 and 0-10pA r anges were most s ui t able for the 

meas urements made in the present study) . 

To calibr ate the recorder the e lectrode pair in (A) i s rep l a ced 

(using 810 ) with a variable resis tor R30 A potentia l applied in (A) now 

gives a current on M1 "'hi ch can be set to the desired v ue using R3 

(eg . SpA for t he O-SpA r ange ). T e r ecorder zero is adjus ted (R4 ), 

t he current i n (A) di verted through t he r ecorder (86) and the full- s ca le 

def l ecti on adjusted using the appropri ate control (Ra ,Rb ,Rc). This 

process of zero and f . s . d . adj us t ment is usually repeated once or t wice 

to a c . ieve correct calibration , and 810 r eturned to the "off" positiono 
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APPEND IX 3: ELECTRICAL ANALOGUE ADDITIO L CIRCUIT DETAI LS 

VOLTMET RS 

I n order to r enove any l oading effect t he voltmeters a re high 

i mpedance "fie l d effect transis t or" systems . Fig . A3 0 1 (i ) s hoW's 

t he fie l d effect transistor circuit (one per ro ncentraiion 

voltmet~r ) ; Fi g . A3 . 1 (ii) i s a cir cuit diagr am of t he centra l pm'rer 

su pl y for the field transis t or lmi ts . 

CONSTANT CURRE1~ DEVICES 

Fig . 3.2 i s a circuit d i agram of t he constant current device 

( one per analogue s egment ) which enab l es r espiration r ate to remai n 

indapendent of oxygen concentrat ion above about 0 . 3 - 0 . 4% (ie . t~e 

limit of operat i on of the t ransistor ). 

C. O.P. is programmed s i m l y by open ' ng s,,,itch S1 when t e 

i nt ernal oxygen concentration has r eached t he desired val ue . The 

r at e of decre ase i n r esp "r at or y r at e be ow tle C. O.P. nay be varied 

using R1. 
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APPENDIX. 4 : AN EQUATION TO DEFINE THE OXYGEN CONCENTRATION D]FFERENCE 
BETlillEN T IImER AND OUTER SURFACES OF THE HOOT 1lAL'L IN 
TERMS OF OXYGEN DIFFUS IVITY AND RESPIRATORY RATE IN THE 
WALL AND TIm OXYGEN FLUX FROM THE HOOT . 

Consider a root segment i n whi ch oxygen diffuses r adially from the 

i nner surface of t he root ,va ll to a sink (eg . an ensheat hi ng electrode) 

externa l to the root . I f the potentia l r ate of oxygen consumption , M, 

and t he eff ective diffus ion coef f icient f or oxygen , D ' , a r e uni form 
e 

t hr oughout the root wall, t he steady- state di ffusion equation in 

cylindrica l coordinates is : 

1 .L (~) = .!:L 
r dr dr D e 

Dividing t hrough by r and i ntegrating gives : 

£9. = k!!:... + ! 
dr 2D i' e 

(A4 . 1) 

(A4 . 2 ) 

and a second i ntegr ation gives: 

Mr 2 
C = ~ + A l og r + B (A4 . 3 ) 

e 

Let t he root r adius to t he inner surface of t he wall be r" and t he 
1 

r adi us to t he outer surface of t he wa.ll be r; also , l at C = C on 
o r 

r = r. and C = C w'l 
on r = r • Then,substituting i n equation A4. 3 gives : 

1 0 

Mr 2 

C 
0 + A log + B (A4 ~4 ) =4'D r 

,vI 0 
e 

dC 
If the oxygen c oncentration gradient , d;' equals P on r = r , t hen 

o 

f r om equation A4 . 2: 

hence , 

Mro A 
P=2'D+ r-

e 0 

Substit ut i on for A in equation A4 . 4 gives : 

(A4. 5 ) 

(A4 . 6) 



Hr 2 
C - --2- + r log r 

,<11 - 4D 0 0 
e 

from ,~hi ch B may be f ound : 
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Mr 
(p - 2DO) + B 

e 

Mr 2 
o 

B = Cwl - ~ - ro l og ro 
e 

Mr 
(p _ ---2.) 

2D 
e 

(A4.7 ) 

(A4 . 8 ) 

These expressions fo r A and B may nm~ be substituted i nto t he 

genera l equation A4.3. Applying t he boundary condition C = C on r = r., 
r ~ 

and r e- a r r anging t he resul ting equation gives : 

or: 
Mr 2 [r.2 

o ~ 
= - -=-z+ 4D r 

e 0 

The concentration gr adient , P , is given by 

P = flux 

C - C r wI 

~ D. ; hence the final equation • e 

Mr 2 [r.2 
o ~ 

= 4D'"" "2 + 
e r 

o 

r 
2 (~) log r. 

~ 

(A4 . 9) 

r 
log (~) P 

r . 
~ 

(A4 .1 0) 

becomes : 

r 
(~) L log 
r. D (A4.11 ) 
~ e 
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SUHMARY 

The t hesis describes a study of certa i n leaf , stem and root f act ors 

expected to influence internal aerat i on i n t he wetland plant s Eriophor um 

angustifolium Honck . and Oryza s ativa L. The effectiveness of the soil as 

an oxygen sink was a lso i nvestigated. 

Radi a l oxygen flux f rom roots was monitored pola rographi ca lly and 

the data mani pulated to calculate interna l diffusive r~s istanc es and root 

apica l oxygen concentrati on . Analysis of t he internal atmosphere was 

ca r r i ed out using a gas analyser construct ed fo r t his purpose . An existing 

electrica l analogue system 'vas modified and improved , and was used to 

interpr et experimental dat a , and t o carry out certai n i nvestigations per se e 

Oxygen enters t he Eriophorum plant exclusive l y by the stomat a , which 

normally offe r no r esistance to oxygen diffusion ; very fe,. stomata at t he 

leaf base a re necessary f or adequate aeration of t he ro ot system. Non-

metabolic r esis t ance is low in all organs , i nc ludi ng t he r oot-shoot junction 

a.nd l acunar diaphr agms ; ef f ective res is t ance ,vas slightly higher due to 

respirat ion , but leakage ef fects ,·re re undetectable . Res i stance in the 

apica l root wall 'vas significant . The concept of effective re s is t ance ,vas 

s hown to be more compl ex t han was r eal ized previously . 

Critica l oxygen pr essure (C.O. P.) for respiration in t he int act pl ant 

was monitored i n t he cortica l gas spaces of t he root apex and was about 2- 3%. 

Roots ceased elongat ion below the critica l pr essure but re mai ned viable if 

t he l eaves 'vere kept above the C. O. P . Result s suggested t hat anaerobic 

r espir ati on could mai nt a in r oot viability but would not al low elongation . 

... In tota lly s ubmerged pl ants i n t he da r k i nterna l oxygen is exhausted 

in about 1h . In submerged and partially submer ged pl ants photosynt hes i s 

can considerably boost interna l oxygen leve l s , t he eff ect being r e l ated to 

CO ava ilabi l ity and t he degree of submergence. 
2 

The soil ,'ra s shown to be an ef fe ctive sin};:. for i nternal root oxygen , 

and t he ni ff erence i n potentia l rooting dept hs bet'veen vretlalld and non- ,.etland 

pl ant s 'vas demonstrated by modelling . 
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