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ROOT AERATION AND CROP GROWTH

"The assumption is not unwarranted that
frequently soil aeration constitutes a
limiting factor for the growth of some
type of crops and that it may be an

ecological factor of significance."

Hoagland

I. INTRODUCTION

Crops, as far as they belong to the higher plants, have developed
a structure adapted to utilizing two distinct environments. The
aerial surroundings mainly provide light, carbon dioxide and oxygen,
while the soil usually is the source of water, minerals and minute
quantities of a varied array of soluble organic substances. Contact
with and utilization of the soil environment is performed by the
root system, besides its function of providing anchorage for the
plant. .

1f we are to understand the relation between crop growth and
root aeration the functions the root system has to perform must be
clearly described, The impairment of these functions under
conditions of inadequate oxygen supply is the cause of restricted
growth of the crop.

The substance, which is extracted from the soil in the largest
quantities, is water, For an effective extraction the root system
has to develop a large surface perméable to water and an efficient
conducting system. Besides being large, this root-soil interface
should be well distributed throughout the soil volume occupied by
the root system. These same requirements have to be met in order to
function effectively in the absorption of mineral nutrients (Kullmann,
1957; Geisler, 1963/1964; Newman and Andrews, 1973).

Besides water and mineral nutrients the soil contains an enormous
array of soluble organic substances as the result of enzymatic and
microbial activities. Essentially a very large number of these
substances can enter the root and are indeed absorbed in minute

quantities (Kloke, 1963),
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But next to supplying the above-ground parts of the plant with
basic gubstances for its synthetic processes the root also converts
part of its absorbed minerals into organic material, Thus its
metabolism is an integral part in the overall process of growth,
development and production of the total plant. Besides taking into
account this conversion of part of the mineral ions into organic
derivatives, 1t must be realized that the root is also the seat of
production of many other substances, including those with growth
regulating capacity. In considering the importance of the contribution
of root performance to the well-being and productivity of the plant
these latter aspects should not be forgotten, .

Last of all the root system - usually only a part of it - can
function as a storage organ. This also implies periods of high
metabolic activity, which results in certain demands on its enviromment.

For an optimum development and functioning of the root system the
soil surroundings have to be favourable. Quite a number of factors are
involved: i.e. reasonable values of water content, chemical fertility
and pH, no mechanical impediment to root penetration and not toxic
substa&kes. But our discussion will mainly be restricted to effects
of supply with oxygen and removal of carbon dioxide.

A general cutline concerning the requirements of the root system
and the basic factors inveolved in its supply will be presented.
Attention will then be given to the response in root growth and
resulting effects of poor development on soil utilization. A review
of the effects of inadequate aeration conditions on root metabolism
will then lead to an attempt at integration and depiction of intégral
crop response.

For more detailed information the reader is referred to the list

of more recent reviews, mentioned in the references.
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IT1. OXYGEN REQUIREMENT OF THE ROOT SYSTEM

In considering the root-soil interrelationships in aeration the
first thing that is needed is some information on the oxygen
reﬁuirements of the root system. Although root oxygen consumption
has been measured in numerous experiments, we are still confronted
with a lack of really adequate data in many cases.

In table | some of the available data on root oxygen consumption

are summarized.
Table 1. Some data on oxygen consumption by root tissues

Species Type of root tissue Consumption in gg/g  Author
dry weight/hour
approximate values

wheat seedling roots 4200 Coster 1932/33

rice seedling roots 3000

onion  young root tips 10000-30000 Berry and Norris
1949

differentiated tissue 4000-9000

potato mature roots 9400-17000 Bushnell 1956

wheat young root tissue 1710 Eliasson 1959

barley young seedling root 4480-5600 Pitman 1969

maize young root zones 3600-7200 Luxmoore et al.
1970

rice young root zones 72520—12600_

melon mature roots 15000 Vartapetian et

al, 1970

From a physiological point of view one must take into account the
type of root material that has been used, Most often the investigation
has been performed using young, vigorously growing roots. Even quite
often the zones near the tip have been utilized. These are the zones
with a high proportion of live parenchymatic cells, with only little
lignified tissue and without suberized outer layers. Oxygen consumption
of these young roots as expressed on unit dry weight is apt to be
high in comparison to older and thickened roots (Schmucki, 1949). Also
the temperature under which the determinations were performed in the

laboratory are often rather high in comparison to those pertaining
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in the so0il during long periods. Thus it makes little sense to
utilize these figures without some transformation in calculating
oxygen‘consumption of a whole root system,

Oxygen consumption of total, intact root systems in the soil has
also been measured in different investigations. A few data are

compiled in table 2,

Table 2. Approximate data on oxygen consumption by soil and root
systems

Crop Soil type Soil only Plant in situ Source
1 02/m2/day 1 02/m2/day

potato  sand 3.4
sandy clay loam 5.4 4,1
sandy clay loam 10.2 2.8 Hawkins 1962
kale sand 4.4 Hawkins 1962
tobacco fen soil 10.6 3.6
potato ' 2.8
kale 5.6
tobacco 3.0
. sandy clay loam 2,2 ~ Brown et al.
_ 1965
peat top soil 10.8 -

It seems worthwhile to compare these two sets of data. This can
be done by utilizing data on root mass in the soil for potatoes
(Goedewaagen and Schuurman, §950) and for maize (Barber, 1971).

If this is done there is a reasonable agreement, taking into account
the uncertainties in conversion factors involved.

From an ecological point of view the question arises, whether
account should be taken of respiration of the aseptic root proper
or the oxygen consumption of the root and its attached rhizosphere.
As the rhizosphere sensu stricto is an integrated part of any root
in the soil it seems appropriate to use the latter data., Most
consumption data on excised roots have been obtained on non-aseptic
roots, so that the respiration of some kind of rhizosphere population
is included. _

The variation in values can be related to a number of different
factors., First of all the respiration of the roots will differ from
species to species (Coster, 1932/33; Hawkins, 1962; Brown et al,,

1965; Fiscus and Kramer, 1970) or even between cultivars of one
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species. But as a metabolic process respiration is sensitive to
temperature, and as the values were obtained under variable
circumstances this explains part of the variation as well,

© Quite often a2 hundred percent increase in respiration has been
encountered over 10°C rise in temperature (Berry and Norris, 1949;
Eliasson, 1959). Within a range of about 0 - 35°C, in which many
roots are viable, oxygen consumption may thus vary by a factor of
about 8. Poor aeration is thus less deleterious at low temperature
because root demand is less (Cannon, 1924). This is often clearly
demonstrated by the resistance of many vegetations against flooding
in winter.

As oxygen moves into the soil it mainly diffuses along a g}adient
of decreasing partial pressure. Roots in the soil will thus encounter
quite different oxygen pressure conditions at their surface in
relation to their location in the soil and the conditions immediately
surrounding them (Wiegand and Lemon, 1958). We must therefore consider
the problem to what extent root respiration is affected by oxygen
pressure in the medium.

Différing according to temperature one usually finds that root
respiration goes on unimpaired over the first range of decrease in
pfessure (Cannon, 1924; Geisler, 1967). So quite often oxygen content
can be lowered to 10Z in the gas phase without an effect on root
metabolism. But below a certain oxygen content root respiration
gradually declines as oxygen pressure is lowered.

As long as all internal cells are still adequately supplied root
respiration will remain constant. But at a certain moment the decline
in oxygen pressure through the respiring tissue inwards will become
limiting for the innermost cells, According to Greenwood (f969) the
affinity of cytochrome for oxygen is so high that the actual rate of
respiration would only be impaired at values lower than 0.004 atm. 0O,.
A caleculation - assuming a root of 0.74 mm thickness - shows that
1/100 atm. pressure of oxygenm at the root surface would allow all
internal tissues to be adequately supplied. The decline in oxygen
consumption with still lower external pressures may thus partly be
accounted for by the fact that an increasing volume of internal tissue
is-inadequately supplied. )

In figure | an example of the response curve is given (Greenwood,

1969). Identical results have been obtained by others (Wiersum, unpubl.),
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Fig. 1. Oxygen partial pressure in nutrient
solution that had been rapidly
0-12 r circulated around excised roots of

ig mustard seedlings in a gas-free
= enclosed system for the indicated
JO-10F time (Greenwood, 1969),
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the decline usually starting at higher oxygen values because longer
diffusion paths are involved (Schmucki, 1949). This longer diffusion
path must partly be attributed to the stagnant film of water surrounding
the root (Wiegand and Lemon, 1958).
From the forementioned facts we must conclude that by falling oxygen
pressure from a certain state onward an increasing volume of root
tissue is impaired in its function. At what stage and after what time
such conditions become lethal to the root is difficult to say. There
is evidence that root growth activity stops within a few minutes'after
withdrawal of oxygen, but if poor aeration does not last too long,
growth will be continued as soon as conditions again improve (Rosene
and Bartlett, 1950; Huck, 1970; Willey, 1970; Williamson, 1970). In
a number of cases death of the roots has already occurred within 24
hours, but this may largely depend on the ambient temperature
(Williamson and Splinter, 1968). It seems safe to put the limiting
value of oxygen pressure required at the root surface at the value
where total root function is still unimpaired. But it may be quite
difficult to obtain the exact unequivocal value under all ecircumstances.
From an ecological point of view these limiting values in oxygen

supply are an important soil parameter., The measured values encountered



in literature are within a rather wide range. Table 3 summarizes

the data derived from a number of investigations.

N

Pable 3. Some data on the oxygen and carbon dioxide concentration
. in the (soil) atmosphere at which reduction in growth
has been observed

Crop plant 07 in percent C07 in percent Source
of atmosphere of atmosphere

arable crops 5-20 Chapin 1902

grass 6-10

wheat, oats 10-15 .

barley 15_20 Kopecky 1914

sugar beets 15-20

tomato 9.1 Erickson 1946

maize 1-10 Gill and Miller

1956

maize ' 5.25 Danielson and

Russell 1957
10 Tackett and
Pearson 1964
7 .

barley 14 Geisler 1967a

peas

tomato . 3.5 Aubertin et al.

1968
tobaceo 2.5 18.5 Williamson and

Splinter 1968

This variation in limiting values may partly be related to the
fact that not always the same response factor has been compared
with the oxygen supply. One can conceive that it does make some
difference whether death of the root, root growth or activity in
uptake is used as criterion. There is some evidence, that indicates
that the oxygen requirements both for growth and nutrient uptake
are at the same level (Wiersum, 1967), while for a quiescent root
it may be lower.

Although we have a fair picture of the relationship between root

respiration and oxygen supply in some of their essential links, a

L7}
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number of important data are still mostly lacking. In relation to
definigg limiting conditions for crop response one should be able
to depict the oxygen consumption of the root system as it develops
in time, taking into account the changes in age and activity of the
tiésues and aslo change in root thickness, Besides the scarcity of
data in this field the situation is even worse if one considers the
problem of defining the variation of oxygen consumption over different
layers of the soil profile. As roots differ in age and activity the
weight of root mass in a certain layer is no direct measure of its
requirements for oxygen supply. It is still extremely difficult in
linking tillage and drainage effects via parameters on soil physics

with the root oxygen demand at different depths.



IIT. OXYGEN SUPPLY TO THE ROOTS

Roots can be supplied by oxygen along two distinct pathways. For
most~crop plants external supply from the soil atmosphere is the
doﬁinating aspect. But there is a gradual shift via a number of
species to those plants adapted to swamp conditions, where internal
oxygen supply tbrough the intercellular spaces is normal,

The plant, depending on external oxygen supply to its roots,
ultimately derives its oxygen from the air, This transport process
from air to root can be strongly influenced by practical measures,
relating to achieved alterations in soil structure and water content.

In well structured soils at a reasonable moisture content Za
local pF of 2-3 - oxygen content in the soil air is mostly still
higher than 15-187 at 1-2 meters depth. Carbon dioxide often does
not rise above 2-47 under the same conditions., But much lower Q-
values have also been observed, especially as soil moisture content
increases (Wiegand and Lemon, 1958; Lipps and Fox, 1964; Patrick et
al., 1969; Enoch and Dasberg, 1971).

But as soil structure deteriorates and water content rises the
relation between rate of diffusion and air-filled pore space becomes
more intricate. Evidence points to the fact that in these circumstances
a part of the air filled pore space lacks continuity. Ultimately this
process of gaseous diffusion into the soil may be so strongly impeded
that no oxygen can be detected at shallow depths (Currie, 1962;
Grable, 1966).

Inversely with a decrease in oxygen the carbon dioxide content
will rise. But a certain decrease in oxygen content does not
necessarily imply the same percentage increase in carbon dioxide
content, as its concentration is more highly buffered by the varying
solubility in the water phase (Enoch and Dasberg, 1971).

Growth and performance of the roots is also restricted by high
concentrations of carbon dioxide (Chapin, 1902; Cannon, 1924; Willey,
1970). But the effective concentrations have been demonstrated to be
rather high. Also there is evidence that deleterious effects of
carbon dioxide increase at lower oxygen concentration (Geisler, 1969).
But as influx of oxygen and efflux of carbon dioxide are so intimately

related, the discussion is mainly restricted to oxygen supply. The
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more so as an inadequate oxygen supply is apt to occur before toxic
carbon‘dioxide concentrations are encountered,

That this first step in oxygen supply can already influence crop
performance has already clearly been illustrated in numerous
puBlications. For various soils, differing in their structural
characteristics, quite a range of limiting pore space has been found .

necessary to assure adequate aeration (table 4).

Table 4. Some data indicating the amount of air-filled pore space
necessary on different soils to give adequate aeration
(0p-diffusion in gas phase)

Crop plant Soil type Air-filled pore Source
: volume in %

tomato clay 28 Flocker et al.
clay loam 36 1959
arable crops sandy, low org.
matter ca, 25
sandy, high org. Boekel 1963
matter ca. 20
arable crops heavy clay 10-15
sandy clay 15-20 Boekel 1965/66
sandy soil 20-25

In the soil the root will always be covered by a thin film of
water, the thickness of which is influenced by the moisture tension
(pF) of the soil, As diffusion in water is slower by a factor 104
than diffusion in air, the thickness of this film becomes highly
important in determining oxygen supply (Wiegand and Lemon, 1958). It
is fortunate that we now have a method for measuring the potential
rate of oxygen supply to the root surface by inserting a micro-
electrode into the soil on which the conditions at the root surface
are more or less simulated (Letey and Stolzy, 1964). By means of these
Oxygen Diffusion Rate measurements it has become quite clear that in
many soils at reasonable aeration conditions variations in moisture
tension may be the dominating factor in regulating oxygen supply to

the root. That a certain interaction has to be expected between



moisture content and soil structure is illustrated in figure 2,

Fig. 2. Factors influencing oxygen supply
to the root surface.

A:

only a few air-filled pores
near the root surface; long
average diffusion distance in
water,

frequent occurrence of air near
the root surface.

The drawback of this 0.D.R. measurement is, however, that unless
additional measurements are made the obtained_values only have
relative significance and are only valid within one type of soil
(McIntyre, 1966, 1971). But they may be of high importance in
demonstrating the fluctuations that occur at a chosen site (Wiersum,
unpublished results).

The method also allows the establishment of limiting 0.D.R. values
for root growth (table 5). That crops can differ in their requirements
has now been confirmed by exact measurements,

In considering root aeration it must be taken into account that
the living soil also consumes oxygen. Depending on type of soil,
moisture content and temperature the requirements will vary. But

the most important factor influencing soil oxygen demand will be its
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Table 5. A summary of data on critical 0,D.R.-values

Crop plant 0.D.R. in g c:mhztm'.n_l Source

tomato 80 x 10-8 Doyle, MacLean 1958

peas 70-100 x 108 Cline Erickson 1959

tomato 18- 23 x 108 Stolzy et al. 1961

citrus 24~ 33 x 10~8 Stolzy et al. 1963

tomato 38 x 1078 Fulton, Erickson

1964

Newport bluegrass 20~ 40 x 1078 Letey, Stolzy 1964

barley 40 x 1078

corn 19 x 1078

snap dragon 65 x 1078 Stolzy and Letey
1964

sunflower 40 x 10~8

tomato 40 x 1078

tomato 15 x 10-8 Aubertin et al,
1968

organis matter content, unless this happens to be mainly completely
converted organic material (stable humus). Soil oxygen consumption

can rise to values as high as 10 1 02 m™~2day”!

. So the so0il may
consume as much oxygen as the crop root system and quite often even
more (table 2).

Although research has now provided us with numerous data to link
s0il aeration with yield, it is still very difficult to handle this
knowledge for practical purposes. What is ultimately required would
be the procedure to translate the total oxygen requirement of soil +
roots into a set of soil physical conditions so that diffusion could
meet the demand. The further step then required would be the knowledge
how to achieve these physical conditions by soil management practices,
Bridging these gaps in our knowledge is still an important task. .

Nevertheless our existing knowledge on limiting values can be very
profitably utilized to detect shortcomings in the field and indicate
the necessity for taking measures.

Besides the external supply all roots possess a certain capacity
for internal longitudinal oxygen transport (Van Raalte, 1941;

Greenwood, 1969). Plants genetically adapted to anaerobic soil
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environment completely rely on this transport and possess the large
intercellular spaces needed to facilitate the diffusion. Oxygen may
even pass into the root surrounding soil layer (Van Raalte, 1941;
Armstrong, 1967, 1970), But modern experiments have now clearly
demonstrated that the conditions for internal lengthwise oxygen
transport occur in all plants, albeit in varying degree.

For most crop plants the question arises whether this internal
supply through the leaves downward has a worthwhile contribution
(Greenwood, 1967). Evidence available points to the fact that this
transport can only cope with the demand of a restricted length of
young root tissue, e.g. 2-3 om. As the young root tips are mostly
at larger distances from the aerial parts of the plant and the
relative volume of intercellular space declines as the older cortex
sloughs off, its contribution to total consumption seems negligible
for most cases (Eavis et al., 1971; Luxmoore and Stolzy, 1972).

But the possibility does exist that some oxygen from better aerated
layers in the soil moves downward through the intercellular spaces
of the root tissue towards the young root parts occurring in poorly
aerated layers.

A certain adaptation of root structure to poor aeration conditions
has been observed, resulting in larger internal air space in the root.
But this adaptation is only of value if it has developed from the
beginning and would hardly have an effect if arising at the tip of a
long, normally structured root. Another adaptation is the development
of an internally better aerated and more superficial root system when
parts of the deeper lying root system have suffered damage as the
result of inadequate aeratiom,

Although swamp plants, such as rice, must obtain all their oxygen
by means of internal transport, there may be situations during
development of the plant when anatomical structures are not entirely

adequate. This condition can effect performance of the crop (Alberda,

1953).
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Iv, EFFECTS OF RESTRICTED OXYGEN SUPPLY ON THE PHYSIOLOGY OF THE
ROOTS

The complaint of Grable (1966) that few areas of scientific
research are as unintelligible as the relationship between soil
aeration and plant growth does not surprise us anymore after the
demonstration of the complexity of the problem in the former chapters.
A number of factors vary in relation to differring soil aeration:
e.g. soil water content, porosity and density, nutrient availability,
each of which can affect root performance on its own. Some of these
factors are directly related to soil aeration as they are controlling
oxygen transport in the soil. Poor aeration acts on restriction of
water and nutrient supply indirectly by means of reduced root growth
and by affecting root metabolism. Plant roots have to deal with all
of them and frequently it is rather difficult to find the actually
limiting factor in any prevailing situation. The variable results and
even discrepancies found in literature already indicate that effects
of soil aeration on root growth, .root performance and root activities
are mediated by a scala of physiological processes that will remain
insufficiently understood as long as our experimental information is
incomplete. We realize, therefore, that we can not present a final
solution of the problem, but we will try to discuss a number of
aspects that will facilitate an evaluation of experimental data.

One of the main aspects we have to face first is whether deficient
gas exchange is restricted to short time periods or persistent for a
longer time, This makes such a difference that a separate discussion

is justified, if not essential.

Prolonged lack of aeration

In the life cycle germination of the seeds is the first step to
be affected. During normal germination respiration rate increases
with the water content. This would suggest that lack of aeration
could easily become the limiting factor for germination. In vitro
experiments with water soaked seeds, however, showed that aeration
of the soaked seeds did not improve germination to any extent.
Sometimes it even resulted in increased inhibition whereas bubbling
carbondioxide through the soaking water appeared to be favourable.

This whole phenomenon seems to be due to supraoptimal water contents
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which tend to be increased by oxygen and decreased by carbondioxide.
Hence for most of our crop plants very wet soils may be assumed to
limit germination via the induction of supraoptimal water contents
in'the seeds (Barton and McNab, 1956; Allarup, 1959; Roberts, 1962)

to which seeds with a high oil content are less susceptible (Vegis,
1964). The high water contents of soaked seeds are believed to perform
a distinct barrier to oxygen diffusion to the germ since in some cases
harmful effects can be depressed by aerating with high 05 levels.
Since the seeds are placed normally in the very top layer of the soil
and seeding is postponed to the time a good seed bed is available
reduction of germination is of minor importance in practical
agriculture unless soil slaking occurs. Most of the effects of lack

of aeration are appearing in the later phases and in particular during
the vegetative phase.

After germination roots protruding in wet soils are encountering
gradually decreasing oxygen and increasing carbondioxide levels. The
rate of elongation then depends on the sensitivity of the species
involved, on the actual levels of 0y in the so0il and on the supply
of OXyéén through the interconnected air channels in the shoot and
the root tissues. When the aeration of the soil is insufficient but
rather constant, the plants are forced to get adapted to this situation.
Two main types of adaptation have been reported: adaptation via root
anatomy and adaptation of root morphology, which are eventually
supplementary. Tentatively a third type, metabolic adaptation, may be

mentioned.

Anatomical adaptation

Many species naturally growing on poorly aerated media show large
air channels in the cortex of their roots (Oryza, Phragmites). The
meaning of these poras for the oxygen supply of the roots has been
studied extensively. It has been demonstrated that these channels
are able to conduct large amounts of oxygen from the atmosphere to
the oxygen requiring sites of the roots, so that even the enviromment
of the roots may obtain some oxygen via these channels when in a
reduced state (Van Raalte, 1940; Greenwood, 1970). Armstrong (1964)

measured in bog plants oxygen diffusion rates as large as 2 x 10—7 g



02 per minute and per cm2 of root diameter. In genetically adapted
species this transport seems to guarantee optimal growth rates of
the roots. In species which are able to form secondary air chanmels
in the cortex at low oxygen levels, the stimulug for the onset of
cell destruction to form these voids is unsufficiently known but
they are common in waterculture and moist soil, In any case maize
roots which show this anatomical adaptation start growing in well
aerated media. The lysigenous cavaties in the former may occupy from
30 to 45Z of the root diameter but they are restricted to basal parts
not closer than 2 or 2.5 c¢m to the root apex. Nevertheless they are
providing the growing zone with sufficient oxygen. Obviously normal
intercellular spaces up to | or 1.5%7 of the root diameter are
sufficient to bridge a 2 to 2.5 cm distance (see also Greenwood, 1969),
It is, however, equally clear that this adaptation has its limitations.
Even with these lysigenous channels growth rates get reduced after
reaching a length of about 20 cm. This length is not a fixed value
since it depends on the oxygen requirement. In our case 20 cm holds
when the roots are well supplied with nitrogen and when they are kept
at ZO—éBOC. Without nitrogen nutrition growth inhibition starts at
40-50 cm. The same holds for well-supplied roots when the temperature
ié lowered to 159C, indicating that the potential oxygen consumption
rate determined by the metabolic activity, is involved in the
response, Several authors have shown that the oxygen originates from
the shoot enviromment (Teal and Kanwisher, 1961; Armstrong, 1967)
and Van der Heide and coworkers (1969) demonstrated that the effect
of insufficient root aeration was much more severe when the shoot
environment was Oz-free, especially in darkness. In the light roots
profited from oxygen produced in photosynthesis. In principle air
entering the basal parts of a root system would also be able to
provide deeper roots with oxygen. Whether this is important under
normal conditions is unknown, but favourable effects of leaving part
of a root system above the nutrient solution as reported by Went
(1947) may indicate a possible role,

Summarizing we may state that how important this type of adaptation
may be, in practice it only prevents an early check of root elongation

and in addition it is only effective as long as the cortex stays intact.



An additional problem arises with regard to the air supply to branch

roots.

Morphological adaptation

Not all species are developing secondary air spaces and even with
these spaces ultimately elongation rates of the root axes are
reduced without proper external oxygen supply. The reduced elongation
rate may be assumed to lead to a diminished apical dominance which
in turn means that secondary axes get more chances. Whether this is
the only reason or not, it is a well established fact that insufficient
oxygen supply leads to an increased growth of early primary branches,
to an increased number of branches per em of axis and often té an
increased number of adventitious axes on the stem base (Williams and
Barber, 1961; Vose, 1962; Geisler, 1965). Some authors believe that
the development of the latter is promoted as a consequence of the
reduced cytokinin production by the poorly aerated roots (vide Reid,
1973), Stienstra and Brouwer ( } observed increasing numbers of
nodal axes per tiller in perennial ryegrass with higher soil water
tables kfigure 3). Plants profit from their tendency to raise
adventitious roots since this adaptation leads to an escape from a

situation of very poor aeration and a compensatory development of

tillers
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roots where the stress is less severe (Alberda, 1956). Although the
situation is still suboptimal for absorption the greater number of
active root tips per gram of root weight compensates, sometimes more

than compensates, for this (Vose, 1962).

Metabolic adaptation

Hence both types of adaptation, whether or not appearing
together, are quite effective in maintaining a high level of

absorption capacity under unfavourable conditions (table 6).

Table 6. Root exudation at the cut surface in mg per gram fresh
weight per hour of excised root systems as affected by
aeration at 25°C.

Treatment

Pretreatment: plus aeration + - aeration
maize . 112 8
cucumber 159 11
tomato 104 35
barley - 101 22
Pretreatment: minus aeration

maize 108 106
cucumber ' 167 171
tomato 154 158
barley 32 89

It is, however, quite questionable whether these anatomical and
morphological features alone are sufficient explanation. Van der
Heide a.o0. (1963) showed that barley roots grown in poorly aerated
nutrient solutions contained a higher concentration of soluble
carbohydrates which in turn, they believed, should explain the high
chloride absorption rates found in their experiments. Furthermore,
it is quite clear that this is only one of the biochemical changes
that are evoked by anoxia. Reid (1973) lists a number of them but
the meaning of these factors for root activity remains obscure for
the time being. In addition the large number of papers devoted to
abnormal metabolic pathways induced by lack of aeration seems to
indicate that these play a more important role when conditions of

poor aeration follow periods of favourable gas exchange and will be



considered in the next section.

Adapted root systems - either due to the presence of large air
filled lacunae, or to an abundant branching in the marginally aerated
top soil, or to adaptation of metabolic pathways ~- are functioning

very well.

Reduced oxygen supply after periods of normal aeration

All data from the literature indicate most harmful effects when
formerly well-aerated roots are suddenly deprived of oxygen. In
waterculture elongation of maize roots stops directly after aerationm

is stopped (figure 4). Most likely lack of oxygen is the primary

cm
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| aerated Fig, 4. Stopping aeration of
60l —orn not serated formerly well-aerated
, . roots inhibits root growth,
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| o« 7 e ol it without aeration.
20+
- days o
00 5 10

reason of this growth reduction, the first signs of which can be
already induced by changing the oxygen content of the aerating gas
from 20% to 10%Z. When normal aeration is restored, it depends on -
various circumstances whether elongation growth will again continue
or not. Most of them can be reduced to the same denominator: oxygen
requirement. At lower temperatures rodts can stand longer periods of
anoxia than at higher temperatures, dormant roots longer than actively
living roots, woody roots longer than N-rich roots and roots deprived
of carbohydrates (ringed plants, defoliated plants) longer than roots
with a high content of carbohydrates.

High levels of carbondioxide are only harmful when at the same
time the oxygen concentration is reduced. Since in the soil COy-levels
always rise together with a reduction of the 0,-availability it is

difficult to discern which of these two acts as the causal factor.



In addition a number of other factors may be involved which are
induced at the same time,

Since the importance of 0, rests on its role as the final electron
acceptor in respiration, oxygen limitation induces fermentation to
go on in the root tissue (Pasteur effect). According to Goddard and
Bonner (1960) the critical 02-range for a gradual change from
oxidative respiration to fermentation may be as high as 57 0,. When
fermentation occurs the endproducts may reach harmful concentrations,
Kenefick (1962) found high ethanol concentrations in leaves of
flooded sugar beets whereas Fulton and Erickson (1964) observed
the same phenomenon to occur in the xylemsap of flooded tomato
plants.

In addition to changes in the metabolism of plant roots at
various levels of aeration soil micro-organisms may contribute to
the accumulation of special comstituents (Dubinina, 1962). The well-
known anaerobic methane production is only one of a series, methane,
ethane, propane and butane, but also unsaturated hydrocarbons as
ethylene, propylene and butene have been demonstrated. From all these
compouﬂﬁs only ethylene is affecting root growth at concentrations
measured in poorly aerated soils (Smith a.o., 1969; Crossett a.o.,
1971; Dowdell a.o., 1972). These papers experimentally confirm
earlier suggéstions made by Kramer (1951) and Jackson (1956) that
visible effects of waterlogging on tomato plants (epinasty) very
much resemble effects of exposure to ethylene. Also the roots
themselves show an enhanced production of ethylene when under aeration
stress. Hence ethylene appears as a third factor besides oxygen
deficiency and high carbondioxide concentrations, that could act as
a primary factor im root response to anoxia. Species differences in
susceptibility are of the same order as those found for the other
items. Most likely all three are involved,

Whereas the adapted root system even under very deficient gas
exchange shows absorption rates for water and minerals which are
mostly comparable and sometimes exceeding those of normally aerated
roots when calculated on a weight basis, reduced aeration affects
both processes quite considerably when occurring after a period of
normal supply. The most harmful effects of flooding have been

described frequently (reviews by Kramer, 1969; Grable, 1964). When



the aeration of maize roots is stopped at once both elongation growth
(figurg 4) and absorption of potassium, nitrate and phosphorus are
reduced to about zero values (figure 5) whereas water absorption may
continue at about the same rate, Using bean plants water absorption

rates are reduced too. The check of elongation and mineral absorption
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Fig, 5. Effect of alt?rnating 2? hrs periods
of plus and minus aeration on
potassium and water absorption by
maize roots formerly grown plus or
minus aeration.

is conceivable with our knowledge that both processes are directiy
dependent on the energy production involving ATP formation
(Brouwer, 1965; Grable, 1964). Since the energy liberated from

1 mole of glucose is more than 10 times higher in aerobic
respiration than in fermentation (686 vs 54 k cal. per mole) some
authors suggest (vide Grable, 1964) that plants may suffer from
lack of energy when not aerated. However, this can not be the
primary reason since it has been shown that under these conditions
reserve carbohydrates are accumulated to levels well above those
of the control plants (Brouwer, 1963; Van der Heide a.o., 1965)
even in the unaerated roots themselves. The almost instantaneous
response (figure 4) demonstrates either the failure to make use

of the fermentation process or a very high sensitivity to the end



products of fermentation. However, the transport of carbohydrates

to the root system does not respond immediately, although the
distribution does. Instead of flowing directly to the growing apices
as occurs with sufficient aeratiog, after a reduction of the 0,
supply carbohydrates are deposited more equally spread over the
whole root system which results in locally higher levels (figure 6).

Nevertheless mineral absorption was checked.
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Fig. 8. Effect of light intensity (left) and planting

density (right) on the response of Phaseolus
beans to aerationm,

Unlike mineral absorption water absorption - apart from root pressure

phenomena which contribute only a few percent in total water uptake -

does not directly depend on the energy supply. The forces involved in
water transport originate from the transpiration process. The root
system acts simply as a conductor (Kramer, 1949) for water. Lack of
oxygen does not affect conductivity instantaneously. From the
similarity with the response to metabolic inhibitors like KCN, which
reduces mineral absorption immediately at concentrations of about
107> M (Brouwer, 1953) but water absorption only after about 3 hours
and then at much higher concentrations (]0-3 M) one may assume that
membrane structures are not much affected by oxygen deficiency during

short periods. Contrary COj accumulation affects water conductivity

of the living tissue more directly. The response is rather complicated,



At first water conductivity decreases resulting in a reduced
transpiration. Then the root tissue is gradually damaged untill
death occurs which increases water conductivity and transpiration
to values well above those of the control plants., Finally decay
products and bacteria will block the xylem vessels and drastically
reduce water absorption in flooded soil regions. Kramer (1951) and
Jackson (1955) showed that pressing nitrogen gas through the soil
prevented these effects on water conductivity which indicates that
the main reason is an accumulation of toxic substances presumably
carbondioxide.

In addition to mineral and water absorption the production of
phytohormones like cytokinins represents another major function of
the root system (Livne and Vaadia, 1972). These authors suggest
that poor aeration like other stress conditions might also affect
cytokinin production., In most cases this production is correlated
with root growth and especially with cell multiplication rates.
Reduced cytokinin production will lead to symptoms of early
senescence as has been found frequently. On the other hand IAA
oxidase activity may be restricted just by lack of oxygen or due
to the accumulation of a phenolic imhibitor of IAA oxidase (Kefford,
1962), In addition ethylene originating from the root tissue itself
or from activities of so0il micro-organisms may interfere with various
auxin controlled processes. A more detailed review of the effects
of anoxic conditions on the metabolism of hormones can be found
elsewhere in this series (Reid, 1%73).

In addition to hormone synthesis roots are involved in the
synthesis of various other organic substances among which amino
acids are well-known. The energy consuming nitrate reduction is for
a minor part (grasses) or completely (apples) with numerous
transitions in between boudn to the root system {Kursanow, 1963),

There is, however, rather scarce information on the effects of

aeration on this activity.



V. ROOT AERATION AND CROP GROWTH

After we have seen the consequences of insufficient gas exchange
on root activities we will consider in what respect roots may fail
to supply the shoots optimally with essentials for their growth,
performance and maintenance. One possible reason for the
discrepancies found in the literature may be that shoot requirement
is not constant, but depends on the other prevailing conditions
and on growth stage. Hence the effect of suboptimal root activity
will depend on various factors, a number of which will be discussed
below. To find out what effect of scil aeration might be expected
we need a clear picture of the limiting factor of growth in that
particular situation. Therefore we have to consider first of all
shortly some main principles of crop growth.

Arable crops are sown rather densely so that during vegetative
development land surface is gradually covered and some time before
flowering or tuberization practically all light is intercepted.
Further leaf growth does not contribute to more light interceptiom.
It only serves a gradual replacement of ageing leaves so far as light
interception is concerned. Dry matter production starts more or less
exponential as long as new leaves contribute to more light absorption,
but becomes more or less linear after reaching the closed crop stage.
The slope of the linear part of the curve depends on the prevailing
light climate and on the photosynthetic capacity of the species which
shows only minor differences (Sibma, 1968). During seed, tuber, or
bulb, development leaf growth is mostly checked or strongly reduced
and soon, especially in determinate crops, leaves start senescing
and leaf area decreases gradually. Crop growth rate diminishes
concomitantly. Root growth gets reduced soon after reaching a closed
crop surface and is often checked completely during the generative
phase (Brouwer, 1962), This check of root growth accompanied by a
check of synthetic capacity (Hofstra, 1964; Kende, 1965) may be the
direct reason for accelerated senescence after flowering.

The general picture of crop growth presented above is subject to
changes in any period, and rather sensitive during the exponential
phase, where leaf growth contributes most strongly to an increase

in light interception. Any growth reduction postpones the time of



reaching complete light interception and maximum crop growth rate.
In the linear phase (closed crop surface) only those factors are
harmful which are reducing photosynthetic capacity., Watson (1952)
showed that most factors are much more effective in reducing
leaf area growth than in reducing photosynthesis per unit leaf
area. Finally during ripening, factors which hasten senescence
will lead to an earlier check of crop growth,

In conclusion we are now aware that during development of a
crop from planting to ripening we are facing quite different
situations even when the environment would be constant, which is
by no means the case in most of our situations in practice, The
support given to the above ground parts by the roots may be roughly
distinguished in the supply of water and nutrients and in the
supply of essential synthetic products, among which hormones play
an important role. In the complex relationship between roots and
shoots the relative importance of the synthesis and absorption
function of the roots depends on the requirements of the shoots.
Since these requirements are changing all the time during the
development of a crop, it is comprehensible that a uniform response
to Oz-deficiency is not likely to exist and this is one of the most

obvious conclusions in reviews in the literature on soil aeration.

Gexmination

In germination oxygen consuming biochemical processes are limiting
the rate of supply to the developing seedling with essentials for its
growth. Low oxygen tensions are harmful especially when the other
conditions as temperature and water supply are favourable. The
anaerobic breakdown of substrate easily gives rise to accumulation
of toxic endproducts of fermentation, which in turn damages the
vigour of the seedling irreversibly. Here again low temperature tends
to reduce the damage. Oxygen deficienmcy is most likely the primary
cause since excess of carbondioxide has been shown in many cases to
stimulate germination by increasing the permeability of the seed
coat,

For further development of the seedling soil aeration primarily

affects root growth and root activity, but via these also shoot



development. Since in the former chapter principal differences
between a fluctuating situation and constant oxygen deficiency
are discussed, we will use the same subdivision in describing

the effects on shoot growth,

Vegetative development

Steady situation

Vegetative development is characterized by a rapid increase in
absorbing surface of both leaves and roots. Leaf area and root
surface are kept in pace with one another by a kind of functional
equilibrium (Brouwer, 1967). Leaf growth rate cannot exceed the
possibilities created by the absorption of nutrients and the
synthetic activity of the roots, whereas root growth rate depends
on the availability of carbohydrates and possibly also on hormones
produced in the above ground parts. Serious competition between
leaves and roots, with the consequence of a shift in the equilibrium,
may be expected when the supply of one of the essentials for growth
becomes limiting. So water shortage tends to reduce the growth of
the whole seedling, but leaf growth is more affected than root growth.
The same holﬁs for nitrogen deficiency. On the contrary low light
intensities tend to reduce the growth of the whole seedling, but root
growth more than leaf growth. This means that with shortage of
essentials to be absorbed by the roots the relative growth rates of
the roots, being closer to the source, are less affected than the
relative growth rates of the shoots, as they depend on what the roots
do not use. When a deficiency of essentials which are produced in the
shoots, occurs the relative growth rate of the shoot is less affected
than that of the more distant roots. Since these ratios are based on
weights, instead of on more sophisticated activity ratios, the picture
gets more complicated when at the same time morphological changes are
induced. All those factors that are increasing the absorption rate of
the roots, e.g. finer branching, tend to increase shoot : root - ratios.
Factors that reduce the water loss per gram of leaves e.g. by induction

of thicker leaves, will also tend to increase the shoot : root -~ ratio

on a weight basis, under conditions of other factors remaining the

same.



We have seen that soil aeration primarily affects the extension
growth of the roots., This effect may be rather considerable and might
reduce the absorption rate considerably. Hence top growth will be
reduced too. The effect is counteracted, however, by intensified
branching leading to a greater number of absorption zones per gram.
Whether these changes will affect top growth depends on the
ultimately resulting absorption capacity which may be smaller, the
same or even greater than that of the controls, Brouwer (1960) with
bean seedlings on water culture and Troughton (1972) with perennial
ryegrass found reduced relative growth rates of the tops when not
aerated. In both cases the shoot : root - ratios were not affected.
Obviously the root activity per gram of roots was the same so'that
shoot growth simply followed the reduced root growth, With maize we
obtained a reduction of root growth under the same circumstances.

As shoot growth was comparable with that of the aerated controls, a
higher absorption per gram of roots under constant low oxygen supply
must have occurred. Finally Vose (1962) found that lack of aeration
resultq@ in a reduced root weight and an increased shoot weight with
cocksfoot on water culture., Obviously the finer branching of the not
aerated roots resulted in a greater absorption capacity even in the
oxygen deficient medium. Since in addition the reduced rate of increase
in weight of the unaerated roots made them less competitive for the
carbohydrates produced in the shoots, shoot growth favoured from that
situation but could only do so because light intensity was obviously
limiting,

Using a series of light intensities we found (Brouwer, 1960) that
the effect of oxygen deficiency of the root medium was more severe
the higher the light intensity (figure 6). It is conceivable that
this fits with the assumption that the water balance is involved
in this reaction. Evidence for this is strengthened by the observation
of a distinct diurnal pattern in leaf elongation rate being strongly
reduced during the light period and showing only minor or no reduction
during the nights. )

In agreement with this picture the effect of no aeration on bean
growth appeared to depend on plant density (figure 6). At low light

intensity and/or dense planting the demand for water per root system
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decreases. and instead of aeration light absorption becomes the
limiting factor. The higher the light intensity the larger the
water stress developed in unaerated plants. Mineral content of

these bean plants was not affected at all. In terms of dynamics

of growth this means that in freely growing plants relative growth
rates of the root weight are reduced due to lack of aeration, that
relative growth rate of root number and root surface is much less
reduced and that notwithstanding the relatively greater surface of
the latter per gramme of weight the absorption capacity of the whole
root system is still inhibited so that a reduced relative growth

rate of the shoot results (Troughton, 1972).

At low light intensities and higher planting densities dry‘matter
distribution in the control plants shows a reduced percentage
deposited in the roots {(Brouwer, 1962). This reduction may be so
large that the availability of carbohydrates becomes more limiting
for root growth than the oxygen supply. As a consequence root growth
of unaerated plants will be similar to that of the aerated plants.
The absprptive capacity may still be lower but its effect on leaf
growth may be negligible since ultimately carbohydrate supply is
limiting and the only difference between the two sets remains the
growth pattern during a 24 hour cycle where the leaves of the un-
aerated plants grow predominantly during the dark period and those

of the aerated plants during the light, growth being retarded during
the night due to lack of carbohydrates in the latter.

Transferred to field conditions this means that in cases where
the finer branching will not completely substitute for the lower
weights the effect of peoor aeration will be most harmful in the
early stages. When crop growth rate of the control plants gradually
reaches its maximum level (closed crop surface) the unaerated plants
still stay behind but from the time the latter reach the stage of a
closed crop both are growing at the same rate unless differences
in photosynthetic capacity are occurring. We will return to that
aspect later on.

The response to lack of aeration in nutrient solutions appeared
to be caused primarily via the water balance of the plants. In

water culture minerals are liberately supplied. Under field conditions
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such a si;uation can hardly be expected. The restricted soil volume
available for root growth excludes a lot of ions available under
well-aérated conditions from being reached by the extending roots.
This holds especially for the soil-bound nutrients like potassium
and phosphate. The performance of plants on compacted transportation
tracks in crop fields learns that we are dealing with mineral
deficiencies in these cases. Hammond a.o. (1956) observed a very
reduced root growth accompanied by a reduced shoot development in
badly aerated parts of a cornfield. In their case the effect on

shoot growth could be prevented completely by an extra potassium
fertilization. The root system remained restricted to a rather super-
ficial soil layer but appeared to be able to absorb sufficient
potassium for normal crop growth if supplied at proper concentrations.
Using various depths of the water table Sieben (1963) demonstrated
with a number of crops that a reduction of the available soil volume
resulted in a reduced growth of both roots and shoots. In his case
additional nitrogen fertilization (figure 7) resulted in a normal
crop performance with equal seed yields although root weight was
still reduced. Without the extra fertilization a normal closed crop
surface was not obtained and we found a very close correlation between
light interception by the crop just before heading and final yield
indicating that the effect on leaf area development governed the

response to poor aeration and that net assimilation rate was mnot

affected.
%lof max. yield Fig. 7. Effect of various
100l levels of soil
:::==,___===£:::=====""° aeration on yield.
° ‘ Extra potassium
P prevents this effect
L in maize (from
Hammond a.o., 1956)
S * whereas extra N did
50+ Pl the same in an
gﬁ” -K + K experiment with oats
2T we-ce maize o—e (Sieben, 1963).
o”, o:ﬁi oats o:li (dotted lines =
o without extra fertili-
. . . zgtion; fqll drawn
0 fow moderate nermal lines = with extra

soit aeration fertilization)



(30)

The results mentioned above demonstrate that soil aeration may
restrict root growth but that it does not affect too much the
absorptive capacity for minerals per unit weight. If the mineral
supply appears to be the limiting factor a supply in higher
concentrations will prevent effects on yield.

Finally we will mention results of Goedewaagen (1955) who got
top yields of various crops on a very shallowly aerated mud of a

virgin Dutch polder soil.

Fluctuating situations

We have already indicated that roots grown under conditions
of sufficient aeration are very susceptible for oxygen deficiency.
Growth and absorption are checked completely as well as synthetic
activities. It is conceivable that the effect on shoot performance
will be serious too. Kramer (1951) demonstrated a strong reduction
of the water absorbing capacity of tobacco roots after flooding
resulting in wilting of the plants. Prolonged lack of aeration
caused the roots to die, made them more permeable for water and
plants got turgid again. Later on secondary products were assumed
to block the xylem vessels and plants wilted irreversibly. In such
serious cases the only possibility for plants to survive appears
initiation of adventitious roots at the stem base. Since this process
takes some time crop growth reductions will be serious. In most cases,
however, periods of bad aeration will be shorter. The harm done will
depend on the time and the temperature, At higher temperatures shorter
periods of lack of aeration are permissible before irreversible
effects are obtained than at lower temperatures., The direct response
at low temperatures is less severe too.

In most cases fluctuations of the ground water table are
affecting only part of the root system, which part in principle
reacts as described above. Whether the growth rate of the above
ground parts will be affected depends on the percentage of roots
damaged. When during the phase of rapid vegetative development a
rather sharp shoot - root equilibrium exists any root damage will
affect shoot growth too, directly by influencing the water status of

the plants. Prolonged treatments interfere with the mineral status.
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Fortunately plants are quite able to shift growth activity from one
part of the root system to another. The distribution of root growth
over vérious regions of the soil is mainly determined by local
differences in external conditions since as a whole carbohydrate
supply to the roots will be the main limiting factor. The most
successful in attracting carbohydrates are those parts of the root
system, which meet the most favourable complex of external conditions.
Root accumulation around fertilizer bands demonstrates this very
clearly. With varying depth of water table there will be a certain
depth for each case, where an optimal condition of both air and water
content in combination will exist. Under conditions of equal fertility
throughout root growth will be favoured at this depth as in higher
levels water supply will become sub-optimal and downwards the aeration.
El Nadi, Locher and Brouwer (1969) showed that by varying the water
supply including the reverse effect on the air supply, root growth
could be shifted at will from one layer to another. Disturbing growth
in one part of the soil by reducing the gas exchange immediately
results in compensatory growth somewhere else. This means that moderate
shifts in the water table will not affect shoot growth too much during
periods when roots are able to grow. In this respect the typical
differences between shoots and roots may be emphasized. Possibly as a
consequence of the greater number of dormant or inhibited primordia
roots are responding more readily than shoots do. Even adventitious
roots at the stem base develop in a few days and the ability to do so
is considered by various authors as an important contribution to
survive flooding.

So far most attention has been payed to the effects on water and
mineral absorption. In addition the other aspects, reduced hormone
supply and production of toxic substances have to be mentioned.

The effects of water and mineral absorption on development of leaf
area and on growth during the vegetative stage are sufficiently
described in momographs on these topics (Kramer, 1969; Slatyer, 1969;
Mengel, 1968; Epstein, 1970), so that that part of the influence of
lack of aeration is selfevident. Although everyone is aware of the
essential role of hormones in plant life they do not seem to be
limiting growth very often in agricultural practice. An enhanced
auxin level may be responsible for the induction of adventitious

roots at the stem base of flooded plants and Burrows and Carr (1969)






