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Synopsis. All problems connected with the role of soil oxygen in root 
growtb~and functioning are discussed in this review. There are: diffusion of 
oxygen to and within plant roots, root respiration and factors affecting it, 
metabolic activity of roots under anoxia, oxygen deficit and root growth and 
water and nutrient uptake by roots and adaptation of roots to oxygen stress. 

1. INTROOUCTION 

Soil aeration status, described in details in the book Soil Aeration and Its 

Role for Plants [96], is one of the most important factors influencingplant roots, 

which is shown clearly in Figure 1. As can be seen, among many components of the 

scheme, soil oxygen plays a fundamental role for plant roots functioning, through 

its availability by the root system, its directeffects connected with the physio
logical events occurring within the plants and indirect effects changing soil 
properties. 

Most of the negative phenomena connected with oxygen deficiency 1n soil are 

caused solely and directly by lack of oxygen for metabolic processes. Indirect ef

fects appear only when there is a long-lasting shortage of oxygen in the soil. 

Plants vary widely in response to oxygen stress in the soil. In generał, crit

ical oxygen level in soil for plants begins in the range of 5-10% •2 by volume. 
Root growth of most plants is limited when less than 0.1 of the pore spaces in 

soil are filled with air and the oxygen diffusion rate (ODR) is less than 
35 µg-m- 2•s-l [96]. 

Although few plants are subjected to complete anoxia, many are exposed to pe

riods of oxygen deficiency caused by water-saturated (waterlogged or submerged ) 
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Fig . 1. A scheme of direct and indirect effects of soil air on plants [96] 
Fig. 1. Schema d'influence directe et indirecte de l'air du sol sur les plantes 

[ 96 J 

or compacted soils. The extreme case of oxygen deficiency for plant roots is that 

in which the soil air is almost completely replaced by water. Such conditions may 

be permanent (e .g., in bog or marsh soils), intermittent (e.g . , in rice soils), 
or sporadic and of short duration [96]. 

As to the plant's tolerance to soil waterlogging, there is a whole spectrum 
of plants - from hygrophites adapted to permanent flooding (e.g., rice ) to me

sophytes among which significant differentiation exists. Hence, among these plants 

there are those moderately tolerant to flooding (most grasses and cultivated 
plants), as well as those very sensitive to it so that after only a few days of 

flooding they die away (e.g., tobacco, peas). Xerophytes have been investigated 

only to a limited extent. Even if their system is sensitive to oxygen deficiency, 

the fact is that same of them can live with a reduced root system, being capable 

of increasing their resistance to all stresses, and among them to an oxygen defi
ciency stress [96]. 
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2. OIFFUSION OF OXYGEN TO AND WITHIN PLANT ROOTS 

The finał stage in the transport of oxygen from the soil to the r espiring ti s 

sue of the plant root is the radial diffusion of oxygen from the root surface t o 

its center. In turn, part of the carbon dioxide produced in the roots diffuses 

outwards, in a direction to the radial opposite to the radial movement of oxygen, 

and, part is transported upwards with the transpirat i on stream and al so by longi

tudinal diffusion to the shoot where it can either be ass imi l ated or released to 

the atmosphere. 

2.1. Radial difusion 

Radial diffusion of oxygen from the soil i nto a root of radius R having un i 

form respiratory activity qi and diffusion coefficient inside the root tissue Di. 

Fig. 2. Schematic cross -section of a root of radius R, surrounded by soil s~1 

rated wi th wa ter of effecti ve thickness d, r - di stance of a root element u1 Hit : L 

consideration from the root axis [96] 

Fig. 2. Section de la racine au rayon R, enrobe de sol sature d'eau a l'epaisseur 
effective d, r - la distance entre l'element de racine considere et l' axe racinai

re [96] 

and surrounded by a uniform form layer of water saturated soil of effective thick

ness d with an effective diffusion coefficient De and r espiratory ac t ivity qe (Fig . 
2) has been lately considered under steady state conditions -by de Willigen and 

van Noordwijk [72] and van Nordwijk and de Willigen [260]. Same more simplified 

situations without respiration within the saturated layer surrounding the root 
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(q =0) has been considered previously by Wanner [273], Leman {166].Lemon and Wie
e 

gand [169] and Wiegand and Leman [276]. 

The equations presented below are based on those reports especially on that 

of de Willigen and van Noordwijk [72] and de Willigen [260] giving the most ge-', 
neral solutions. These authors have presented also non-steady state solution for 

radial oxygen distribution within the root without water saturated layer: 

r 
exp(-O(;nt) J

0
(°'n R) 

3 
ocn Jl (o.:n) 

n=l 

(1) 

where: 

Ci(t) is the concentration of oxygen within the root tissue at a distance r 

from the root centre after time t (assuming initial oxygen concentration within 

entire root as O), 

co 
°'n 
J 

o 

is external oxygen concentration, 

is the n-th positive root of J
0

(°')=0, 

and J1 are Bessel functions of the first 

respectively. 

kind and zeroth and first order, 

The discussion of this solution by de Willigen and van Noordwijk [72] leads 

to the conclusion that steady-state situation in roots is aprocimated within 

about two minutes. Thus further considerations will concern only steady-state con

di tions: 

ć>C 2 at D'v C + q, (2) 

where: 

C is the gas concentration, 

q is the respiration rate per unit volume, 

D is the diffusion coefficient. 

The generał diffusion equation for oxygen, assuming the absence of longitudi

nal gradients in the cylindrical system for steady-state conditions, takes the 

following forms for the water film surrounding the root, and the root tissue, re

spectively: 

(3) 

and 

o. (4) 
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The boundary conditions in this situation are as follows: 

r o, = o 

dC . 
1 0.-d 1 r 

11 

(5) 

The solution of equations (3) and (4), when Qi and qe are not dependent on the 

oxygen concentration, is given by the two equations [72]: 

qe [ ] R
2

(Q1• - qe) 
(R + d)2 - r 2 - ---- ln R+d 

4De 2De r 
(6) 

The concentration of oxygen on the root-water film interface CR can be obtain

ed by putting r=R to either of the equations. Then we get: 

R2 (ql. -qe) 
ln R+d 

20
8 

R 
(8) 

Combining equations (7) and (8) we obtain: 

(9) 

The values of qi for roots may vary from 10 to 300 mg . m- 3. s-l and those of 
3 1 -10 2 -1 ] q

8 
from 0.1 to 10 mg-m- -s- while De is between 0.3 and 3.3·10 m • s [97 . 

-10 2 -1 [ ] The values of Di for the roots are from 2.2 to 9-10 -m ·s 169. 

Oxygen concentration distribution both within the root and outside it calcu

lated on the basis of the equations (6) and (7) for minimum respiration rate va

lues and for maximum diffusion coefficient values likely to occur in roots and in 

soil is presented in Figure 3. 

It should be emphasized that the above equations are valid only when the re-

spiratory activity of the root does not depend on oxygen concentration i.e., 

when CR ?!e C~,where C~ is a critical concentration of oxygen on the root surface. 
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Fig . 3. Effect of water film thickness on oxygen distribution inside and outside 
the roots as a function of distance from the root centre for the minimum respira
tion rates and for the maximum diffusion coefficients likly to occur in the root 

and in the soil (calculated from eqs. 6 and 7) 

Fig. 3. Effet d'epaisseur du film d'eau sur la distribution d'oxygene a l'inte
rieur et a 11 exterieur des racines en fonction de la distance du centre de lara
cine pour les vitesses minimales de respiration et pour les coefficients de dif
fusion maximaux apparaissant dans la racine et dans le sol (calcule a partir des 

equations 6 et 7) 

Equ8tion (7) permits calculation of the oxygen concentration at the centre of 

the root Cr= •' by substituting r=D; than: 

ql.R2 R2(ql.-qe) 
C C -~-- ln R+d r=D = O - 4Di - 20

8 
R (10) 

and having included equation (8) we get: 

2 
C = C - qi R • 

r=O R 4Di 
(11) 

If the oxygen concentration at the root axis reaches the critical value C~=O' 
below which respiration rate decreases the critical concentration on the root sur

face c' will be: R 

(12) 

i .e., it is increased in relation to C~=O by the concentration drop inside the 
root. 
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The critical oxygen concentration at the exterior of the water or soil-water 

film surrounding the root CR+d is, obviously, CR increased by the difference in 
concentration across the film (cf. eq. (8) i.e., 

Q1· R2 R2(Q1· -Qe) Q [ 
C, = C' -~-~ 1 R+d e (R d)2 R+d r=O + ~ + 20 n -R- + @ + 

1 e e 
(13) 

When the respiratory activity within the saturated layer around the root can 

be neglected, i.e., Qe = O, than eQuation (6-8), (10) and (13) are simplified as 

follows: 

2 

ce C ~ ln R+d 
o 2De r (14) 

2 

ci = co 4~~ (R2-r2) 
R Qi l R+d -20 n-R-

1 e 
(15) 

2 
CR co 

R Q- R+d - _____:.i,_ ln -R-
20e 

(16) 

2 2 

C co 
QiR R Qi 

r=O = - 40. -~ (17) 
1 e 

2 2 

cR+d = c~=o 
QiR R Qi l R+d 

+w-:- +zo n-R-. 
1 e 

(18) 

As the affinity of cytochrome oxidase to oxygen is extremly high (KM= 0.1 µM, 

i.e., 0.008 kPa) we can assume that the critical oxygen concentration inside the 

root, i. e. , on cell level is close to zero. Than we can put C~=O = O to eQuations 
(12) , (13) and (18). 

Having considered this we get formula for critical oxygen concentration on 

the root surface: 

C
, 
R - --

4Di 

and on the exterrior of the soil-water film surrounding the root: 

(19) 

(20) 
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which in the case of qe O (negligible respiration outside the root) is simpli

fied to: 

(21) 

The values of critical external concentration of oxygen (C~+d) calcualted from 

equations (20) and (21) for different values of O , O., q and q. are plotted vs. e 1 e 1 
d - value in Figure 4. 
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Fig . 4. Effect of water film thickness on actual oxygen concentration outside the 
water film sur-rounding the root (C'R d) at extreme values of q. , D., D likely to 

+ 1 .1. e 
occur in roots and soils for the root of radius R=0.25 mm (calculated from eq. 20) 
1 - q. . = 10 mg· m - 3, s - l , O. . = 2. 2 • 10-10m 2. s - l , q . = O. 1 mg. m -3 s - l , 

1 min 1 min e min 
-10 2 -1 -3 -1 -10 2 -1 

De min 0.3·10 m • s , 2 - qi = 10 mg-m -s , Di min= 2.2·10 m . s 

qe max 10 

2.2-10-10 

-3 -1 -10 2 -1 -3 -1 
mg•m . s , De min= 0.3·10 m. s , 3 - qi 10 mg-m • s Di min= 

2 -1 -3 -1 -10 2 -1 
m •S , qe max= 10 mg-m •S , De max= 3.3·10 m •S , 4 - qi max= 

= 300 mg.m-~ s -1 , D
1
. max 9·10-lO m2-s-1, q = 10 mg,m-3.s-1, D . e max e min 0.3 X 

x 10-lO m2. s-1, 5 - q
1
. -- 300 mg,m-3.s-1, D. 9·10-lO m2. s-1, q - 10 mg·m-3 x 

1 max e -
-1 -10 2 -1 

x s , De max= 3.3·10 m .s 

Fig. 4. Influence d'epaisseur du film d'eau sur la concentration d'oxygene actuel
le a l' e:derieur du film d' eau sur la racine (CR d) et les valeurs extremes de 
q1, O. et D ayant l i eu dans les sols et racines+au rayon R = 0,25 mm (calcule a 

.1. e partir de l'equ. 20) 

The knowledge of oxygen consumption in a unit of its volume qi permits the 

calcul ation of a unit oxygen flow f related to a unit of root surface. If the r 
root has a l ength 1 and a radius R: 
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2 

which, after combining with equation (16), gives: 

This has been presented by numerous authors, e.g . , Leman [166], 

Erickson [167, 168], and Stolzy et al. [242]. 

15 

(22) 

(23 ) 

Leman and 

The method of measuring the fr value using polarographic method, which is also 

named Oxygen Oiffusion Rate (DDR) has been elaborated by Leman and Erickson [167, 

168]. 

It should be emphasized here that during the measurement of the value of flow 

fr by means of the polarographic method using a platinum electrode (simulating 

the root) it is assumed that CR equals zero at a surface of the electrode. In the 

case of a root this is a simplification, as the critical concentrations of oxygen 

on the root surface are not lower than 0.02-0.03 m3. m-3. 

In view of the analogy of the mathematical description of diffus i on flow to 

electrical current flow where the intensity of diffusive flow corresponds to the 

intensity of electric current, and the difference between concentrations corres

ponds to the difference in the electric potentia!, in the design of electrical 

analogues of diffusion the concepts of diffusive permeability of a medium P0 
[185] and its reciprocal known as diffusive resistance R0 [19] are introduced. 

These parameters are frequently used in the description of gas exchange in roots 

and in photosyntllesis research. 

In the case of uniaxial diffusion, diffusive permeability P0 is equal to a 

ratio of the diffusion coefficient D to the length of the diffusion path ~x: 

-1 and is expressed in m-s 

Fick's equation 

D 
Kx 

fx = -O dC dx 

for the diffusion flow fx may, therefore, be written as follows: 

(24 ) 

( 25) 

(26 ) 
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where: 

.6 C is a di fference in the concentrations over the di stance L'.i x, 

P0 is a diffusive permeability of the medium. 

Considering tl1at: 

Fick's equation may be expressed in a form analogous to 0hm's law, that: 

where: 
-1 R0 is exp ressed in s-m 

f 
X 

(27) 

(28) 

The use of the concept of diffusion resistance is convenient in that it per

mi ts the summat ion of diffusion resistance values along the diffusion path, in a 

manner analogous to the summation of electrical resistances . This is important 

e.g., when dete,mining the diffusion resistance of the whole plant, the complete 

root system, or individual root s, where we do not have an exact distribution of 

the diffusion coefficient which surely differs between the root epidermas and the 

interna l tissues. In the literature there is a lack of empirical data concerning 

the values of the radial diffusion ceoff i cient in the roots . 

In roots with no air-filled spaces, the oxygen diffusion coefficient is un

doubtedly .Less than 2.1·10-9 m2-s-l (at 20°c), i.e., below that for pure water, 

due to obstacl es in the form of cell walls. Estimated values of this coefficient 
adop ted by various authors are from 2.2·10-lO to 9·10-lO m2- s-l [169]. 

As is known, plant root porosi t y may be consi.derable and occassionally even 

reach 0.6 m3. m- 3 [19]. It is difficult, however, to say whether and to what extent 

it effects an i ncrease in the radial diffusion coefficent in roots because of the 

lack of data from direct measurements . 

Radial di ff us ion permeability of adventitious roots of maize, as measured by 

luxmoore et al. [185] was 4.8·10-6, and for rice 1-11·10-6 m-s-1 and in both 

cases decreased with i ncrease in the distance from the root tips (Fig. 5) . In 

th is figure it can also be seen that, contrary to expectations, an increase in 

poros ity with increase in the distance from the root tips is accompanied, not by 

an increase in the diffusive permeability , but by its decrease. This probably 

follows from the ageing of the root epidermas and decrease in their permeability. 
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Fig. 5. Air-filled porosity of soil (G ) and radial diffusive 
of maize (z) and rice (o) as a function of the distance from 

permeabibility (R) 
the root tip [96 J 

Fig. 5. Porositd ~ l'air de sol (G) et perm~abilit~ diffusive radiale (R) du mais 
(z) et du riz (o) en fonction de la di.stance du cone de croissance [96] 

2.2. Longitudinal diffusion 

It is well known that plant roots may contain free spaces filled with air 

[6, 12, 13, 19, 139, 264] the volume of which, in the case of aquatic plants, is 

comparable to the air-filled porosity of soils. These are intercellular space hav

ing continuity along the root down to a distance of 2-3 mm from the root tip. 

They are found in the suberized root tissue known as aerenchyma [77]. 

The porosity of mesophyte roots is slight (of the order of several per cent 

of the root volume), however, under conditions of soil innudation with water, 

even with these plants it is quite common to find the development of adventitious 

roots containing aerenchyma [79] and having a porosity much greater than in the 

primary roots [181]. This results in an increase in root porosity under condi
tions of insufficient oxygen supply from the soil (Table 1) . 

The existance of a continous system of air spaces in root tissue makes an 

internal gas exchange possible both through diffusion and through mass flow. As 

to the relative contribution of the two mechanisms, in relation to roots all the 

consideratior;s presented for soils [9s] are applicable, inr:luding the generał con

clusion that diffusion is the fundamental mechanism of gas transport. This is 

true in relation to the transport of oxygen downwards in the roots, but the up

ward transport of carbon dioxide is also facilitated by the transpiration stream. 

The existance of the diffusive transport of oxygen to the roots has been 

shown experimentally by mean of labelled oxygen for Engl~sh bean [86], maize [134, 

135] and barley [24, 135]. 
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Festuca 
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Sunflower 
Wheat 
Tomata 
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Tab 1 e 1. Root porosity 

Tab 1 eau 1. Porosite de racine 

3 -3 Porosity, m •m 

abundance of oxygen oxygen defficiency 
in soil in soil 

0.05 
0.06-0.07 

0.02 
0.03 
0.06 

0.21-0.126 
0.05 

0.25-0.30 
0.12-0.17 

0.06 
0.04 
0.12 

0.035-0.145 
O.OB 

Ref. 

[24, 92] 
(197, 287] 
[197] 
[287] 
[287] 

[2,180,231,233,263] 
[287] 

Investigations of the transport of ethylene in rice have shown that it is pro

portional to the fresh mass of the plant and does not depend on illumination nor 

on illumination related changes in the transpiration stream [165], which indicates 

that the exchange of gas between the plant and the atmosphere is not a factor li

miting the total process of gas transport in the plant. This is supported by the 

investigations by Ando et al. [10], Stelzer and Uiuchli [238]. The latter authors 

have found that oxygen enters the root system mainly at the stem base. It has 

also been found that oxygen can diffuse from roots to the surrounding medium in 

the case of rice [15, 16, 261, 262], bog-bean [57], maize [134], barley [258] and 

bog plants [14]. 

In the case of bog plants internal gas transport suffices to cover the oxygen 

requirements of the whole root system, with mesophytes it constitute only a sup

plementary factor. 

Quantitative determination of the role of internal longitudinal diffusion is 

complicated by the closing of stomata under concitions of insufficient oxygena

tion [130, 232, 233]. Hovewer, it follows from the publications quoted previously 

[165, 238] that changes in the diffusive resistance in leaves should not affect 

the resultant oxygen transport in the roots to any significar.t degree. 

The distribution of oxygen concentration at a depth x in a straight vertical 

root of constant diameter and length L, under conditions of no radial transport 

to or from the surrounding medium, assumir.g that both the respiratory activity 

q and the oxygen diffusion coefficient O in the root are constant along the whole 

length of the root and that q is not a function of oxygen concentration, can be 

described in a manner analogous to soil [96] by the following equation: 

C C _ q(2Lx - x2) 
o 20 (29) 
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where: 
C

0
, in this case, is the concentration of oxygen at the beginning of the root, 

i.e., at x = O. 

Oxygen concentration at the tip of the root, i.e., at x = L, is: 

If we assume that the growth of roots stops when the critical concentration 

of oxygen, C~ is reached at the root tip, then the limit of root penetration into 
a soil innudated with water, [, is: 

120 (C - C') 
L' = o 

q 
(31) 

The root oxygenation depth, Lan' can be calculated by means of equation (30) 

substituting values CL=O and L=L Then: an 

(32) 

Replacing the atmospheric concentration of oxygen C
0 

and the diffusion coef

ficient in the root O with partial pressure of oxygen in the atmosphere P and o 
the diffusion constant in the root K, respectively [96] we get: 

(33) 

The length łan can represent both the depth at which oxygen concentration in 
the roots drops to zero, and the limit depth of root penetration in an anoxic me

dium, if the growth of the roots ceases at an oxygen concentration level of zero. 
A graphic interpretation of this relationship has been presented in Figure 6, 

where the value K/K, as long as the diffusion takes place in the gaseous phase, o 
is equivalent to 0/0

0
, and may be interpreted, in r2lation to root, as its ef-

3 -3 fective porosity. We can see that when this porosity is below O.OS m. m at nor-

mal respiration values (approximately 100 mg•m-3. s-1) in the absence of radial 

diffusion from the soil the oxygenated section of the roots is only about 7 cm, 

and therefore longitudinal transport is significant only for the part of the root 

system near the soil surface. 
The literature of the subject does not quote any data concerning the longitu

dinal diffusion coefficient in the roots, hence it is difficult to use data from 

Figure 6 in pracice. These difficulties are compounded by the simplifying assump-
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Fig. 6. Soil oxygenation depth under 
spiration rate of soils and 

steady-state conditions as a function of re
roots, calculated from eq. 33 [239] 

K
0 

- oxygen diffusion coefficient in air (equal to 8.26·10-9 mol•m-1. s-1 . Pa-1 at 
20°C) 

Fig. 6. Profor1deur d'aeration du sol dans les conditions permanentes en fonction de la 
vi1esse de respiration des sals et des racines calculee a partir de l'equ. 33 

[239] 
K - coefficient de la diffusion d'oxygene a l'air o 

tions adopted in the development of the equations in this part of the text. The 

assvmptions referred to are : no radial diffusion, constant values of the diffu

sion coefficient and of the respiratory activity of the root along its whole 

length, and q independent of oxygen concentration. All these assumptions are not 

met in reality, as q is greatest at the tip of the root (184) and decreases at 

oxygen concentrations below the critical value (96) and root porosity (and pro

bably also the longitudinal diffusion coefficient) decrease in the direction of 

the growing tip of the root. 

Calculations made by Luxmoore et al. [182-187] have shown that in the case of 

maize about 25% of the root requirement for oxygen is met by longitudinal in

ternal transport. The investigations of Greenwood [101] involving 12 vegetable 

plants have shown that the internal aeration of their roots is significant for 

only a 5 cm section of root measured from the soil surface. 

A similar evaluation of the significance of internal transport in mesophytes 

has been arrived at by Yu et al. [287], investigating the penetration depth for 

the roots of 5 plants in a soil completely saturated with water. Under these con

ditions the porosity of the roots of maize increased from 0.075-0.115 to 0.15-
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0. 18 m~ m-3 while the depth of root penetration into the soil was 17 cm. For sun

flower the porosity increased from 0. 06 to 0. 11 m3. m-3, and the penetration depth 

was 15 cm . The porosity of the roots of barley was about 0.035 m?m-3 and did not 

show any significant changes under the conditions of innudation witt1 water , while 

their penetration depth was 12 cm. In the case of wheat the root po rosity i n

craased from 0.04 to O.OB m3. m-3, and the penetration depth was 10 cm. Another 

wheat variety, however, increased its root porosity from 0.06 t o 0.15 m3-m-3 wi th 

a root penetration depth of only 5 cm. Tomata roots increased their porosity from 

0.04 to O.OB m3. m-3 with a panetration depth of 6 cm. 

The differences in the penetration depth of roots with similar porosity may 

be the result of differences in both their respiratory activity and in the values 

of their longitudinal diffusion coefficients. It seems , however , in vi ew of the 

continuity of the intercellular pares, that the differences in the respiratory 

activity are probably mare significant than in longitudinal diffusion. 

Same other aspects of gas exchange in soil environment under flood conditions 

are treated elsewhere [239] . 

3. ROOT RESPIRATION ANO FACTORS AFFECTING IT 

Root respiration varies among plant species from that of several up to sever
al hundreds and even up to 1,600 cm3 •2 or co2 per kg of root fresh weight per 

hour (Table 2). 

It is closely connected with ~• ot activity and especially with root growth 

(growth respiration), maintenance processes (maintenance respirdtion) and uptake 

and transport of ions - ion uptake respiration [106, 107, 160-164, 266, 267]. 
According to Szaniawski [244-246] the ratio of maintenance respiratory acti

vity of the whole shoot to that of the entirc root system remains for a given 

plant constant irrespective of growth temperatures (from 10 to 30°C) and shoot to 

root ratios (from 2 to 7). It was equal about 1.1 for sunflower [244] and 1.7) 

for cucumber [245]. 

Root growth respiration is the amount of oxygen used to produce 1 g of dry 

mass. The values of root growth respiration measured for several plant species by 

Lambers and Steingrover [161, 162] has been found to be from 390 to 1430 mg o2 
per gram dry weight. It was also found that for the same plant (Senecio aquaticus) 

grown in anoxic conditions, root growth respiration was three times lower than in 

the aerated culture [161]. 

Root activities mutually influence each other. For instance , a decrease in 

root respiration under low oxygen conditions has a negative effect on ion uptake, 

whereas decrease in ion uptake by low ion concentrations has a negative influence 

on root respiration. 
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Tab 1 e 2. 

Bean 

Soybeans 

Maize 

Barley 

Oats 

Carrot 

Onion 

T a b 1 e a 

Plant 

Patata tubers 

Alf alfa 

Trefoil 

Pears 

Sugar maple 
li 11 

Red maple 

Baldcypress 
li 

J. GLIŃSKI, W. STĘPNIEWSKI 

Respiratory activity of root fresh weight in cm3, kg-1.h-l 

u 2. Respiration des racines fraiches, 3 -1 -1 cm. kg . h 

02 or co2 Respiration Ref. 

02 250-325 [224] 

02 330-470 [200] 

02 360-5B0 [200] 

02 100-650 [44] 

co2 0-1,500 [87] 

02 115-190 [200] 
co2 300-1,600 [31] 

02 2.3-3.2 [235] 

co2 112 [28] 

co2 114.2-136.6 [28] 

co2 24.9-133.2 [9] 

02 134-245 [45] 

co2 95-225 [45] 

02 161-221 [45] 

co2 113-191 [45] 

02 168-226 [45] 

co2 119-202 [45] 

Veen [267] examined during the 7 experimental days the raletion between root 

respiration and root activity of a maize root system. He found oxygen consumption 

per unit of root growth equal to 24.5 mg o2-g-l and per unit of ion uptake equal 

to 36.8 mg•02 meq.-1,No31 (No31 was used as a measure of the total uptake). 

The change of the light period (t.he amount of light supplied to the shoot) 

had a strong effect on the ion uptake, but only a small effect on root respira

tion (Fig. 7). 

Studies by Hausen [106] revealed, however, that root respiration of Lollium 

multiflorum L. during 2 to 3 day periods of high illumination was 3 to 4 times 

higher than that of low illumination. After defoliation, root respiration decre

ased and was not affected by the illumination level until the regrowth of new 
leaves. 

Under normal conditions ion uptake respiration is of considerable importance 

and amounts to 60% of the total root respiration, which is shown in Table 3. 



INFLUENCE OF SOIL OXYGEN SUPPLY ON ROOT GROWTH ... 

0.12 ----------------- 12 

___ 2 

-'.,: 0.08 8 

O" 
OJ 

E 
....:: 

OJ 
-"' -K 0.04 4 
:) 

'o 
z 

0.00 '--~-------'---'----'---~--~--~-~ 
o Hours 60 

23 

' L 
Ól 
E 

....:: 
N 

OJ 
.X 
o 

Q_ 
::, 

ó" 

Fig. 7. Effect of increasing (A) and decreasing (B) the light period on N•3 up
take (1) by maize roots and root respiration (2) [267] 

Fig. 7. Influence del' augementation (A) et de la diminution (B) du temps d'illu
mination sur l' Rbsorption de N03(1) par les racines de mais et sur la respiration 

tacinaire (2) [267] 

Tab 1 e 3. Relative energy consumption of uptake, growth and maintenance 

processes for roots of maize at light intensity 70 ~-m-2 [267] 

Tab 1 eau 3. Consommation relative d'energie dans les processus 
d'absorption, de croissance et de maintenance dans les racines de mais quand 

, ' ' -2 [ J 1 intensite de lumiere est 70 W-m 267 

Per cent of total respiration used for 
Day number 

ion uptake growth maintenance 

3 39 52 9 
4 49 42 9 
6 60 24 16 

3.1. External factors 

3 .1.1. Oxygen 

Root respiration is the first process to be restricted by oxygen defic1ency. 

Other disturbences of the vital functions of plants are the concequence of the 

respiration disturbences. 

Anderson et al. [9] after examining the effect of root anaerobiosis of 6 

plant varieties on their respiration found that respiration of feeder roots 
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Tab 1 e 4. Effect of treatment (aerobic, anaerobie), incubation conditions 
(21% o2 and 0.5% o2) and treatment duration (12, and 26 days) on root 

respiration on 3 "Barlett" grafted pear rootstocks [ 9] 

Tab 1 eau 4. Effet du traitement (aerobie, anaerobie), des conditions 
d'incubation (21 % O et 0,5 % O) et de la duree de traitement 

(12 et 26 jours) sur ta respiratibn des racines de 3 poiriers [9] 

Treatment 

Aerobic 

Anaerobie 

Root respiration, 3 -1 -1 cm C0
2
·kg ,h fr. wt. 

incubation duration 
% o2 days P. betulaefolia P. callergana P. communis 

0.5 

21 

0.5 

21 

12 40.0 
26 60.0 
12 72.1 
26 84.1 
12 41. 7 
26 45.6 
12 62.4 
26 97.7 
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02 concentrotion. m3-m-3 

41. 7 52.7 
106.2 64.5 
99.5 87.6 

133.2 74.0 
30.2 40.3 
48.0 26.6 
35.6 53.4 
66.1 24.9 

Fig. 8. Influence of oxygen concentration, at different temperatures, on the re
spiration of anion root-excised segments 0-5 mm from the tip. Arrows mark criti
cal oxygen concentration, below which limitation of respiration by oxygen availa-

bility appears [96] 

Fig. 8. Influence de la concentration d'oxygene a differentes temperatures sur la 
respiration des segments racinaires excises d'oignon 0-5 mm du cone. Les fleches 
indiquent la concentration critique d'oxyg~ne, au-dessous de laquelle on observe 

la limitation de Fespiration [96] 

( < 2 mm diameter) in air (0.21 m3·m-3) of Pyrus betulaefolia, Pyrus calleryana, Pyrus com

munis and Cydonia oblonga was reduced by no mare than 50% after 26 days of anaerobiosis. 

In contrast, root respiration of Prunus persica was reduced by 80% wi th anaerobiosis, 

whereas that of Salix discolor increased. Respiration rates of anaerobically or 
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aerobically treated pear roots were inhibited by 25% to 50% when incubated in 

0.5% •2 compared to rates in air (Table 4). 
The influence of oxygen concentration at different temperatures on the respi

ration rate of excised onion roots is shown in Figure 8. The curves in this Figu

re have two basie parts: the range of respiration limitation by oxygen concentra

tion and a flat part where respiration rate is not dependent on oxygen concentra

tion. Respiration rate in this range of oxygen concentrations achieves its maxi 

mum value for a given temperature and will be called maximum respiration (qmax). 
The critical oxygen concentration (COC) values increase with temperature and are, 

for excised anion roots, equal from 0.10 to 0.15 m3- m-3 at 15°C [30, 31]. Equally 

high COC values for the respiration of excised roots were found for Eriophorum 

angustifolium - 0.15 m3, m-3, pea - about 0.20 m3- m-3 [7], and Senecio aquaticus 

- 0.15 m3- m-3 [160]. 

Atwell et al. [21] examining COC for respiration of excised root segments of 
maize found 0.117 and 0.065 mol •2-m-3 in the expanding and expanded zones of the 

roots, respectively. In contrast, the COC exceeded 0.20 mol •2-m-3 in the apex, 

suggesting that •2 supply for metabolic processes is most likely tobe sub-opti

ma! in this zone. Their results show clearly that the adverse effects of low o2 
concentrations are unlikely to be a consequence of substrate shortage for either 
respiration or synthesis of macromolecules. 

Because the activity of cytochorme oxidase decreases abruptly at very low 
oxygen concentrations (below O.Ol m3-m-3) one can assume that with a COC at the 

root surface, oxyger. concentration at the root axis approaches zero. 

COC depends not only on the maximum root respiration (qmax) but also on\ other 

factors, which is shown by the equation: 

(34) 

where: 

R is the root radius, 

Di is the coefficient of radia! diffusion of oxygen in root tissue. 

The thicker the root and the lower the oxygen diffusion coefficient within it, 
the higher the COC value. 

In addition to COC, a half respiration concentration of oxygen (HRC), analo
gous to Michaelis constant, is used. The HRC values for excised root segments are 
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within 0.07 to 0.12 m3- m-3 for maize, 0.05 to 0.25 m3. m-3 for rice at 25°c [184], 

and 0.025 m~ m-3 for Senecio aquaticus [160]. The HRC values estimated from data 

of Berry and Norris [31] for excised anion roots are within 0.04 to 0.11 m3.m-3. 

There is an opinion [19, 20] that those high COC and HRC values obtained in 

vitro for excised routs are an artifact of the measurement conditions due to fil

ling of the intercellular air spaces by liquid. For an intact root system, the 

oxygen diffusion coefficient should be much higher, implying lower COC values (cf. 
equation 34). 

This point of view is supported by the results obtained by Armstrong and Gay

nard [20] who found, for roots of intact rice and Eriophorum angustifolium plants, 
COC values within 0.016 to 0.027 m3. m-3 and HRC values below 0.001 m3. m-3. 

It can be seen that these values are almost one order of magnitude lower than 

those quoted above for excised roots. The results of Armstrong and Gaynard [20] 

are mare convincing, because the same authors found out that for excised roots of 
3 -3 3 -3 Eriophorum angustifolium, COC equals to 0.15 m. m and HRC equals to 0.03 m • m 

Additionally, Lambers and Smakman [161] reported, for intact root systems of 

six Senecio species grown in nutrient solution (but cut off from the tops), re

latively low HRC values amounting to about 0.02 m~ m-3, although their COC values 
are rather high (about 0.20 m~ m-3). 

Similar HRC values (0.005 to 0.02 m3•m-3) for intact roots of mustard seed

lings were reported by Greenwood [102], and Greenwood and Goodman [103]. 

The COC values obtained from roots grown in soil (Table 5) resemble those 

found for both excised and intact roots in solution. 

However, HRC values for intact roots in soil are apparently lower than for 

excised roots. This is in agreement with the view of Armstrong and Gaynard [20] 

although the HRC values for intact roots are not so low as these authors suggest. 

The most credible view seems to be that presented by Armstrong [19], Armstrong 

and Gaynara [20], and Greenwood [100] which proves right that root respiration 

does not decrease unless the oxygen partial pressure on the root surface is lower 

than 1 to 2 kPa. This is in agreement with physiological theory, as it has been 

established that cytochrome exidase has a high affinity for oxygen. 

On this basis, the higher values of COC found in the literature must be the 

result of the presence of water films on the root surface or the result of the 

diffusive resistance of the plant tissue. NevPrtheless, the phenomenon of de
creasing root respiration at a soil air oxyg• - µressure of a few kPa does in fact 

occur [226, 247]. 

The above picture is, however, a considerable simplification because candi-
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Tab 1 e 5. Comparison of the critical oxygen concentration (COC) 
and half respiration concentration (HRC) values for plant roots 

Tab 1 eau 5. Comparaison de la concentration critique d'oxygene (CDC) 
et de la concentration de demi-respiration (HRC) pour les racines 

Roots Plants coc HRC Ref. 3 -3 3 -3 m•m m ·m 

Excised anion 0.10-0.50 O. 04-0 .11 [30, 31] 
Eriophorum 

0.15 0.03 [19] angustifolium 
peas 0.20 [7] 
maize 0.05-0.16 [21] 
maize 0.07-0.12 [184] 
rice 0.05-0.25 [184] 

Whole in Senecio 0.15-0.20 0.02-0.025 [161] 
solution 

E. angustifolium 
[19] and rice 0.16-0.027 0.001 

mustard ~0.20 0.005-0.10 [102, 103] 

Intact maize 0.10 ~0.02 [213] 
cotton 0.21 <O.Ol [248] 
dwarf peas 0.15 0.02-0.04 [226] 
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tions of full oxygenation or of complete anoxia hardly ever, if ever, occur with

in plant roots. This is especially underlined by Crawford [64] who draws atten

tion to the fact that root merystemes display same anoxic metabolism even in con

tact with atmospheric air. This is confirmed by the high respiratory quotients in 

merystemes and the presence of ethanol in them [64]. 

Because it is difficult to assess the thickness of the moisture films usually 

present on the root surface in soil conditions and their role in impeding the 

diffusion of oxygen, it is not easy to assign a value to the real oxygen concen

tration on root epidermas. This is the reason for the higher COC and HRC values 

observed in soil conditions as compared with those predicted by biochemistry or 

found with the use of special experimental techniques [20]. The involvement of 

the water films on root surface makes it difficult to directly relate root respi

ration and other plants responses to oxygen content in soil air which was treated 
mare extensively in Chapter 5. 

When the oxygen concentration in the root environment decreases the zone of 

anoxic metabolism localized in the merysteme expands to the other parts of the 

root system although rarely, if ever, occupying it entirely because its upper 

parts are supplied with oxygen through internal diffusion from the shoots. 
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Thus the physiological role of the decline in oxygen uptake by the root sys

tem as a whole, observed below the critical value of oxygen concentrations in the 

surroundings, may be of greater importance, than is implied by the relative value 
of this decline as these anoxic areas, although limited in size, are located in 

the parts which are most important for root functioning. 
It should, however, be emphasized that a partial limiting of the root respi

ration rate does not necessarily mean a reduction in the root elongation rate 

[103]. 
It must be stressed that after a short anaerobie period which does not injure 

the roots permanently, an increased oxygen uptake by the roots appears (the so 

called "respiration rebound"). This phenomenon has been observed both in excised 

roots [288] and in intact roots [82,282]. 

3.1.2. Carbon dioxide 

The effect of carbon dioxide on root respiration has been little studied. Har

ris and van 8avel [108] reported that 0.05 m3. m-3 of carbon dioxide in soil air 

entirely inhibited root respiration of tobacco, maize, and cotton. However, Nor

ris et al. [199] found that anion root respiration is less sensitive to carbon 

dioxide than is microbial respiration. 

3.1.3. NPK fertilization 

Also the influence of minerał fertilization on root respiration has been lit

tle studied. Figliolia et al. [87] recorded that the respiration of oat roots in 

a nutrient solution was lowered by a deficiency on N and P, but was not influenced 
by K availability. 

3.1.4. Ethylene 

There are same papers [212, 235] indicating a stimulatory effect of ethylene 

on respiration of patata tubers, at concentrations which may occur in soil. A 
suppressing effect of 5 cm~ m-3 of ethylene in soil air on respiration of grape

vine roots was reported by Ishii et al. [125]. 
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3.1.5. Temperature 

Respiration of roots increases exponentially with temperature (Figure 9). Ini

tially, this increase is rapid when the respiration rate is limited by bioche

mical reactions. At higher temperatures the transport of substrates and products 

of the metabolism (sugars, oxygen, carbon dioxide), based mainly on the diffusion 

process, becomes the limiting factor. At temperatures above 35°c the protoplasm 

system is starting to break down. 
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Fig. 9. Respiration of excised segments of anion roots (0-5 mm from tip), at dif
ferent •2 contents, as related to temperature [96] 

Fig. 9. Respiration des segments racinaires excises (0-5 mm du cone) a differentes 
teneur en oxygene, suivant la temperature [96] 

Limitation of respiration through the physical processes of diffusive tran

sport may also occur at lower temperatures if the oxygen concentration is low, 
which is shown in Figure 9 by the curves corresponding to O.OS and 0.10 m3 . m-3 

of oxygen. These curves have been plotted on the basis of the data from Figure 8. 

The curves 1 and 2 corresponding to oxygen concentration below 0.1 m3. m-3 il

lustrate the range of respiration limitation caused by oxygen, and the curve 3 

concerning pure oxygen illustrates the limitation of respiration due to interna! 
factors in the tissue. 

In order to describe the influence of temperature on root respiration, the 

Arrhenius equation was applied: 

lnq = c + T ln Qio/10, (35) 
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where: 
q is respiration rate at a temperature T, 

cis constant, 
0

10 
is the so-called Q-ten temperature coefficient, showing how many times the 

respiration intensity increases when the temperature increases by 10°c. 
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Fig. 10. Arrhenius plot for respiration of excised roots of barley (1) and maize 
(2) [ 96] 

Fig. 10. Graphique d'Arrhenius pour la respiration des racines excisees d'orge 
(1) et de mals (2) [96] 

In most cases [31, 44, 67, 169] a change in the slope of the plot of lnq vs, 

1/T was observed (Fig. 10). This change of the slope, which indicates a change of 

activation energy, denotes a change of the limiting factor with temperature. The 

values of activation energy for respiration of roots reported in the literature 

are very differentiated. Thus for anion roots, Berry and Norris [31] found values 

wi thin 7 to 59 kJ m• l -l roots, while Leman and Wiegand [169] reported 45 to 75 kJ • 

• m• l-1. In tum Carey and Berry [44] found 49 to 116 • kJ moC1 for maize and 

54 kJ• m• l-l for maize and 54 kJ m• l-1• 

3.1.6. Soil mechanical impedance 

The plant roots need mare energy while penetrating a compact soil layer. Thus 

their oxygen requirements Pti that situation should be higher. This has been 

proven in experiments on plants grown in nutrient solution with and without me

chanical obstacles of glass beads, where oxygen uptake by bean roots has been 

studied [224], as well as in compacted soil in which carbon dioxide production by 

cotton roots was followed [248]. 
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Fig. 11. Influence of soil compaction on the respiration rate and weight of cot
ton roots in the percent of maximum values [96] 

1 - dry mass, 2 - total co2 production by root system, 3 - co2 evolution per r8ot 
dry mass unit 

Fig. 11. Influence tu tassement de sol sur la vitesse de respiration et le poids 
des racines de cotonnier en pour cent des valeurs maximales 

1 - matiere seche, 2 - la production totate de co2 par le systeme racinaire, 3 -
degagement de CO2 par l' uni te de matiere seche de racine 

It should be emphasized, in the latter case, that although a fivefold in

crease in carbon dioxide production per root mass unit, resulting from soil eom

paetion, was observed, the mass of the entire root system and i ts total earbon 

dioxide produetion were negatively eorrelated with soil bulk density (Fig. 11). 

3.1.7. Soil salinity 

One of the external faetors influeneing root respiration is soil salinity, 

though its effeet has not been studied extensively. It was found [138] that the 

respiration rate of exised root segments of Tamarix tetragyna deereased linearly 

with the inerease of NaCl eoncentration in the solution. 

3.1.8. Redox potentia! and soil acidity 

Anaerobie rice root respiration under controlled soil redox eonditions and 

aeidity was investigated by Tolley et al. [251]. Using the aetivity of the in
dueible enzyme aleohol dehydrogenase (ADH) as an indieator of anaerobie root respira

tion, they found a deerease in redox potential resulted in an inerease in root ADH (Fig. 

12). Soil acidity also seems to have had an effect sinee production of ADH at pH 
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Fig. 12. Root ADH activity as affected by soil pH and redox r,onditions (Eh)[251]. 
Values followed by the same letter are not statistically different at the 5% level 

Fig. 12. Activite de ADH de racine sous l' influence de pH et des conditions d'oxy
doreduction du sol [251]. Les valeurs designees par les memes lettres ne sont pas 

statistiquement differentes sur le niveau de confiance de 5 % 

5.5 was !ower than at 6.5 and 7.5. This was apparently due to the relationship 
which exists between redox potentia! and pH. 

3.2. Interna! factors 

The limitation of root respiration by interna! factors results from the pro

perties of the respiring tissue (these being related to the genetic background 
and physiological age of the plant) as well as from the effect of the shoots. 

It was found that the respiration intensity is highest in the apical part of 

the root and decreases with the distance from the root tip [30, 31, 184, 188], as 

shown in Figure 13. 

Root respiration during the vegetation period undergoes specific changes in

dependently of the effect of temperature or other external factors. Thus the root 

respiration of the perennial desert shrub Atriplex confertifolia, measured at con

stant temperature, showed spring and autumn maxima [113] . According to the authors 
of that paper, this phenomenon may be connected with the reflection of environmen
tal preconditioning, as well as with an overall genetically based program of the 

plant development. 

In the case of maize grown in controlled conditions [11], maximum respiration 

of the entire root system was 800 cm3 co2 per plant per day during the appearance 
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follow-
3 -3 m • m 

Fig. 13. Vitesse de respiration des racines du riz dans 

1 t t . . t d' ' 1 O 8 3 - 3 2 es concen ra 1ons su1van es oxygene: - , m ·m , 

l' atmosphere contenant 
3 -3 - 0,208 m · m , 3 -

0,044 m3-m-3 [96] 

of panicles. Later the respiration rate decreased to about 400 m3 co2 per day per 

plant, and oscillated around this value until plant senescence. 

Besides seasonal dynamics, plant roots also exhibit a diurnał variati on in re

spiration rate. Huck et al. [123] pointed out that the root respiration of plants 

(maize, soybean, Derris elliptica) grown at constant temperature was 25 to 50% 

higher during the day than at night. Dn the other hand, root segments excised 

from the plants at different times of the day and night showed no differentiation 

in respiratory activity. Also no correlation was found between respiration rate 

and sugar content in the root, which eliminates substrate level as a cause of the 

variation observed. The mechanism of the variation has not been fully explained, 

but it is undoubtedly connected with the action of light and the presence of 

shoots [106, 107]. 

Studies by Hansen [106] revealed that the root respiration of Lollium multi

florum L. during 2 to 3 day periods of high illumination was 3 to 4 times higher 

than at low illumination. After defoliation, root respiration decreased and was 

not affected by illumination level until the regrowth of new leaves. 

Same differentiation in root respiration rate was also found among the plants 

of different climatic zones [67] Roots of plants of cool regions showed higher 

respiration rates, at the same t~,perature, as compared with plants of warmer 
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zones. According to Crawford and Palin [67] high respiration rates at low tempera

tures can oe an advantage for a·n earlier resumption of growth but at high tempe

ratures they can lead to an excessive consumption of carbohydrate reserves. 
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Rys. 14. Oxygen consumption rates by excised tree roots at three •2 levels after 
O to 22 days of flooding [45] 

Fig. 1~. Vitesse de consommation d'oxygene par les racines excisees des arbres 
pour trois niveaux d'oxygene apr~s 0-22 jour d'inondation [45] 

Lambers [160] reported that the root respiration rate of Senecio aquaticus 

(flood-tolerant species) was, at 20°c, lower than that of Senecio jacobaea (flood

-intolerant). This would suggest that the low respiratory activity of roots may 

be an adoptive feature of increasing plant tolerance to flooding. 

The respiratory capacity of flood pretreated roots of fJ.ood-tolerant, and in

tolera11t trees (baldcypress - Taxodium distichum, red maple - Acer rubrum, and 

sugar maple - Acer saccharum) was examined by Carpenter and Mitchell [45, 46]. 

They found that flooding reduced root respiration capacity in all species affect

ing intolerant species the most and tolerant the le2st (Fig. 14). 

Roots of all three species utilized •2 with similar efficiency prior to flood 

stress. Ho~ever, the respiratory capacity of sugar maple roots declined substan

tially during the first 8 days of flooding, and mare gradually from 8 to 22 days, 
3 -3 at 0.21 or O.OS m • m •2. Red maple roots declined gradually in respiratory ca-

pacity over the entire floodlng period at 0.21, but not at O.OS m~ m-3 •2. After 

an ini tial sharp decline, baldcypress roots gradually regained capaci ty to uti li ze 

•2 from 8 to 22 days of floodind at all 3 levels of •2„ When tested at 0.21 mJ x 

x m-3 •2 both red maple and baldcypress roots had 2 to 3 fald higher respiratory 

capacities than had sugar mapJ..e roots after 22 days of flooding. 

RQ values (the volumetric ratio of carbon dioxide evolved to oxygen consumed) 

were similar for all three species at 0.21 m3,m-3,.and all decreased after flood-
3 -3 ing. At 0.05 m. m •2, RQ values were highcr for red maple and baldcypress than 

for sugar maple on both day O and day 8 (Table 6). 
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Tab 1 e 6. Respiratory quotient (RQ) for excised tree roots at two o2 
levels (0.21 or 0.05 m3-m-3) and after O or 8 days of flooding [45] 
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Tab 1 eau 6. Coefficient de respiration (RQ) des racines excisees d'arbre 

pour deux concentrations d'oxygene (0.21 ou 0.05 m3. m-3) et apres O et 8 jours 
d' inondation [45] 

02 
concentration 

3 -3 m -m 

0.21 

0.05 

RQ 

Species days flooded 

o 

sugar maple 0.92 
red maple 0.86 
baldcypress 0.89 

sugar maple 1.45 
red maple 2.68 
baldcypress 1.69 

3.3. Respiration of root nodules 

8 

o. 71 
0.70 
o. 71 

1. 37 
1. 79 
1. 70 

Pankhurst and Sprent [201] examined in a pot experiment the.effects of tempe

rature and oxygen tension on the respiratory activity of soybean and French bean 
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Fig. 15. Effect of increasing P0 on the respiratory activity of turgid soybean 

root nodules at 10 , 15, and 20 6c. Each point is the mean of 4 replicates [201] 

Fig. 15. Influence de P0 sur l' activite respiratoire des nodules de racines de 
2 

soya a 10, 15 et 20°c. Chaque point est la moyenne de 4 repetitions [2Cl] 
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nodules. They found an increase of the respiratory activity of turgid nodules with 

rising temperature over the range 10-30°C. However, below 10°c the activity de

creased rapidly. 

Respiration by soybean nodules was not inhibited by high PQ at low tempera-
2 

tu res (Fig. 15), but was saturated at a PO of 40 kPa at 10°c and of 60 kPa at 
2 

15°C. At 20°c, respiration by the nodules showed a rather linear increase with in-

creasing P0 . 
2 

Tjepkema [250] noted that Myrica gale can transport o2 to the submerged ni-

trogen-fixing nodules through aerenchymatous nodule roots which emerge above the 

water surface. 

4. METABOLIC ACTIVITY ANO ENERGY CHARGE OF ROOTS UNDER ANOXIA 

Linder anoxia carbon dioxide, fermentative metabolites such as ethanol, ethy

lene, and its precursor l-aminocyclopropane-1-carboxylic acid (ACC), and same 

organie acids may appear in roots. Also the available energy is limited slowing 

absorption and translocation of water and nutrients in roots. 

4.1. Carbon dioxide production 

Aerobic and anaerobie co2 evolution was measured by Tripepi and Mitchell [252] 

who found 66% decline in co2 production upon anaerobiosis by roots of river birch 

and European birch. Barta [2B] studied the same problem on waterlogging-tolerant 

birdsfoot trefoil and waterlogging-sensitive alfalfa roots placed in nutrient so

lu:ion. He found that co2 evolution rate of waterlogged roots of both species 

showed significant declines relative to aerobic controls (similar to that reported 

by Tripepi and Mitchell - 252). However, the percentage decline, relative to the 

control, was significantly less for trefoil roots. 

This smaller percentage decline is consiste,1t wi th a previous work of Barta 

[27] showing that alcohol dehydrogenase (ADH) activity in waterlogged trefoil 

roots was stimualted to a level equal or greater than that found in waterlogged 

alfalfa roots. There was no effect of waterlogging duration (1-4 days) on co2 
evolution in either species which is a confirmation of previous results reported 

by Carpenter and Mitchell [45, 46]. 
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4.2. Ethanol synthesis and loss from roots 

Exlusion of oxygen from metabolism causes a change of this metabolism towards 

fermentation. A few types of fermentation are possible which is shown in Figure 

16. In the case of plants the most common is alcohol fermentation [61, 64, 66, 

119, 147]. 

NH ASPARAGINIAN NH4 ALANINE 

J t'''T1 t \. "''''T"" r 
glutomate1/ NADH2 glutamate NAOH

2 
Oxoloocetote - ~ ---- MALATE 
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""""-:~\- ---:~\ ~ ::~~ - Acelolcehyae 
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/ 

Eryth ro se 4 - Phosphote 

Fig. 16. Diagram illustrating the various means of proton disposal and the range 
of end-products of glycolysis found in plants capable of enduring prolonged pe

riods of partial er total anoxia [96] 

Fig . 16. Oiagramme de la disposition de proton et le produit firal de glycolysis 
dans les plantes resistantes a anoxemie prolongee, partielle DU totale [96] 

Ethanol is found in the root merystemes, even if they are in contact with 

atmospheric air. In this case its concentration rapidly decreases witi1 the in

crease in the distance from the root cap [63]. 

Ethanol formation in roots when in anoxic conditions, is connected with the 

plant's capability of surviving periods of flooding. 0uring flooding root ethanol 

production and alcohol dehydrogenase which is positively correlated with ethanol 

content in the plant [27, 64, 119] are stimulated. In fact, high level of ADH 

activity and increased ethanol production has been used in classification of flood 
"tolerant" and "intolerant" plants. 

Barta [27] in field experiments carried out on a fine, loamy soil wiin flood

ing 2-year-old stands of alfalfa and birssfoot trefoil for 12 days found that 

root concentration of ethanol increased throughout the flooding regime in alfalfa 
roots from 0.12 to 0.22 µmol, (g fr. wt.)-1, and was significantly higher 

(0.91 µmol•(g fr. wt.)-1) in roots with shoots removed. This suggests that the 

shoots either inhibited root ethanol production or facilitated its removal from 

the root. 
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Fig. 17. Ethanol content in xylem exudate of tomata plants vs. soil DDR [96] 

Fig. 17 . Teneur en ethanol dans la secretion de xyleme des tomates en fonction de 
l'DDR du sol [96] 

It was confirmed by other authors [e.g., Soldatenkov and Chao Hsien-Tuan -
234] who suggested the positive effect of shoots on the inhibition of root eth

anol production or its removal from the root reducing injury of flooded plants. 

No ethanol was detected in any trefoil (flood tolerant species) root S8mples 

which is difficult to explain. It is possible that significant ethanol metabolism 

occurs in flooded trefoil roots and is an important mechanism in its removal from 

the root. This phenomenon was not found in pot experiments with the same plants 
[26, 27]. 

Atwell et al. [ 21] examini;1g the concentration of ethanol in mai ze roots grown 

in solution at two levels of •2 concentration (0.25 and 0.04 mol,m-3) found a de

crease of ethanol content in roots of 66 and 86% depending on the kind of nutrient 

solution. 

The ethanol formation in plant roots is connected with .environmental condi

tions. Fulton and Erickson [88] stated, that ethanol accumulation in flooded tama-

to plants was closely correlated with DOR values in the soil, which is shown in 

Figure 17. Further investigations of the relationship between ethanol accumula

tion in the plant and soil conditions showed that ethanol concentration is higher 

in plants subjected to sudden anoxic stress than in plants grown for a long time 

in conditions of insufficient oxygenation, and moreover, depends on the physiolo

gical age of the plants [22]. 

Examining the ethanol balance in the tomata plant, Bolton and Erickson [36] 

and Fulton and Erickson [88] found the maximum ethanol concentration in the bot

tom of the stem and in the top roots. Its highest concentrations in the plant 

were 300 to 350 µg-g- 1. The decrease of ethanol concentration in the lower part 

of the root explained by its secretion to the environment. 
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The possibility of toxic effects of ethanol on plant tissues depends on its 

concentration, which is the result of the ethanol formation processes, and of the 

processes of its removal by roots and shoots and also on the extent of its reme

tabolization within the plant tissues. 

Crawford [63] gives as an example rice and swamp tupelo trees (Nyssa sylvati

ca), which easily remove ethanol by adventitious roots and tolerate flooding well 

despite the fact that they show Pasteur effect (the phenomenon of increased sub

strate use in anoxic conditions) and that ethanol is a main product of anuxic re

spiration. 

Injury caused by ethanol consists of a deleterious effect on the cell membra

nes [148] resulting in leakage of electrolite, organie acids, amino acirls, and 

sugars from the roots [104, 191]. This cell injury caused by ethanol explains ac

celeration of the rate of glycolysis (Pasteur effect) which is observed in flood

-intolerant plants. This, in turn, results in a decreasing ATP level in the cells 

and, as a consequence, increasing ethanol production. This autocatalytic process, 

according to Crawford [63], explains the susceptibility of many plants even to 

oxygen stresses of short duration [84, 122]. 

According to Barta [27], the ethanol toxicity in plant roots has been defini

tively prooved. It has never been demostrated that the level of ethanol accumula

tion in flooded roots is sufficiently high to be lethal to the tissue. Jackson et 

al. [131] showed that the exposed pea roots to levels of ethanol up to 100-fold 

greater than that found in xylem sap of flooded roots had little toxic effect and 

failed to simulate flooding injury. 

4.3. Ethylene 

Ethylene is always present in plants and its increased concentration iscaused 

by various stresses: thermal, water, mechanical, chemical, and disease [l, 105]. 

Moreover, root oxygenation is a very important factor. 

An increase of ethylene concentration in roots and other parts of waterlogged 

plants was found in broadbean [83], Callitriche [198], chrysanthemum [140), maize 

[78], eucalyptus [55], maple [190], radish [140], sunflower [140, 141, 272], sweet 

potato[202], tomato[37, 40,127,128,130,140,141] . andwillow[51]. 

Ethylene concentration in waterlogged plants increases as the 1esult of two 

processes: 1) anaerobie stimulation of ethylene production [37, 40, 127,130, 143], 

and 2) the water-jacket effect of water in preventing ethylene diffusion out of 

the roots [78, 140, 142, 198]. 

Linder flooded conditions ethylene becomes a growth promoting hormone for 

plants [41, 131, 145]. 
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Generally, it is known that ethylene is formed in plant tissue under oxic con

ditions [177, 189]. This is true for the roots, as the presence of ethylene was 

observed, in amounts approximately 0.9 cm3-m-3, in the roots of intact maize plants 

grown in an aerated nutrient solution [78, 130]. In addition, Konings and Jackson 

[149] observed the evolution of ethylene from undisturbed root systems of rice, 

white mustard, and three varieties of tomata cut off from the shoots and incuba

ted in a humid atmosphere containing 0.21 m3. m-3 of oxygen. 

The production of ethylene in this case was positively correlated to the rate 

of root elongation, thus rice roots, evolving ethylene in the amount of 1.5 x 
x 10-3 mm3. (g fr. wt.)-l,h-1, elongated at a rate of about 20 mm,day-1, while the 

roots of mustard, producing ethylene at a rate of 6.5,10-3 mm3, (g fr. wt.)-l,h-1, 

elongated by about 65 mm,day-1. 

On the other hand, other authors [78, 129] observed that the ethylene concen

tration in the roots of plants grown in a nonaerated solution (up to 1.9 cm• m-3) 

was twice as much as when grown in an aerated one (0.9 cm3. m-3). Also Kawase [146] 

reported an increase in the ethylene concentration in the roots of garden plants 

(chrysanthemum, sunflower, tomata, and radish) under the effect of flooding the 

roots in the soil with water. 

The 2xamples that reported an increase in the ethylene concentration in roots 

due to lack of aeration of the nutrient solution or flooding the soil with water 

cannot constitute a proof of an increase in the production of ethylene by roots 

under anoxic conditions, as these conditions cannot be considered anoxic. In the 

nonaerated nutrient solution oxygen concentration, as a result of internal oxygen 

transport through the plant was equivalent to approximately 0.012 m3. m-3 in the 

air [78, 129]. In the case of the waterlogging garden plants mentioned [140] 

there must have also been certain amount of oxygen in the plant roots from the 
internal transport. 

In turn, under anoxic conditions (in an atmosphere of nitrogen), no evolution 

of ethylene was observed during the incubation of excised roots [78, 130]. 

On the basis of the foregoing it can be stated that ethylene in the roots is 

only produced in the presence of oxygen, although the required oxygen content is 

low. The lower limit of oxygen concentrgtion, as well as its optimum concentra

tion for ethylene production, have not yei been determined. 

Bradford et al. [38], Bradford and Yang [39] found that under the low oxygen con
di tions in the soil during flooding, tomata roots synthetize ACC, being the pre

cursor of ethylene, and transport it in the xylem to the shoot, where it is ra

pidly converted to ethylene. Adams and Yang [3] identified this precursor in ap

ple tissue. Inhibitors of the ethylene biosynthetic pathway are available for 

further testing of this ACC transport hypothesis: aminooxyacetic acid (ADA) or 
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aminoethoxyvinylglycine (AVG) błock the sybthesis of ACC, 2+ whereas Co prevents 

its conversion to ethylene. 

It is worth while to mention that same authors [e.g., 53] found the effect of 

salts on the ethylene production in Virginia radiata hypocotyl sections. In their 

experiments NaCl and KCl increase decreased ethylene production, when CaC12 - in

creased. 

Aerenchyma formation, and the growth of adventitious roots is favourP.d by in

creases in the ethylene content of roots exposed to poorly aerated aquaeous en

vironments [78, 126]. 

4.4. Other anoxic metabolites 

Besides metabolites discussed earlier, there are other substances which may 

appear in roots when the supply of oxygen is insufficient. Their formation and 

role are not yet fully explained. 

Barta [28] sunmarizing the knowledge on the problem of metabolic responses of 

roots under anoxia, states that root anaerobiosis leeds to rapid changes in mem

brane permeability, as evidenced by increased efflux of electrolytes and organie 

metabolites. Loss of o2 uptake has also been attributed to irreversible injury of 

membrane-bound oxidase enzymes. He found, for birdsfoot trefoil and alfalfa a sig

nificant lowering of glucose-6-phosphate in trefoil roots exudation of K+. sugars 

and amino-N, especially during the first days of root anaerobiosis. Also alcohol 

dehydrogenase activity (ADH) increased several fald with flooding of roots of 

these two species [26]. This enzyme which catalyzes a step of the fermentation 

process that yields ethanol,C02; and energy from sugar has also been studied in 

plant roots under anoxic conditions by John and Greenway [136], Chang et al. [48], 

and Hook and Brown [114]. 

Crawford [60, 64] and Stolzy and FlUhler [240] have reported that in anoxic 
conditions pyruvic, fumaric, acetic, aspa~tic, glutamic, propionic, butyric, ma

lic, shikimic, glycolic, and cx:-aminobutyric acids are formed in roots. 

Visser et al. [268] observed that the amount of carbohydrates in apple roots 

decreased in the case of the nonaerated nutrient solution. Atwell et al.[2l]found 

no major carbohydrate depletion due to o2 deficiency in the excised maize roots 

but the total soluble sugars and amino acid concentration in roots were generally 
greater at low (0.02-0.06 mol o2.m-3) rather than at high (0.16-0.25 mol o2 • m-3) 

oxygen concentrations. This applied specifically to the root apices (0-2 mm) and 

expanding (2-15 mm) tissue. 

In anaerobie stress during waterlogging the synthesis and translocation of 

growth regulators such as cytokinins (CK) and gibberellins (GA), are suppressed 



42 J. GLIŃSKI, W. STĘPNIEWSKI 

in the roots. The rapid appearance of an anaerobie stress reduces root con

ductance of water flow but gener8lly in waterlogged plants root conductance re

mains idEntical or often exceeds that of control roots [41]. 

Cellulase activity is also increased by waterlogging in roots of bean, Brus

sels sprout, celery, chrasanthemum, lettuce, mustard, pea, radish, and sunflower 

plants [145]. 

In tobacco, under anoxic conditions a decrease of the nicotine concentration 

in roots was noted [108]. 

The results obtained by Blevis et al. [35] show an increase of particulate 

viologen utilizing nitrate reductase (EC 1.9.6.1) in barley roots situated in 

sterile , anoxic conditions. 

4.5. Microbial colonization and activity 

Trolldenier et al. [253-255] investigating microbe population accompanying 

wheat roots grow~ng in aerated and unaerated nutrient solution has revealed that 

reduced root growth due to lack of aeration was accompanied by a higher root mi

crobe popu!ation. 

The mucilaginous materiał (slime) surrounding roots was absent in unaerated 

and abundand in aerated root tips. This missing or incomplete mucilaginous layer 

on root tips is associated with unfavourable growth factors such as heavy metal 

toxicity [109] and attacks by pathogens [217]. 

4.6. Energy charge 

Adenylate energy charge (EC) of plant tissues defined as follows EC= (ATP+ 

+0.5 ADP):(ATP +ADP+ AMP) under aerobic conditions does not differ from that of 

animal tissues and microorganisms and is close to 0.9 [220, 221]. 

Saglio et al. [220-222] measured simultaneously energy production expressed 

as EC, soluble sugars, and glycolytic activity (as estimated both by sugar con

sumption and build-up of terminal products such as ethanol and lactic acid) in 

excised maize roots tips after various times of aging in air. The transition of 

root tips from air to N2 atmosphere induced a rapid drop of EC from a high value 

close to 0.9 in air to lawer values ranging from 0.6 to 0.15. They concluded that, 

in anoxia, there is a quantative relationship between the EC value and the level 

of metabolic activity via fermentation (Fig. 18). 

Similar results obtained Barta [28] for trefoil and alfalfa roots under ana

erobie stress. The energy status of both species showed a sharp decline •in 

ATP/ADP ratios amounting to 40-60% after 1 day of anaerobiosis. The significantly 
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FiQ. 18. Relationship between energy charge after 30 min. of anoxia and the rate 
of glycolysis (measured after 1 h anoxia) in excised maize root tips [220] 

Fig. 18. Relation entre la charge energetique apres 30 min. d'anoxemie et la vi
tesse de glycolysis (apres 1 h d'anoxemie) dans les cones des racines de mais 

excisees [220] 

higher ATP/ADP ratios in trefoil in comparison to alfalfa support the earlier hy

putheses [252], that the decline of EC during anaerobiosis is slower in waterlog

ging-tolerant species than in susceptible to waterlogging ones. It was found that 

waterlogging-tolerant rice is able to increase its EC with prolonged flooding, 

while wheat cannot [50]. 

The dependence of EC or ATP/ADP ratio on oxygen partial pressure [211, 223] 

was used to study internal transport in roots of maize [210, 223] and bulrush 

[237]. 

5. OXYGEN DEFICIT AND ROOT GROWTH AND WATER UPTAKE 

5.1. Root growth rate 

The reaction of roots to anoxic conditions manifests itself in various ways. 

Completely anoxic candi tions stop root growth entirely wi thin 2 to 3 min. This 

has been observed with cotton and soybean [122]. When the stress did not last 

longer than 30 min. the growth rate subsequently returned to normal. Anoxic stress 

lasting 3 h for cotton and 5 h for soybean killed the tap roots. 

Roots of plants which are very sensitive to anoxic conditions (e.g .. tobacco, 

legumes) die after a few days of flooding [110, 150, 175, 284, 285], but the first 

symptoms of damage by waterlogging may appear after 1 to 2 h and permanent dam

age may appear after 24 h, especially on warm sunny days [152, 175]. 
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As already mentioned, plants which can survive an anoxic stress neverthleless 

decrease the rate of growth of their roots. This has been observed with tomata 

[128], maize [21, 90, 91, 95, 257], barley [89, 91], wheat [196, 228], pea [56, 

89, 91], oak [227], snapdragon [242], tulips [280], sugar beets [277], bean [225], 
and mustard [103]. As a result of these root growth disturbences (due to an insuf

ficient supply of oxygen to the roots) the mass of the root system decreases. This 

was observed with sorgo (118], barley [79], oats [43, 274], wheat [216, 256, 263, 

274, 279], maize [76, 181], apple tree [ 268], sugar beets [275], leman [156, 157, 

241], orange[l55, 241,270], jojoba[214], avocado[l59], grasses[l70,269],cot
ton [ 203], legumes [56] , sugar cane [204], bean [225], broad bean, cabbage, and 
potato [ 279] . 

Linder anoxic conditions the root mass of flood intolerant plants decreases 

earlier and to a higher degree than the mass of the shoots . Hence the ratio of 

3hoots to roots is higher in anoxic conditions than in the presence on oxygen. 

This was found in the case of wheat [2, 256], leman [154], jojoba [214], orange 
(270], and apple tree [268]. 
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Fig. 19. Effect of oxygen concentration on growth rate of constrained and uncon
strained roots [94] 

Fig. 19 . Influence de la concentration d'oxygene sur la vitesse de croissance des 
racines sans ou avec obstacle mecanique [94] 

Roots growing in an environment with restricted oxygen supply are thicker, 

shorter, less branched, of light color [56, 269], have larger cells [206], and, 

in the case of legumes, posses fewer nodules [56]. 
Roots w~ich are near to the anoxic zone in the soil show an ability to avoid 

this zone [228] , which results in formation of a shallow root system [78, 178, 

247], and in same cases the roots become aerotropic (negatively geotropic) and 
emerge from the soi l [128, 269 , 278]. The formation of the shallow root system 

results stimulation of the growth of lateral roots fo]lowing the death of the 

I 
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tap root tip [J.22]. The effect of oxygen concentration on the growth rate of con

strained and unconstrained roots are shown in Figure 19. 
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Fig. 20. Root response to ODR; (A) population of wheat roots in soil under field 
conditions. (8) relative root growth rate of three desert shrubs: Franseria dumo-

sa (1), Larrea tridentata (2), Artemisia tridentata (3) [96] 

Fig. 20. Reponse de la racine a l'ODR; (A) population des racines de ble dans le 
sol au champ, (8) vitesse relative de la croissance des racines de trois arbustes 
desertiques: Franseria dumosa (1), Larrea tridentata (2), Artemisia tridentata 

(3) [96] 

It is widely agreed that the best indicater of soil oxygen availability for 
plant roots is the DOR. The reaction of roots of different plants to DDR is shown 

in Figure 20. We can see that the number of roots in the soil (Fig. 20A) already 
begins to be reduced at an ODR of 50 µg.m- 2.s-l and drops rapidly to less than 
one fifth of the original number over the DDR interval 50 to 40 µg.m- 2-s-1. The 

-2 -1 ODR value of 40 µg.m -s may, accordingly, be accepted as critical, and 50 µg x 
-2 -1 x m •S as limiting for wheat root growth. Similarly, the root growth rate of 

desert shrubs is restricted at an DOR of 50 µg.m- 2-s-l and is completely suppres

sed at an ODR cirj 30 to 35 µg.m- 2-s-1 (Fig. 208). 

Blackwell and Wells [34] found 15 µg.m- 2.s-l as limiting value of DOR for the 

growth of winter oat. They also found a significant differentiation in root devel-
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Tab 1 e 7. Dry weight, numbers, diamaters and lengths of winter oar roots 
after 8 days of growing in waterlogged and freely drained soils [34] 

Tab 1 eau 7. Matiere seche, nombre, diametre et longueur des racines 
d'avoine d'hiver apres 8 jours de croissance dans les sols inondes et recemment 

draines [34] 

Plants in 
Root features 

Average dry weight of roots, g_·plant-1 

Average diameter of roots, cm 
Average number of lateral roots per plant 
Oifferent sized seminal roots, cm 

0-1 
1-5 
5-10 

10-20 
20+ 

waterlogged soil 

0.021 
0.066 

10 

17 .5 
41 
14.5 
27 

o 

freely drained soil 

0.024 
0.039 

:SB 

6 
32.5 
15 
20 

26.5 

opments which is shown in Table 7. Oecreasing rooting depth of potato, tomata and 

tulip growing in soil affected by low oxygen supply was indicated by Wiersum[281] . 

The critical ODR values for other plants are differentiated and ( in µg-m- 2,s-1) 

are equal to 25 for barley [173], 42 and 20 for maize [33, 259], 33 for sunflower 

[171, 173], 33 for snapdragon [242], and 33 for cotton [171]. Growth of grasses 

was inhibited at an ODR of 25 µg-m- 2-s-l for turfgrass and 17 µg•m- 2-s-l for rye

grass [98, 170], 8 to 15 µg,m- 2-s-l for Kentucky bluegrass and 33 µg,m- 2,s-l for 

Newport Kentucky bluegrass [172]. Desert shrubs such as Artemisia tridentata, Lar

rea tridentata, and Franseria dumosa [179] have critical values of ODR in the 
range 30 to 35 µg,m- 2,s-1. 

Root growth of plants adapted to prolonged flooding (e .g .. rice) is better 

in such conditions than when not flooded. This causes a decrease of shoot to root 

ratio due to flooding the soil [137, 181]. These plants generally have mare po

rous roots and sometimes, e.g., black mangroves (Avicennia nitida), from special 

aerial roots (pneumatophores) containing aerenchyma, which supply oxygen to the 

normal roots. 

5.2. Root growth force and pressure 

The effect of oxygen on root growth pressure was studied by Eavis et al. [Bł] 

for peas and cotton using the dead-load technique. Average root growth pressure 

values did not change significantly for 3, 8 and 21% •2 treatments in the case of 

peas and ranged from 1.1 to 1.4 MPa, while those for cotton nodules decreased 

from 0.95 to 1.1 MPa at 8 and 21% •2 to 0.5 MPa at 3% •2. 
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Souty and Stępniewski [236] measured root growth force and pressure for young 

(2-4 days) maize seedlings using a strain gauge technique at oxygen concentration 
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Fig. 2!. Dependence of growth force of maize seminal roots before and after their 
deformation due to facing the obstacle (each point is a mean value of 4 seedlings) 
on oxygen concentration in the gas mixture surrounding the entire plant and the 

radicle only [236 J 
Fig. 21. Oependence de la force de croissance des racines seminales de mais avant 
et apres leur deformation due a l' obstacle (chaque point est la moyenne de 4 brins) 
de la concentration d'oxygene dans le melange de ~az entourant toute la plante et 

seulement la radicule L236] 

ranging from O to 20%. The oxygen concentration was changed around the antire 

seedling or around its radicle only. Bath root growth force and pressure as well 

as the growth rate decreased at oxygen concentrations below 3-5% (Fig. 21). As it 

can be seen the plant response was mare pronounced when the entire seedling was 

in the gas mixture of lowered oxygen concentration. When only the plant radicle 

was exposed to oxygen stress the growth force (and thus pressure) was less affect

ed, at least partly, due to possible oxygen diffusion through the plant tissue 

from the coleoptile to the radicle. The maximum mean root growth force of the ra

dicles was 0.6 N before their deformation and 1.1 N after deformation of the im

peded roots. This corresponded to the growth pressure 0.4 MPa and 0.65 MPa for 

undeformed and deformed roots, respectively. 
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5.3. Water uptake 

It has been known that flooding the roots wi th water causes partial or complete 

inhibition of water uptake and transpiration [e.g., 2, 8, 42, 112, 128, 130, 175, 

256, 282, 285]. 
A positive linear correlation has been found between oxygen uptake by roots 

and water use by plants with undamaged root systems [112]. 

The waterconducting ability of Lycopersicon esculentum Hill. [41, 130, 150), 

Nicotiana tabacum L. [152] and several Pyrus species [BJ was found to decline in 

response to flooding. Several authors sugested explanation that the decrease in 

the water permeabili ty of the roots due to anoxia leads to a decrease in the water 

potential of the leaves and in consequence, the closure of stomata observed in 

numerous herbaceous and woody plant species [58, 130, 205, 232]. 

It is true that same authors [83, 93, 150, 152] have observed the intensifi

cation of water stress after flooding the roots. In many cases, however, this phe

nomenon was not confirmed, and even an opposite effect, i.e., on increase of water 

potential in leaves under conditions of root anoxia induced either by flooding 

[130, 205, 256] or by introducing nitrogen to the soil [233] has been revealed. 

This means that the decreased water permeability of the roots is not the only 

factor reducing transpiration, as the cause-and-effect relationship between root 

permeability and stomata closure has not been proved. Thus further work is re

quired to elucidate of the nature of signals responsible for stomatal closure with 

root anoxia and to evalualte the role of root permeability in the decreased water 

uptake by the plants. 

6. NUTRIENT CONTENT AND UPTAKE BY ROOTS UNDER OXYGEN STRESS 

Oxygen stress in the soil causes the disturbances in the functionning of the 

root system, also in the nutrient uptake and content in the root. 

A review of papers [56, 77, 133, 137, 154, 156-159, 176, 214, 230, 241, 268, 

270, 279] on the changes of nitrogen, phosphorus, potassium, calcium, magnesium, 

sodium, chloride and same micronutrients (baron, zinc, copper, manganese and iron) 

content and uptake in roots of various plants under the influence of oxygen stress 

is presented in Tables 8-11. 

As can be seen, the direction of the changes is different in different plant 

roots. In all cases uptake is decreased which is connected with a distinct de

crease in the mass of the root exposed to oxygen deficiency [96]. Also allOOst in 

all cases a decrease in potassium, magnesium, chloride and ammonium [215] content 

in roots was found. A tendency in increasing manganese, iron and zinc in roots 

when oxygen concentration decreases is also visible. 
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Tab 1 e 8. Changes in N, P, and K content and uptake by roots of various 
plants under a shortage of oxygen in soil 

Tab 1 eau 8. Changements de teneur en N, Pet Ket d' absorption par les 
racines de diverses plantes dans le cas de deficit du sol en oxygene 

Plant 

Leman 

Leman and orange 
Apple tree 
Jojoba 
Avocado 

Potato 
Barley 
Peas 

Nitrogen Phosphorus Potassium 

cont. upt. ref. cont. upt. ref. cont. upt. ref. 

+ [158] 
+ [154] 
+ [157] 

[241] 
[268] 

+ [214] 
+ [159] 

[230] 
[279] 
[80] 
[56] 

o 
o 

o 
o 

[158] 
[154] 

- [157] 
[241] 

[214] 
[159] 
[230] 

- [279] 
[79] 
[56] 

o [158] 
[ 154] 
[ 157] 
[241] 
[268] 
[214] 
[ 159] 
[230] 
[279] 
[79] 
[56] 

49 

Explanations: cont. = content, upt. = uptake, ref. = references, decrease, 
+ = increase, O= insignificant changes. 

Explications: cont. = teneur, upt. = absorption, ref. = references, - = dimi
nution, + = augmentation, O= changements insignificants. 

Tab 1 e 9. Changes in Ca, Mg, and Na content and uptake by roots of 
various plants under a shortage of oxygen in soil 

T a b 1 e a u 9. Changements de teneur en Ca, Mg et Na et d'absorption par 
les racines de diverses plantes dans le cas de deficit du sol en oxygene 

Calcium Magnes i urn Sodium 
Plant 

cant. upt. ref. cant. upt. ref. cont. upt. ref. 

Leman o [158] [158] o [ 158] 
[154] o [154] + [154] 
[157] [157] [157] 

Lemon and orange [241] o [241] 
Jojoba o [214] [214] [ 214] 
Avocado + [159] [159] [ 159] 

[230] + [ 230] 
Potato - [279] 
8road bean - [279] 
Cabbage - [279] 
Wheat - [279] 
Peas [56] o [56] 
Apple tree [268] 

For explanations see Table 8. Explications v. tableau 8. 
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Tab 1 e 10. Changes in Cl, B, and Zn content and uptake by roots of various 
plants under a shortage of oxygen in soil 

Tab 1 eau 10. Changements de teneur en Cl, Bet Zn et d'absorption par les 
racines de diverses plantes dans le cas de deficit du sol en oxygene 

Plant 

Leman 

Leman and orange 
Avocado 

Barley 
Jojoba 

Chloride Baron Zinc 

cant. upt. ref. cant. upt. ref. cant. upt. ref. 

[158] 
[154] 
[157] 

[241] 
[159] 
[230] 
[133] 

o 
o 
+ 

o 

+ 

[156] 
[158] 
[154] 
[157] 
[241] 

[214] 

+ 

o 
+ 

o 
+ 

o 

[156] 
[158] 
[154] 

- [157] 
[241] 
[159] 

[214] 

For explanations see Table 8. Explications v. tableau 8 . 
..., 

Tab 1 e 11. Changes in Cu, Mn, and Fe content and uptake by roots of various 
plants under a shortage of oxygen in soil 

T a b 1 e a u 11. Changements de teneur en Cu, Mn et Fe et d'absorption par 
les racines de diverses plantes dans le cas de deficit du sol en oxygene 

Copper Manganese Iron 
Plant 

cant. upt. ref. cant. upt. ref. cant. upt. ref. 

Leman + [156] + [ 156] + [156] 
o [158] o [158] o [158] 

[154] + [154] + [154] 
[157] [157] [157] 

Orange and leman + [241] + [241] + [241] 
Jojoba o [214] + [214] + [214] 
Avocado o [230] o [230] o [230] 

For explanations see Table 8. Explications v. tableau 8. 

In flooding conditions the changes of the pH of medium may change the availa

bility of same elements by roots. It has been recently revealed [74] that within 

24 h the pH of the nutrient medium of sunflower plants in the flooded treatments 

was 1 pH unit higher than that of the nonflooded treatments and remained higher 

over several days. 
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7. ADAPTATION OF PLANT ROOTS TO ATMOSPHERIC STRESS IN THE SOIL 

Atmospheric stress in the soil is referred to o~ygen deficiency, waterlogging, 

and anaerobiosis [153]. All involve a build-up of carbon dioxide, ethylene, and 
other potentially toxic gases, and oxygen depletion which leads to a reduction of 

anaerobie respiration. 

It is proved that no plant can survive under complete anoxia for prolonged pe

riods. Although few plants are subjected to complete anoxia, many are exposed to 

periodical oxygen deficiency caused by water-saturated, compacted or surface seal

ed and crusted soils. In the case of waterlogging it should be noticed that it 

occurs not only when soil is inundated but also when water fills a critical pro
portion of the soil air spaces [145]. 

Anoxia intolerant plant species survive oxygen-free conditions for periods 
ranging from hours to days, or eventually degenerate [76]. This period for cotton 

tap root is in the range of 0.5-3 h [122]and for rice seminal roots of 96-120 h 

[32]. Anoxia tolerant plants or organs survive much mare extended periods. Craw

ford [65] found that a number of wetland species that over-winter in anaerobie 

mud survived for a period of 2 months or mare (Scirpus maritima) and for 1 month 

or mare (Schoenoplectus lacustris, S. tabernaemontani, Typha angustifolia, Phrag
mites australis and Iris pseudacorus). 

Waterlogging of the soil rapidly alters both the physical and biological en
vironment of plant roots and drastically limits the diffusion of oxygen from the 

soil to the root system. In inhibits root growth, and root hair formation, in

creases susceptibility of roots to attack by predators and pathogens. Under pro

longed flooding roots may blacken, die, and eventually rot [153]. 

Plants subjected to longlasting atmospheric stresses in the soil form same 
adaptative mechanisms, which allow them to grow, develop and yield. Plant toleran

ce to root flooding is relative and depends on their variety and stage of develop
ment. There is, however, controversy in the literature as to whether same pheno

mena e.g., adventitious roots or lignification are symptoms of flooding injury or 

a beneficial adaptation to waterlogging. 

Numerous authors identified three different kinds of plant adaptation to ano

xia in the soil viz. anatomical and morphological adaptation to internal transport, 

shallow rooting, and metabolic and physiological adaptation. 

7.1. Anatomical adaptation 

This adaptation has been reviewed by many authors, e.g., [4, 6, 12, 13, 17-19, 

59, 73, 75, 77, 79, 93, 116, 117, 139, 181, 218]. 
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Fig. 22. Transverse sections of 2nd whorl adventitious roots in scanning electron 
microscope [78] 

Fig. 22. Sections transversales des racines adventives sous le microscope a ba
layage [78] 

It is mainly evaluated by the capability in taking o2 into the plants via the 

aerial parts, translocating o2 by the process of longitudinal diffusion to the 

root systems , and partly diffusing out of the root systems. 
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One of the most common anatomical adaptations is the formation of increased 

intercellular air spaces in root cortex that provide canals parallel to the axis 

of the root to a distance of 2 to 3 mm from the root tip through which gases can 

diffuse longitudinally (Ftg. 22). They are found in the suberized root ti ssue 

known as aerenchyma [73, 77, 7B, 145, 146]. 
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Fig. 23. Rice root porosity in active tillering phase as affected by soil air [96] 

Fig. 23. Porosite de la racine du riz dans la phase de tallage sous l' influence 
del' aeration du sol [96] 

The porosity of mesophyte roots is slight (of the order of several percent of 

the root volume). However, under conditions of soil inundation with water, even 

with these plants it is quite common to find the development of adventitious 

roots containing aerenchyma [7~] and having a poros ity much greater than in the 

primary roots [1B1] (Fig. 23). This results in an increase in root pomsity under 

conditions -of insufficient oxygen supply from the soil which was reported by many 

authors [2, 5, 24, 47, 124, 1B0, 197, 229, 231, 233, 263, 2B7]. 

Two kinds of aerenchyma has been described :. lysigenous and schizogenous [B5]. 

The first is formed when intercellular space arises through dissolution of en

tire cells. The second is connected with a separation of cell walls from each 

other along mare or less extended areas of their contact. 

McPherson [193] was the first who clearly defined lysigenous aerenchyma forma

tion. He observed that aerenchyma formation in maize roots is preceded by the 

disappearance of protoplasm from the cell, bulging cells, death of cells, and by 

collapse of cell walls. He observed that: 1) aerenchyma formation in maize roots 

is prevented by o2 application, 2) increased respiration by raising temperature 

invarfably increases aerenchyma formation, and 3) aerenchyma is never produced in 

the stelar tissue, but in the cortex, which is distal to the conducting tissue of 

the food. Based on these findings his stipulation is that death of the cells is 
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caused by starvation since anaerobie respiration is insufficient to maintain cel

lula integrity. 

Woterlogging 

('•~•{=,se 
Cellc[<,se Al,ity '""~~ 
Aerenchymo Oevelopment 

Fig. 24. Sequential steps in aerenchyma development [14~] 

Fig. 24. Degres de developpement d'aerenchyma [145] 

The results described earlier suggested [144] to propose a chain of events 

in which waterlogging leads to aerenchyma development through elevation of ethy

lene concentration, which in turn increases cellulase activity (Fig. 24). 

Beckel [29] examining Bouteloua gracilis, in which aerenchyma develops into 

root cortex under normal conditions, without waterlogging, found that plant has 

aerenchyma in the basal region of the root except for a short distance behind the 
growing point. Also, there is no aerenchyma near the tips of the adventitious 

roots formed in the water by waterlogged sunflower plants [146]. It seems that 

normal adventitious roots develop in sunflower plants even in water. If they are 

kept continously in water, aerenchyma develops gradually as the roots increase 

in age. Philipson and Coutts [207] found that o2 diffuses at the bases and tips 

of lodgeople pine roots grown anaerobically, while it diffuses only at the bases 

of the roots grown aerobically. It shows that metabolically active root tips get 

a better o2 supply with this kind of aerenchyma development. 
Williams and Barber [283] took the attention on the other role of aerenchyma. 

They stated that aerenchyma provides the greatest strength with the least tissue 

and that minimal tissue requires the minimum amount of o2 under anaerobie condi

tions. In other words it is a decreased demand for oxygen arising from the smal
ler number of cells present in aerenchymatous roots. 

After investigating 2 types of aerenchyma (lysigenous and 

waterlogged roots, Yamasaki [286] observed 2 types of radial 

schizogenous) in 

cortical cell ar-
rangement - columnar and oblique (Fig. 25). The columnar type had much mare air 

space per unit area of cortex, as the oblique type provided that the cell sizes 

are equal. He found the columnar type (intensified by the development of lysige

nous aerenchyma) to be mare waterlogging-tolerant than the oblique type con-
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nected with schizogenous aerenchyma). As examples: Fagopyrum esculentum (with 

oblique type of cortical cell arrangement) and Polygonum thunbergii (with column

ar type) have been presented. 

It is a generał opinion that plants whose root do not readily form aerenchy

ma [e.g., peas 75] belong t.o the group which is most sensitive to flooding. 

Same plant species develop specialized knee roots and pneumatophores, consti

tuting a diffusion path for gases [93, 250]. 

A 

Fig. 25. Schematic illustration of cross section of root cortex describing 2 
types of cortical cell arrangements: colurrnar (A) and oblique (B). Rand shaded 
area indicate cell radius and intercellular space, respectively. Vertical line 

of each drawing is tangential to the root cross section [145] 

Fig. 25. Presentation schematique de la section du cortex racinaire decrivant 2 
types d'arrangement de cellule corticale: columnaire (A) et oblique (B). R et 
espace hachure indiquent respectivement le rayon de la cellule et l'espace inter
cellulaire. Ligne verticale de chaque dessin est tangente a la section de la 

racine [145] 

In mangrove, a swamp plant roots possesses a specific mechanism for the entry 

of o2 into it - lenticels [115, 190, 207]. 

According to Yamasaki [286] also the lignification of cortex and epidermis 

which occurs mare strongly in waterlogging-tolerant species than in nontolerant 

species may prove about plant adaptation to oxygen deficit. It may increase the 

mechanical strength of plant and increase disease resistance. 

He suggests the classification of waterlogging-tolerance based on the ligni

fication, cortical cell arrangement, and aerenchyma development in the roots ( I -

weakest and VIII - strongest): 

I. No lignification; oblique; less aerenchyma - Welsh anion, carrot, Astra-

galus sinicus. 

II. Lignified epidermis; oblique; patat•, pepper, tomat•, cosmos, buckwheat. 

III. Lignified epidermis and cortex; oblique; aerenchyma development - barley, 

wheat. 

IV. Lignified stele - rape, Japanese horseradish, sweet patat•. 
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V. Tannin-like substance in root; oblique - Saxifraga stolonifera, Equisetum 

arvense, taro. 

VI. Aerenchymatous epidermis; rarely lignified epidermis and cortex - Polygo

num Thunbergii, Acorus calamus, Cyperus microiria, Cyperus malaccensis, Eleocha

ris tuberosa, Sagittaria trifolia, Nalumbo nucifera, Oenanthe stolonifera. 

VII. Strongly lignified epidermis; large aerenchyma - rice, Zizania latifo

lia, Beckmannia eruciformis, maize, Setaria italica, Coix Ma-yuen, Commelina com
munis. 

VIII. Lignified epidermis, cortex, and root hair; aerenchyma in cortex - Jun

cus effusus, Juncus alatus, Iris laevigata. 

Krizek [153] has reported that fruit tree species have a wide-range of tol

erance to long periods in water-saturated soils. The roots of apple, pear, and 

quince are relatively tolerant to flooding while those of peach, apricot, and 

almand are generally considered highly sensitive. 11Myrobalan" plum is intermedi

ate in tolerance [219]. 

While discussing the anatomical adaptation of plant roots to atmospheric 

stress it is worth to mention about the studies carried out by Trolldenier and 

Hecht-Buhcholz [254] on the ultrastructure of wheat roots grown in aerated and 

unaerJted nutrient solutions. They found that the ultrastructure of the root cap 

meristem cells of unaerated roots was similar to that of the aerated ones. The 

same was true for the central root cap cells. Differences occurred in the peri

pheral and subperipheral cells of the root cap. The cytoplasm of these cells ap

peared to contain less organelles in the unaerated roots than in the aerated ones. 

A curious example of adaptation to flooding is floating or deep water rice 

grown in the floodplains of Southern Asia where the water can rise up to 6 m dur

ing the rainy season [209]. The distinguishing characteristics of this rice is 

its ability to elongate with rising waters, and the growth rates of 20-25 cm x 

x day-l have been recorded with the total plant height reaching up to 7 m. Its 

survival depends on the ability to keep tip of its foliage above the water sur

face and completely submerged plants cease to elongate and eventually die. Raskin 

and Kendle [209] found that in partially flooded deep water rice continuous air 

layers happend between the hydrophobic, compacted surface of the leaf blades and 

the surrounding water constitute the major path of gas transport. The total vol

ume of the air layers on both sides of a leaf blade is about 45% of its volume. 

The conduction of gases through the interna! air space of the leaf is negligible 

component to that through the external air layers. Gases move through the air 

layers both by diffusion and mass flow. 

The air layers are vital for the survival of the partially submerged rice 

plants. Plants without air layers (e.g., washed with a surfactant solution) do 
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not grow in response to submergence and the submerged parts of the plant deterio

rate as evident by rapid loss of chlorophyll and protein [209]. 

Another mechanism of gas exchange found in water plants is pressurised ventil

lation. This phenomenon was reported first in 1841 [208] in leaves cf lotus (Ne
lumbium). Merget [195] demonstrated the physical nature of this phenomenon in an 

experiment with dead lotus leaves, which after remoistening exhibited their ca

pacity for pressurisation. Recently this phenomenon was studied in detail in yel

low water lily (Nuphar luteum) by Oacey [68, 69]. This plant, growing in lake se

diments, has a rhizome measuring several meters in length and up to 10 cm in dia

meter and several rosettes of leaves that rise up through the water on petioles 

which may be 2 m long. The plant has an extensive system of continuous gas spa

ces or lacunae occupying about 60% of the petiole volume and up to 40% of the vo

lume of the roots and rhizome [69]. It was found that young leaves of the water 

lily show a small overpressure of up to 0.2 kPa. Oue to this pressure several li

tres of air per day move to 50 cm-min-land then up the petioles of the older 

leaves to the atmosphere. The overpressure in the young leaves is created by pur

ely physical processes of thermal transpiration and hygrometric pressure induced 

by the temperature difference between the leaf and the atmospheric air. It occurs 

only during the day when solar energy creates the temperature differences. This 

mechanism obviously not only supplies oxygen but also removes methane and carbon 

dioxide from plant tissues [70, 71]. It is not known how widespread this pressuri

sed ventilation is among aquatic plants and further studies on this topie are 

necessary. 

Due to the anatomical adaptation to internal gas transfer roots are able to 

oxidize the surrounding soil, leading to formation of oxidized coatings on root 

surface the amount of which is thought generally to be a function of the content 

of reduced Fe and Mn [49, 77, 99, 174, 249] and the oxidizing capacity of the 

roots [25, 194]. 

Good et al . [97] examined the composition of the green ash (Fraxinus pennsyl

vanica Marsh.) roots caating (Al, As, Ca, Fe, K, Mg, Mn, Ni, Pand Zn) as the ef

fect of soil wetness. They proposed first to use this root caating constituents 

as an indicator of rhizosphere oxidation. 

7.2. Morphological adaptation 

The basie method of morphological adaptation of herbaceous wetland species to 

tolerance flooding is the formation of adventitious roots containing aerenchyma 

that emerge from the base of the shoot (at and above the root collar) 0.9, 54,145]. 

Clemens et al. (54] examining root systems of three young seedlings of Euca

liptus species during 7-10 weeks of waterlogging found that mare than 90% of their 

root systems was replaced with new adventitious roots. They concluded that the 
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greater the adventitious root formation, the greater thewaterlogging-tolerance of 

plants. 
Adventitious roots were also found with 17 woody species by Hosner and Boyce 

(120], with sycamore, green ash, and water tupelo by Hook and Brown [114], with 
red maple and sugar maple by Maronek and Watt [190], with sunflower and tomata by 
Kramer (151], and Jackson [132], with cucumber and tomata by Hozumi [121]. 

There is a controversy as to the origin of adventitious roots - are they in

fluenced due to the anaerobie effect causing the accumulation of auxin or by the 

"water effect" of waterlogging? [151, 271, 272]. 

7.3. Shallow rooting 

Shallow rooting is a third way of plant adaptation to oxygen deficient media 

[96]. In this was the roots remain in the surface layer of the soil which is mare 

abundant in oxygen than deeper horizons. Moreover, the path for interna! diffusion 

in such roots, which are shorter than in plants grown in well-oxygenated media, 

is usually shorter. According to Huck [122] shallow horizonal rooting is explain

ed by the death of the top roots after reaching the anoxic layer folowed oy sti
mulation of lateral root growth. Another mechanism responsible for shallow root 
ing is aerotropic root growth [269, 278] i. e ., upward growth to bet ter oxygenated 

soil layers. Due to this roots grow sometimes just at or even above soil surface 

[129]. 

7.4. Metabolic and physiological adaptation 

Metabolic and physiological adaptation to withstand anoxia have been discus
sed recently ba a number of authors [ 23, 25, 46, 48, 49, 63, 75, 76, 97, 114, 136, 

194, 249, 275] . 

The mechanism of such adaptation, which seems to be important, at least dur-

ing short term oxygen deficiency, is rather obscure. Such adaptation involves: 

- a decrease of Pasteur effect, 
- ethanol removal from roots, 

- alternative metabolic path leading not to ethanol but to less toxic end pro-
ducts such as malate, lactate, shikimate , glutamate, the amino acids or glycerol. 

The results of the study carried out by Carpenter and Mitchell[46] with flood

-tolerant and flood-intolerant roots of 4 tree species indicate that roots of all 

these species possess CN-resistant as well as CN-sensitive •2 consumption mecha

nisms. Use of specific respiratory inhibitors: cyanide (KCN) and salicylhydroxa

mic acid (SHAM) also indicated that different species possess different proportions 
of the two pathways (oxic and anoxic), and that these proportions shift in re
sponse to flooding. The finał statement is that cumulative flooding causes damage 

to the aerobic respiratory mechanism in roots of flood-intolerant species. 
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Lambers [160] reported that the root respiration rate of Senecio aquaticus 

(flood-tolerant species) was lower than that of Senecio jacobaea (flood-intole

rant). This was confirmed by Carpenter and Mitchell [45, 46] with reference to 
roots of same tree species (Acer saccharum, Acer rubrum, Taxodium distichum, Ta
xus cuspidata). This would suggest that the low respiratory activity of roots may 

be an adoptive feature increasing root tolerance to flooding. 

Several authors [59, 61, 62] try to explain why certain tree species are re

sistant to damage by waterlogged soils. One possibility is that enough •2 dif

fuses through lenticels and intercellular spaces to sustain aerobic respiration 

in submerged roots of tolerant species [59]. Alternatively, flood-tolerance in 

trees [61, 62] as in certain herbaceous species [192], may depend on the ability 
of roots to cope with products of anaerobie respiration. Such tolerance mecha

nisms need not be mutually exlusive, since flooded roots of Fraxinus pennsylva

nica and Nyssa aquatica not only receive •2 internally from the shoot, but also 

accumulate ethanol [114]. 
Plant hormones have been shown to play also a role in adaptation of roots to 

flooding. In generał, increased resistance to this stress is associated eith a 

rise in endogeneous abscisic acid (ABA) and a drop in giberellins [153] which 

cause an increase in the root permeability to water through enhancement in hydrau

lic conductivity of the root. 

Recently, attention has turned to the possibility that the composition of mem

brane lipids (especially in relation to the synthesis of unsaturated fatty acids 

which is dependent on molecular oxygen [243])could play a key role in anoxia to

lerance [52, 111, 265]. 
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INFLUENCE DES CONDITIONS D'OXYGENE DANS LE SOL SUR LA CROISSANCE ET LE 
FONCTIONNEMENT DES RACINES (LA REVUE DES PUBLICATIONS) 

R e s u m e 
L'etat d'aeration du sol est un des plus importants facteurs qui influencent 

les racines des plants. L' oxygene du sol exerce sur les racines l' influence direc
te et indirecte. Les racines des plusieurs plantes ne sont approvisionnees en 
oxygene que par la diffusion radiale d'oxygene de la surface de la racine vers 
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son interieur . Avec la presence del' oxygene est etroitement liee la respiration 
des racines (respiration de croissance, de maintien et d'adsorption). 

La respiration des racines, outre l' oxygene, est influencee par d'autres fac
teurs exterieurs (bioxyde de carbone, ethylene, temperature, resistance mecanique 
du sol, potential redox et acidite du sol, fumure minerale et salinite du sol) 
et par des facteurs interieurs lies avec la respiration des tissus et l' action des 
parties aeriennes des racines. La respiration des nodosites a ete peu etudiee. 

Sous l'effet du manque d'oxygene dans les racines apparaissent le bioxyde de 
carbone et les metabolites fermentatifs (ethanol, ethylene et son precurseur ACC 
et aussi certains acides organiques). De meme, la reserve d'energie est limitee, 
ce qui entraine le freinage du processus d'adsorption et du transfert del' eau et 
des elements nutritifs dans les racines. Le deficit d'oxygene dans le sol influen
ce la croissance des racines, le prelevement des elements nutritifs leur teneur 
dans les racines. 

Les racines des certaines plantes ant la faculte d'adaptation au stress d'oxy
gene dans le sol ·par le changement de leur structure anatomique et morphologique, 
l'enracinement peu profond et les changements metaboliques et physiologiques. 

Dans ce travail sont presentees les questions enumerees ci-dessus, fondees 
sur la litterature et les resultats des recherches effectuees par les auteurs. 

J. Gliński, W. Stępniewski 

WPŁYW WARUNKÓW TLENOWYCH GLEBY NA WZROST I FUNKCJE KORZENI 
(PRZEGLĄD LITERATURY) 

S t r e s z c z e n i e 

Stan natlenienia gleby jest jednym z najważniejszych czynników wpływajęcych 
na korzenie roślin. Tlen glebowy wywiera na korzenie wpływ zarówno bezpośredni, 
jak i pośredni. Korzenie wielu roślin zaopatrywane sę w tlen jedynie na drodze 
radialnej dyfuzji tlenu od powierzchni korzenia do jego środka. Z obecnościę tle
nu ściśle jest zwięzana respiracja korzeni (wzrostowa, zachowawcza i adsorpcyj
na). 

Oprócz tlenu na respirację korzeni wpływaję inne czynniki zewnętrzne (dwutle
nek węgla, etylen, temperatura, opór mechaniczny gleby, potencjał redoks i kwa
sowość gleby), jak i wewnętrzne zwięzane z oddychaniem tkanek i wpływem części 
nadziemnych korzeni. Charakterystyczna jest respiracja brodawek korzeniowych. 

Pod wpływem niedotlenienia pojawia się w korzeniach dwutlenek węgla i fermen
tacyjne metabolity (etanol, etylen i jego prekursor ACC oraz niektóre kwasy orga
niczne). Również ograniczany jest zasób energii powodujęcy spowolnienie procesu 
adsorpcji i przemieszczania wody i składników pokarmowych w korzeniach. Niedobór 
tlenu w glebie wpływa na wzrost korzeni oraz pobieranie składników pokarmowych i 
ich zawartość w korzeniach. 

Korzenie niektórych roślin maję zdolność adaptacji do stre3ów tlenowych w gle
bie poprzez zmianę ich budowy anatomicznej i morfologicznej, płytkie korzenienie 
oraz zmiany metaboliczne i fizjologiczne. 

W opracowaniu omówiono szczegółowo wymienione wyżej zagadnienia na podstawie 
obszernej literatury oraz wyników badań własnych. 


