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ABSTRACT

Sinulated swards of Dactylis glomerata and Lolium perenne

were grown in containers of sufficient depth to permit largely
unrestricted root development.

Flowering and non-flowering plants,; subjected to cut and
uncut treatments, were allowed to dry the profile and were
compared with watered controls. The effects of a drying cycle

on the growth, water balance and nutrient uptake were measured.

The rate of dry weight increase was reduced by drought
from an early stage. The cause appeared to be reduced leaf
expansion rather than a decline in net assimilation rate. Root
weight was particularly affected due to suppressed elongation of
new adventitious roots. There was some compensatory growth at

depth. Defoliation severely retarded root growth.

Leaf water potential fell during the day in treatments and
controls to levels which would be expected to affect growth
proccsses.

Defoliation reduced water stress and stomatal closure but
not drought susceptibility.

There was little relationship between leaf water potential
and stomatal diffusion.

Dactylis initiated water economy measures at a lower soil
wvater deficit than Lolium, possibly because of a less vigorously
cxtending root system. It was more sensitive to increasing
deficit in terms of leaf water potential, relative turgidity and
stomatal diffusion rate and so did not manifest the early abrupt
exhaustion of water supplies typical of Lolium.

Root density was adequate to allow current water require-
ments to be met from a small volume of wet soil. The effect of
drying of a horizon was to shift the main uptake zone downwards,
with no corresponding fall in leaf water potential.

Calculated mean soil water potential was most closely
related to eoil water potential in the few zones of maximum
uptake.

Resistance to the movement of water from the soil to the
roots was 102—-104 times smaller than resistance to Movement
through the plant i.e. a major source of water stress lay
within the plant itself.

No evidence was found that droughted swards ceased growth

due to N shortage. Reduced P uptake was detected.



ACRITOWLEDGEHMENTS

My thanks are due to Professor A.J. Rutter
for his constant help and advice during the coursc
of this work which was carricd out with the support
of a Scholarship from the Ministry of Agriculture,
Fisheries and Food. Dr. P. C. Robins kindly
loancd the diffusion porometer and the pressure

apparatus was bascd. on his design.

I also thank my Wife, Nonie; who has freely .
given hor help with both the technical work and
typing of this thesis. Her tolerance and
encouragement have done much to make its prod-

uction possiblec.




4
CONTENTS

ABSTRACT
ACKMOWLEDGEMENTS
CONTENTS

JINTRODUCTION

Water Uptake by the Plant

1.50il Resistance and the Movercent of Water to

the Root
a) Rhizosphere Resistance
b) Pararhizal Resistancc
2.Plant Resistance and the llovement of Water
Through the Plant

The Effcet of Leaf Water Potential on Growth

Processes

1. The Dircet Bffects of Leaf Water Potential
on Cell Growth and Physiology

2. The Relotionship between Stomatal Aperture
and Growth

The Effects of Drought on Mutrient Availability
1. Some Aspccts Relating to Hutrient Availability

2, Some Recent Experiments on Nutrient
Availability
The Response of Root Growth to Environmental

Factors

13

16

16

19

23
23
25

31



EXPERTIVENTAL SECTION

Examination of Expcrimental Techniques

1. The Water Potential and Conductivity (k)

Characteristics of Silwood Soil and Perlite
2. Measurcment of Leaf Water Potential
3. Diffusion Porometer
4. The Measurement of Root Length
5. Analyéis of Tissue Mineral Content
6. The Pipe Technique
7. Perlite Rooting Medium
8. The Lysimetcrs
9. Growth Analysis by Computer
Pipe Experiment I
tethod and Materials
Results
Pipe Experiment II
Method and Materials
Results
Lysimcter Experiment I
Method and Materials
Rosults
Pipe BExperimcnt IIT
Mcthod and Materials

Reosults

37
37

43
43
44
44
45
45
46
46
48
48
50
55
55
57
69
69
70
1
77
80



Pipe Experiment IV 95
Method and Materials 95
Results 96

Pipe Experiment V 103
¥Method and iaterials 103
Rosults 104

Pipe Experiment VI 108
Mcthod and Materials 108
Results 109

Pipe Experiment VII 118
Method and Materials 118
Results 119

Lysimeter Experiment IT 125
Method and Materials 125

1) Established Swards 126
2) Secdling Swards 127
Results 128
1) Established Swards 128
2) Secedling Swards 135

The Watexr Balance of Dactylis and Lolium 142
The Measurement of Plant Resistance to Water 142
Flow
Results 148

Plant Resistance 148
Integrated Soil Resistance and Watez Potential 154

at the Root Surfacce



DISCUSSION
The Water Balance of Dactylis and Lolium

1. The Bechaviour of Leaf Water Potential and
its Implications on Growth Processes

2. Stomatal Response- to stress

3. The Response of ¥ L to Soil Factors during

a Drying Cycle
4. S80il Resistance
5. Plant Resistance

The Effects of Water Stress on Growth of Lolium
and Dactylis

1. The Source of Strcess Lffeccts

2. The Wature of the Growth Rcsgponse to Water

Stress
The Effccts of Drought on Nutrient Uptake
STUMITARY

BIBLIOGRAPHY

158

158

160
163

166
168
171

171
173

176
186

188



8
INTRODUCTION

WATER UPTAKE BY THE PLANT

The state of water in the plant will be described in this thesis
in terms of potential, defined as the work that must be done to
transport unit quantity of water from the energy level of a pure,
free water surface to a point in the plant/water system whose potential
is to be described. If unit quantity is taken as being unit volume,
then the potential can be measured in units of pressure; and in most
instances in the plant, this potential is negative.

Taking, initially, a non-transpiring plant in equilibrium with
the soil at a uniform potential throughout, let us assume that
evaporation occurs from the leaves, thereby causing a drop in leaf

potential. This drop in potential sets up a gradient between the
soil and the leaf along which water moves. This movement persists

as long gs evaporation continues.

luch theoretical work has been based upon the assumption
represented by the equation of Van den Honert (1948), that the flux
is proportional to the potential gradient and inversely proportional
tn the resistance of the pathway, providing the plant water
content remaing constant . - .

0= Yo Yr - VI—LYL = LFL-Wa ()

Rs Rp Rt

G = rate of water flow through the plant
Ys = soil potential
q)r = root surface potential

I = leaf water potential
qja = bulk air potential

Rs = goil resistance
Rp = plant resistance

Rt = transpiration pathway resistance

* This equation assumes that the soil solute potential is negligible.

Since the potential gradients normally found in the transpiration

pathway are much larger than those found between the leaf and the
soil, it follows that herein lie the maim determinants of flux
through the soil/plant atmosphere system (Couocn, 1965).
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Thus the flux automatically adjusts to equal the evaporation rate by
a change in the potential gradient between leaf and soil i.e. by a
fall in leaf water potential until the limiting conditions of wilting
are reached. The potential gradient necessary to maintain flux equal
to the transpiration rate depends on the resistance of the soil and
plant.

Thus leaf water potential is determined by the transpiration
rate, 'y the water potential in the soil, and by the resistances to
vater movement between soil and leaf.

Van den Honert {1948) distinguished two separate sources of
resistance in the liquid pathway, those of the plant and of the soil.,
This distinction remains, but the soil resistance has recently been
further sub-divided into rhizosphere and pararhizal resistances.

The former is situated in the zone of soil immediately surrounding
and between the roots; while the latter is encountered when water
nmoves into the rooting zone from, for example, a water table or soil
horizon beneath the roots. This definition conforms to the
terminology of Hewman (1969a).

These three resistances will be further examined.

1. Soil Resistance and the Movement of Water to the Root

a) TBhizosphere Resistance

The potential at the root surface must be less than that in
the soil at all times if there is water movement to the roots. In
order to determine the difference between these itwo potentials under
specified conditions, Gardner (1960) solved the flow equation in the
soil to give

2
Yole X =g 1n (1’) __(2)*
irk r2

Wheres=-

q is uptake rate per unit root length

[y

is capillary conductivity of the soil appropriate
to the geometric mean ofq% and%%
b is half the average distance between roots
r is the average root radius
* The components of the equation 1 ln(“gz) used by Gardner (1960)
2
4 r
to describe the geometry of the system are the subject of an effect-

ively similar, but more complex expression derived by Cowan (1965).
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The potential difference between the root surface and the
bulk so0il,AY , is mainly a function of q and k while the logarithmic
term is of smaller significance.

The uptake rate, q, varies during the day as transpiration
rises and falls.

The capillary conductivity of the soil, k, declines continuously
ags the soil dries.

Thus £ Y can be represented as a sinusoidal curve reflecting
thediuinalfluctuations of q about an ever rising mean as the soil
dries and k decreases.

The value q is itself a compound factor of transpiration rate
and total root length. Gardner (1960) attributed a value of O.lcm 5
cm -1 day—1 to g when he calculated thatiy r appreciably exceeded %’s
when Hjs reached "a few bars" and became very large at -15 bars.
Cowan (1965) also used a similar value of q.

The distance over which water is drawn through the soil to
the root increases as the square root of time, and to move more
than a few centimetres would take an impossibly long time (Gardner,
1960).

Thus the value given to root density is of importance in
determining A Y , operating through both q and b in equation(2).

Gardner (1960) implied that the main resistance to water
movement in the gradient from soil to leaf occumed in the soil, and
this view has been held by other workers as follows.

Cowan (1965) calculated that the gradients of moisture and
potential are of some magnitude and that little indication of the
state of water at the root surface can be obtained by the measurement
of that in the bulk soil. )

Etherington (1967) found growth to be depressed by relatively

small decreases of soil water potential, and speculated whether a
high resistance to water movement in the soil under conditions of
high transpiration might be as important as low soil water potential
in limiting carbon assimilation by stomatal closure, though with little
direct evidence for this possibility.

Slatyer (1967) also considered that asY's and hence k fall, the
value of bly needed to maintain water flow increases rapidly and
may cause critical values of’v r to develop, even when the soil mass
is moist.

Macklon and Weatherley (1965) compared the leaf water potentials
of plants growing in water, osmoticum and soil, Vﬁ— was little

affected as transpiration rate increased in water,
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It fell with falling potential of an osmoticum, but was still little
affected by changes in transpiration rate. In soil, however, %n_
fell rapidly with transpiration rate. They interpreted this as an
indication that the source of the fall in leaf water potential lay in
the soil, and not in the root or other tissues of the plant.

Sykes end Loomis (1967 kormered the pobantial -at permanent wilting
point of two soils with differing conductivities. The soil with the
higher conductivity was found to be at a lower potential at permanent
wilting point, so suggesting that zoil resistance was appreciable
at these potentials of -7 to -40 bars.

The evidence for a high value of A v has recently been critically
reviewed by Hewman (1969a, 1969b). He found most previous work to
be invalid, in many cases because a pararhizal and not a rhizosphere
resistance was involved. e showed thet this former resistance
could often be large, even at high soil water potentials, and doubted
vhether high values of rhizosphere recsistance, calculated or inferred,
often occurred in practice.

dis view is supported by Andrews and Newman (1968,1969 ) who
severed a portion of wh .ot root systems and failed to find any
increased sensitividty to drought.

Hewman 's argument is that Gardner and Cowan were led to the
conclusion that rhicosphere resistance was appreciable by the use of
values of q in their calculations which were much larger than those
found in practiice.

It has alreacy teen uentioned that q is the quotient of trans-
piration rate divided by total root length, and it is inaccuracics
in the measurement of the latier wvhich have given rise to a gross
overestiraiion of g. Gardner (1960) based his work on the data of
root length of (Ogatz, Dichardz and Gardner (1960) who, by their own
admission, measuvred only a small fraction of the roots present.

The value feor ¢ of O.1c:n3 cm—1 day-1 is derived from a root
density (LA) of less than 10cm of root beneath one square centimetre

of ground, Hewman (1969a) points out that this is very rare in
practice and occurs only in a few woody plants. In most cases, LA
is between one and two orders of magnitude higher. Hc shows that Rs
would not become anpreciable (defined as when Rs)Rp) until near or
beyond the permancent wilting percentage at root densities norizally
found in herbaccous field plants, and only rarely in some voody
plants of exceptionally low rooting density.

Jarvis and Jarvis(1963) detected larger differences betweenifL
and ¥€> at the voint of stomatal closure in conifers compared with

broad leaved trees, and attri-uted this to lower rooting densities.
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Consequently, doubt has been cast on the belief that the soil
resistance is the major one on the uptake pathway as the soil dries.
Unfortunately, it is not possible at present to measure Yr directly
and so confirm this. It should be noted that this conclusion is based
on the agssumption that water uptake is fairly uniform throughout the
root system. This might be a false assumption, either if uptake were
confined to the root tip zone, thus reducing the effective root length,
or if the topsoil were too dry to allow uptake of appreciable amounts
of water. In this situwation, upizke by sparscr, deep roots might

give risec to appreciable soil resistances.
b) Pararhizal Resistance

Hewman (1969a) cxamines the contrasting geometry of waber
movement in rhizosphere and pararhizal zones and considers that even
in soil not much drier than field capacidy, the pararhizal resistance
could be significant, even over guitc short distances,

The reasons for this are twofold. Water movement in the
rhizosphere is convergent and the further it comes from, the lower
the resistance with distance from the root. There is lidttle or no
convergence along a wararhizal gradient and the resistance is constant
throughout, excepting changes in k.

Additionally, the drop in potential along a pararhizal gradient
is proportional to the length of this gradient (Dawcy's Law) which
is usuwally many times greater than the length of a rhizosphere
gradient in which the distance occurs as b in equation (2).

Yewnan (1969b) shows that this pararhizal resisitance has often
been confused with a rhizosphere resistance.

Macklon et al. (1965) and Tinklin et al. (1968) found a large
drop in potential between the bulk soil and the plants which they
attributed to a high perirhizal (rhizosphere) resistance, vhich
Tinklin et al. (1968) considered to give risce to most of the ecolog-
ically important water siress in plants. Newman (1969b) points out
that they werc in fact measuring a pararhizal resistance, and that
most of the potential drop occurred between the bulk soil and the
rooting zone, which werc separated in the various experiments by a
few, up to many centimetres.

The imporitance of this pararhizal type of water movement has
been widely confirmed.

Long andPrench (1964 ) used a ncutron meter to sample soil water

content to 90cm depth during the course of a day's transpiration
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by barley. Water was found to be abstracted from the main root
zone during the day and this was followed by movement of water
from below the rooting zone to replace that lost in transpiration.

Wind (19559 calculated that 3-4mm water per day rosc by
capillarity into the root zone in a heavy clay soil.

On balance, the evidence, therefore, suggests that the import-
ance of rhizosphere resistance has becn over-csitimated-in circum-
stances in which water uptake can take nlace through most of a root
system of normal length. On the other hand, pararhizal resistances
may often be appreciable where water moves towards a rooting zone

over a reclatively large distance, even in wet soil.

2. DPlant Resistance and the Movement of Water Through the Plant

The movement of watecr through the plant has not so far been
exposed to precise mathematical description, as has that in the
soil.

It is well substantiated that the major resistance lies in the
roots, while the stem offers reclatively little impedance o water
movement.

Tinklin and Weatherley (1966) imposed a high transpiration
rate on plants rooted in so0il in a wind tunnel, and measured the
depression of leaf water potential. They then excised the leaves
and immersced their petioles in watexr. Under the same cvaporative
conditions, their potential did not fall below the base level
representing water saturation. The main resistance was similarly
shown to lie below tho stem.

Yramer (1938) measured uptake rates through the roots under
a vacuum applied to the cut stems. There was a large rise in uptake
when the roots were cut off. Uptake rates were depressed by cooling
the roots, followed by a large risc when the roots were severed.

The stem was found to offer little resistance compared with the roots.
Wind (19559 related uptake rates to xylem vesscl radius and
calculated that when transpiration rate was 1mm per day, most of the
water being used from below 10cm moved upwards in the soil since the
roots offered a greater resistance. As transpiration rate increased,
the depth from which water moved upwards through the root in prefercnce

to the soil increased. Above this critical depth, the denser rooting

habit offercd less resistance than the soil.
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Jensen, Taylor and Wiebe (1961) investigated water movement
through the plant by applying differential pressures to the roots
and tops. They found that the roots offered the greatest resistance
and speculated that this wne caused by the barrier imposed by the
suberised endodermis.

Slatyer (1967) considers that the Casparian strip renders the
cell walls impermeablc to water, making passage through the proto-
plasm of the endodermis nececssary for water to enter the vascular
tissue. e points out that the evidence for this theory is corrob-
orated by the similarity betwecen the permeability per unit area of
roots and of single cells.

Popistlova (1969) measured the variation in water saturation
deficit between the margin and the centre of the large laminae of
cabbage and banana and found a considerable gradient. This cnabled
her to estimate thc resistance of the leaf to water movement and
calculate a high value which she concluded was responsible for the
water stress in the leaf.

The change in soil resistance with water content can readily
be calculated from capillary conductivity data, but the behaviour of
plant resistance has not yet been cstablished with certainty.

Cowan (1965) and Gardner and Ehlig (1962) assumed, in the absence
of cvidence to the contrary, that plant resistance remained constant
over relatively short neriods of the growth cycle. MNoewman (1969b)
interprets the data as showing that plant resistance rose as water
potential fell, and this is confirmed by Poposlova (1969) who calcu-
lated the resistance of lecaves at a range of water saturation deficits
and found the calculated value to rise proportionately with the leaf
suction.

Bvidence to the contrary is provided by Tinklin and Weatherley

(1966) who tried to establish a relationship between transpiration
rate and leaf suction in water culture. After rising steadily during
the initial increases of transpiration, leaf suction then remained
congstant in spite of further increases in transpiration rate. They
could only conclude that Rp was falling proportionatcly as uptake
incrcascd, so maintaining plant suction constant. The only explan-
ation coming to mind is that the operative amount of the root system
increased with further rises in transpiration rate, so lowering plant
Yegistance. Such a regponse in the root system has been reported by
Browig (1936) and Brouwer (1965).

Andrews et al. (1968) also suggested a declining plant resistance

to be a possible explanation for the lack of increased sensitivity
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to drought of wheat plants with partially severed root systems.
It is not difficult to make an approximate guess as to the .
magnitude of Rp. Cowan noted that plants wilted in moist soil
at a transpiration rate of 30cm clay"'1 when the leaf potential
might be expected to be -~15 bars Q45x1030m). Thig leads to a

calculated value of Rp of 5 bar days c:m-'1 or 5x10” days.Newman
(1969a) calculates values of a similar magnitude from other

data sources.

Both Gardner and Cowan have assumed constant values of Rp
which are relatively low compared with Rs when constructing
their models of water uptake.

Gardner et 2l.(1962) claim to show that Rp is less than
Rs, even at soil potentials as high as =0.1 bars. Newman (1969b)
comments on this experiment and purports to show that the
interpretation is incorrect since they neglected a2 probably
appreciable vertical movement of water in the soil.

Fhlig, Gardner and Clark (1968) performed a similar
experiment to Gardner et al. (1962), which when analysed by
Newman's approach, suggests that Rgs did not exceed Rp until
Y s was of the order of -10 bars.

Newman (19692) calculated that for Rs to exceed Rp when
total root length exceeded 100cm cm-'2 ground area,?’ s would
have to be less than -25 bars.

Thus the possibility arises that the resistance of the
plant may be the major resistance influencing the movement of
water to the transpiring surfaces at soil potentials above the

wilting point.
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THE LFFECT OF LEAF WATER POTENTIAL ON GROWTH PROCESSES

Perhaps the most neglected area in the field of plant/water
rclationships is the investigation of the effccts of leaf water
potential on plant growth., The existence of such offects is widoly
acknowledged. “Because of the complexities of such detailed studies,
very little progress has been made to date” (Gates,1968)

Much of the difficulty in studying this subject revolves round
the fact that so many separate processes, each with its own controls,
arc involved in the overall phenomenon of growth, and the difficulty

occurs in trying to isolate cach individual process for investigation.

Lawlor (1969) demonstrated the effects of falling water potential
on growth parameters. He grew four species of plant in polyethylene
glycol osmotica for two weeks and measurcd extension growth, dry
weight gain, leaf arca, net assimilation rate, relative growth rate
and relative leaf growth rate. It should be noted that the plants
werc subjected to the stress suddenly and Janes (1966) suggests that
this makes thc effects more drastic than if the onset is gradual, as
in natural conditions. In addition, the osmoticum was found to
enter the plant via damaged roots, with deleterious effects. Osmotic
potentials from -1.1 bars to -8.0 bars were found to rcduce all growth
perameters, and growth had ceased in all spccies except Lolium at a
rotentidl »f -10 bars. A subsequent increase in growth parameters in the
sccond week suggests that the plants were able to adapt to the lower-
ed potential, given time, and that the e¢ffcets were exaggerated by the
sudden imposition of the stress.

It is difficult, however, to draw any definite conclusions from
this type of experiment as to the precisc mechanisms being implicated
in the reduced growth. These can be convenietly divided into the
dircct effects of water potential on growth processes and the indirect
cffects via restricted carbon dioxide supply through stomatal closure,

and they will be considered under these two headings.

1. The Direct Effects of Leaf Water Potential on Cell Growth

and Physiology

Many components of cell growth processes are directly affected
by falling lcaf potential.

At the molecular level, the nature of the hydration shell
surrounding proteins may have an important bearing on the propertics
of the proteins themselves, and denaturation may follow the disruption
of this shell,
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It is probable that the integrity of the specific protein/
water structures is essential for the normal functioning of
most physiological processes at maximum rates (Slatyer,1967).
Different reactions of various species to stress may reflect
the varying tolerance of their individual metabolic systems
to dehydration. Since it is difficult to disentangle the
direct effects of leaf potential on photosynthesis fpom
those due to stomatal closure, Slavik (1965) chose to work

with the hepatic, Conocephallum conicum, which does not

possess stomata. He found an immediate decline in net photo-
synthesis as the potential of the thallus fell. The conclus~
ion that this is an effect of water potential on metabolism
assumes that permeability of the epidermis to 002 is
unaffected by water content.

Working on tobacco, Slavik (1963) measured photosynthetic
rates at the apex and base of the leaves and found a gradient
which corresponded to the differences in hydration, again
suggesting a direct relationship between photosynthesis and
hydration, providing stomatal aperture was constant along the
leaf.

. Scarth and Shaw (1951) and Pisek and Winkler (1956)
measured photosynthesis and stomatal opening of leaves with
varying water deficits. With equal stomatal opening but diff-
erent leaf deficits, different rates of photosynthesis were
found, photosynthesis at low deficits being about three times
as great as at high deficits suggesting a considerable direct
effect of water deficit on photosynthesis.

Het photosynthesis may be reduced by water siress directly
reducing gross photosynthesis or increasing respiration rate,
and both effects have been found.

Boyer (1965) grew cotton in sodium chloride osmotica and
found a decline in gross photosynthesis while respiration
remained unchanged. It is difficult to see how chemical effects
of the sodium chloride could be distinguished from the osmotic
effects.

Nieman (1968) found that sodium chloride osmotica increased
respiration rates, and Troughton and Slatyer (1968) similarly
found that dehydration effects were due to enhanced respiration
rather than reduced gross photosynthesis. It has been found that
a rapid increase in water stress may cause an initial rise in
respiration rates followed by a decline as the plant adjusts and
this initial rise may be absent in the case of gradual imposition of

stress (Slatyer,1967).
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The rate of increase in stress may, therefore, determine the observed

effect on respiration rate.

It is important to distinguish changes in net assimilation rate
from those in leaf expansion rate.

The importance of turgor in cell extension has been demonstrated
by Ordin (1958,1960) and Plant and Ordin (1961). By manipulating
the osmotic and turgor components of leaf votential, they were able
to show that the turgor component was the main agent in cell expansion.
Reduced turgor affected both cell wall metabolism and elongation, and
Ordin vproposed that some aspect of cellulose synthesis might have been
responsible for the reduction of elongation at low turgor.

It has widely been found that the plant organs growing most
rapidly at the time of water stress are the ones most severely
effeccted (Denmead and Shaw,1960; Aspinall, Nicholls and May,1964;
Aspinall,1965). Gates (1968) examined apical development intomato
and lupin and found the most juvenile tissue was the most scensitive
to stress, and yet the most resistant in its ability to resume growth
upon re-watering. In other words, suspension rather than impairment
of function was apparent under water stress, and the apex did not
show a response of protein hydrolysis as did older tissue.

The metabolism of the plant may also be altered at the organis-
ational lovel.

Gates (1955,1968) analysed the growth of the tomato as influ-
enced by a drying and re-wetting cycle. He describes the changes
which occur as a senescent decline during wilting and rejuvenation
after re-watering. These changes were manifested in the hydrolysis
and translocation of nutrients from particularly the older laminac
to the stem. This increase in the labile nutrient pool of the plant
further dcpressed phosphorous and nitrogen uptake from the soil.

The younger tissues were least affected by this sequence of events,
which commenced before any rcduction in dry weight occurred.

The evidence, therefore,suggests that both the synthetic and
organisational activities of the plant are adversely affected Dy
water stress,; and therc is somc suggestion that this might occur

at a relatively early stage of water stress.
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2. The Relationship between Stomatal Aperture and Growth

Stomatal mechanisms have been widely investigated and reported
(Stalfelt,1955,1961,1962; Meidner and Mansfield,1968). The mechanism
of their response to the falling leaf potential of the droughted
plant is not fully understood, It has been shown that stomata
close under stress corresponding to a leaf potlential of -10 to ~15
bars (Ehlig and Gardner,1964), and some relationship to changes in
carbon dioxide (002) concentration has been suggested. Slatyer

(1967) concludes from available data that decreasing photosynthetic
rates and increased respiration under stress initiate rising 002
levels which cause eventual closure, There is some evid@nce that
respiration rates only increase when water stress is imposed rapidly.
In other cases the plant is able to adjust. Meidner et al. (1963)
discuss the observation that increased sensitivity to CO2 is shown
by stressed cells and so this might be responsible for causing
closure. Perhaps a change in cell membrane pRemneability to 002
occurs under stress.

The evidence for the above mechanisms remains unsubstantiated.

When the stomata are closed, cuticular transpiration may
continue at a rate up to 20% of the potential rate (Ehlig et al.,
1964), depending on the species involved, Carbon dioxide exchange
through the cuticle, however, anpears to be much more severly reduced,
probably to negligible proportions (Holitngren,Jafvis and Jarvis,
1965: Barrs,1968). Thus the plant is dependent on open stomata

for the gas exchange processes involved in growth.

In order to determine the stage of drought stress likely to
reduce growth, the relationship between leaf potential and stomatal
aperture must be considered.

This has been investigated by Gardner and Ehlig (1963) and
Ehlig et al. (1964). Turgid leaves of several species were sus-
pended in a standard evaporative environment and the rate of water
loss with decreasing turgidity was measured. The stomata closed
over a fairly narrow range of water content corresponding to the
-10 to =15 bar leaf suction range.

A similar comparison on a whole plant basis revealed a more
gradual decline in transpiration as leaf potential fell. This was
probably because all the leaves were not at the same potential on/

an entire plant.
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Therefore the stomata of leaves at the lowest potential began
closure when the average plant potential was still quite high,
and the stomata closed on leaves of above average potential when
the average potential was lower. Thus the range of potential over
which closure occurred appeared much wider than in the case of single
leaves at uniform potential. The single leaf value does indicate
at vhat leaf potential a cessation of photosyntheris due to inhibited -
gas exchange may be expected.

Bange (1953) showed that stomatal control of transpiration
was negligible in still air except at very small apertures, and
that they appeared to operate with little more than an on/off effect.
In windy conditions, fine control was possible throughout the range
of stomatal aperture. This is explained by the effect of wind speed
on air resistance (ra). In still air, T, is the major resistance
in the diffusidn pathway and stomatal resistance (rs) changes are
able to exert little effect on total diffusion rates. Windy con-
ditions reduce T, to such an extent that T, becomes the controlling
factor, so giving the stomata a high degree of transpiration control.

The question arises as to whether stomatal control affects
transpiration and 002 diffusion equally.

Gaastra (1963) showed that under well-illuminated condijions,
diffusion of 002 was the factor limiting photosynthesis. Since CO2
supply is so critical, any sensitivity of supply to stomatal aper-
ture is of importance.

The diffusion pathway of water is usually considered to comm-
ence at the mesophyll cell surfaces, where the air is saturated at
leaf temperature, and to extend through the stomata to the bulk
atmosphere. That of carbon dioxide is the same,; in reverse, as far
as the mesophyll surface, but here is interposed a further liquid
diffusion pathway which, being ligquid, may be of a rektively large
resistance (rm) compared with r_. Monteith (1963) identifies carb-
oxylation and exitation resistances in the chloroplasts and only
after these have been passed does CO2 concentration hecome effect-
ively zero.Thg are normally included in measured values of L

If it is true that rm>>rs then stomatal aperture may be rel-
atively ineffective in reducing 002 uptake compared with water loss,
so making carbon assimilation legs sensitive to partial stomatal
closure than transpiration.

Gaggtra (1963) calculated values of T of 5-7 sec cm—1 for a

minimal r value of 34 sec cm—1 in turnips and sugar begi.
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Holk® ‘gren et al. (1965) found r between 2.3 and 14.3 sec cm"1
for a wide variety of plants while r, was variably rather smaller,
generally in the range of 50% to 1007% of the corresponding value
of T

El Sharkawy and Hesketh (1964) measured net photosynthesis
rates at increasing water deficit on several species. They found
that photosynthesis was not affected until the leaves were visibly
wilted, and some wilted leaves still maintained maximum photosyn-
thesis rates, thereby suggesting that partial stomatal closure had
relatively little effect on photosynthesis compared with transpir-
ation.

The comparative figures which have been quoted for T and T
(Gaastra,1963; Holimmgren et al.,1965; El Sharkawy and Hesketh,
1965) were calculated for maximal stomatal apertures when T did
appear to exceed rs. Any diminution in aperture would, however,
cause an appreciable rige in T which would rapidly exceed r s SO
it seems unlikely that transpiration and photosynthesis are very
differently affected by stomatal aperture. More recent work has
confirmed this hypothesis.

Barrs (1968) found the ratio of transpiration to net photosyn-
thesis remained constant over a wide range of gas exchange rates
induced by stomatal closure. Stomatal aperture seemed to be the
only factor involved,

Willis and Balasubramaniam (1968) measured transpiration and
photosynthetic rates in leaves of Pelargonium and found that stom-
atal resistance, rather than mesophyll resistance, appeared to be
the limiting factor in both cases.

Shimshi (1963) found a reduction in both transpiration and
photosynthesis as the soil dried which could not be attributed to
stomatal closure, and which appeared to tesult from a rise in
mesophyll resistance with falling leaf potential, It has not been
reported elsewhere that mesophyll resistance can affect water
vapour diffusion, but Shimshi's results imply that evaporation
takes place below the mesophyll cell walls, thus imposing a gaseous
diffusion pathway resistance strictly within the mesophyll. How-
ever, Meidner et al. (1968) calculated that the drop in leaf pot-
ential necessary to withdraw the water menisci into the pores of
the cell walls could be shown to be such as to make the simult-

aneous death of the cell inevitable (Meidner et al.,1968).
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Proughton and Slatyer (1968) were unable to demonstrate any
effect of water potential or temperature on mesophyll resistance
to 002 diffusion, so it seems unlikely that plant water stress
materially alters the magnitude of T

The evidence, therefore, suggests that growth and transpira-
tion are affected similarly by closure, and this reduction commences
at leaf potentials of the magnitude renorted by Ihliz et al. (1964).
Restriction of growth can consequently be related to the drying
characteristics of the soil in a field situation. A sandy loam,
releasing most of the available water at low tensions, may sustain
transpiration and growth through the depletion of most of its avail-
able water, followed by & sharp decline as notential falls rapidly.
A clay soil would cause a more even and gradual decline in plant
water potential since goil water potential is more nearly lineaxly
related to water content (Gardner et al.,1963).

Thus growth and transniration may be restricted by stomatal
closure at an earlier stage of drought in a clay soil, but continue
longer at the reduced rate bhecause of the conservation of available
water supplies by the earlier restriction in transpiration.

It seems reasonable to conclude from this examination of the

effects of leaf water potential on physiological processes and on
gas diffugion rates that the former are the first to be affected
by the onset of drought, and that growth restriction by limitation
of the CO? supply does nolt occur until the plant approaches the

wilting point and stomatal control of itranspiration takes place.
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THE EFFECTS OF DROUGHT 0 WUTRIENT AVAILABILIYY

It is many years since Weaver (1926) first suggested that
drought might operate through adverse effects on mineral nutrition
of the plant when the soil dried. There have been many comments
on this possibility . since, but virtually no systematic work on
the subject until the last decade. This section will first consig-
er the likely mechanism of low nutrient uptoke rates in-dry soil,

then review recent work on the gsubject.

1. Some Aspects Relating to Wutrient Availability

Many observers have found that water is removed first froum
the surface horizons, followed by extraction from progressively
decper zones as the top layers are dried out (Russell, Davis and
Bair, 1940: Weaver, 1926; Doss Ashley and Bennett, 1960; Olson,
Hanway, and Drier, 1960; Stiles, 1965). Thompson(1957) and Volk
(1947) ascribe this to the combined effects of root concentration
and surface cvaporation. Stiles and Garwood (1963) found that the
gurface soil was devnleted of available water in only a few days
of dry weather. It seems all the more surprising, therefore, that
so large a proportion of plant roots is present in this surface
soil which can be rapidly depleted by evaporation, and it is reas-
onable to seek some explanation.

It has been noted that higher fertility increases root prol-
iferation and so may increase water extraction (Viets, 1962; Russ-
ell, 1966; Drew, 1959). The presence of nutrients seems a likely
explanation for the concentration of roots in the surface soil
(Stiles and Garwood, 1963), especially since the few roots present
at a depth of three feet under a pasture were found sufficient to
extract all water requirements of that sward at the potential rate.

Winters and Simonson (1951) compared fertility levels in sub-
soils and top soils and found that although there was little diff-
erence in total phosphorous and potash, they were much more avail-
able in the top soil. Most of the nitrogen (N) was found in the
surface layers. Peterson and Attoe (1965) believed that apprecia-
ble movement of nitrogen to lower depths was unlikely to occur.
Grrwood (1963) found that most of the 156 pounds of N applied to
swards protected from rain was still in the surface two inches at

the end of the geason.
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The plant anpears to rely, therefore, on the extraction of
nutrients,; cespecially N, from the surface layers of soil, and it
is to this end that the roots are concentrated here. In addition,

this zone is the first to be depleted of water.

Growth might be expected to decline in proportion to trans-
piration if restriction of stomatal diffusion of 002 were the cause
of depression, and finally cease at permant wilting percentage.

Recent work, on grass uwards particularly, suggests that
growth depression occurs at very low deficits, as little as 0.5%,
and well before there is any divergence between potential and actual
transpiration (Stiles and Williams, 1963, 1965: Russell, 1966).

The evidence strongly points to grasses' furnishing their
water requirements for transpiration from the deeper soil during
drought, while being prevented by some other factor from making
growth. Stiles (1965) suggests that the reason is likely to lie
in nutrient distribution in the profile, especially that of nit-

rogen, which is concentrated towards the surface and becomes un-

available when top soil dries.

It seems reasonable to assume that the ability of the plant
to take up nutrients may be partly dependent on the ability of the
roots to extend and proliferate.

Volk (1947) found that corn roots grew into soil at below
permanent wilting point and absorbed nitrogen and potash but not
phogsphorous.

Other workers have disputed this. Weaver (1928) believed
that, where the soil was very dry, root development was groatly
retarded or even ceased.

sramer (1949) reviewed the root/dry soil relationship. ilost
roots in dry soil ceased elongation and became suberised to the
tip. It seemed unlikely that any significant root growth occurred
under field conditions below the wermanent wilting percentage.
The chief absorption zones of water, and particularly salts, appear-
ed to be located near the root tips which might be inactive under
dry conditions.

Thus it appears that roots in dry soil are not in the necess-
ary active growing state for active nutrient uptake.

TIf the roots cannot extend into dry soil, then they must be

dependant on the movement of nutriente to them.
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Transport in the itranspiration stream was observed by Fried
and Shapiro (1961), and the greater this water movement, the high-
er the mean concenitration of ions, carried in the transpiration
stream, at the root interface during the growing season. Nye (1968)
states that in drier soils, mass flow may be the major factor
responsible for carrying mobile nutrients to the root, but only
if the water flux can be maintained.

As the soil dries towards the permanent wilting percentage,
uptake of water from zones thus affected has been shown to be
reduced, and so the movement by mass flow of ions will similarly
fall. Simultaneously, the water films surrounding the particles
will become thinner and eventually discontinuous,; so preventing
gimple diffusion towards the root (Peters and Russell, 1960.:
Danielson and Russell, 1959; Nye, 1968). Cooke (1963) points out
that nitrate is the only major nutrient ion not strongly absorbed
onto the colloids so that it can be transported relatively freely
in the so0il by diffusion or mass flow, but only if there are con-
tinuous water films and appreciable flux.

In dry soil, therefore, after ions in the immediate vicinity
of the root have been utilised, there will be no incoming flow 1o
replace them, and since root growih outwards has also been rest-

ricted, nitrogen starvation seems a real possibility.

The foregoing paragraphs have outlined the classical argument
for nutrient unavailabilityh being responsible for the primary
drovughting effect at low water deficits.

A number of recent experiments which purport to confirm this

effect will be critically examined.

2. Some Recent Experiments on Nutrient Availability.

Garwood and Williame (1967a) investigated the growth of a
perennial ryegrass sward and the pattern of water use as the soil
dried.

They found that water extraction from the soil commenced in
the top and that, when this was dried, it continued at greater
depth. The rate of extraction was as great from the second and
third foot as from the surface foot. At a deficit corresponding
to the drying of the top foot, shoot growth almost ceased in a
mature sward. Although 2 seedling sward was also examined, yield

measurements for this were not given.
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This is unfortunate since the seedling sward showed a rather
different pattern of root growth, in that active roots were
nresent throughout the prifile throughout the season, whereas
the mature dry sward only had white roots near the surface early
in the year, and these were confined to progressively deeper hor-
izons as the season progressed.

Coinciding with the fall in yield of the mature swards was
a large f211 in tiller numbers compared with the controls. When
the swards were irrigated back to field capacity, the tiller
number- increased to exceed that of the controls. This was
attributed to the usilizmation of a heavy accumulation of fertil-
izer, which they showed wa® still confined to the surface three
inches of soil, by new white roots which appeared within a day of
re-watering and vhich were already present in the controls which
vere irrigated.

The events responsible for the phenomena observed in this
experiment muct now be considered. The sward was cut at four-
weekly intervals “uring the course of the experiment. The
cessation of »produciion in the dry trecatment coincided with the
flowering period of an vernalised sward. It is well established
wist tillering declines at the period of ear emergence and then
begins agoin after floworing in the June--3eptember period to
produce the majority of the succeeding yearé new tillers. The
apical meristems of the flowering tillers would presumably have
heen reuovel by the cutting, thus preventing their further growth.
Any dry matter yield subsequent to this time would therefore be
largely dencndent oa new growth of new vegetative tillers from
the bases of the old ounes. The data presented show that these
nev vegetative tillers were able to develop and so were respon-
gible for the iucreased production in the wet controls. They did
not develop in the dry sward and the reasons for this difference
must be sought.

It is unfoitunate that leaf water potentials were not meas-
ured in this experiment. The root system was mainly located in
the top foot of tite soil and it is possible, therefore, that there
had been a fall in the potential of the leaves to maintain water
uptake from the few deeper roots as water uptake was shown to
continue at the previous rate from the deeper soil. It is not
knovn, however, whether this might have been large enough to

inhibit tillering.
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Greenway and Kepper (1969) found that a fall in plant
notential from -0.4 to -5.4 atmospheres considerably reduced
P and 3r transport to the shoot but this was attributed to
a decreasein wabzr -flow through the plant. It is difficult
to see how such a phenomenon could have been responsible for
reduced tillering in Garwood and Williams experiment, where
transpiration rate (and this imnlies water flow through the
plant) remained the same.

The sward had been defoliated and so any labile pool
of nutrient ions within the plant would be severly depleted.
The production of new tillers is extremely dependent on
nitrogen sunply (Aspinall,1960) and there is little
evidence for apical dominance in grasses (Jewiss;1966).
Davidson and ¥Milthorpe (1966) showed that the older leaves
were an importnt reservoir of labile nutrients for re-growth,
but were of little importance in the supply of assimilates.
Since this labile pool was removed, re-growth is likely to
have been dependent on renewed uptake of nutrients from the
soil,

The question arise8 as to whether this uptake occurs
by the old root system followed by translocation to the new
tillers, or whether new adventitious roots must first arise.

Regarding first uptake by the old system, Williams
(1960) claimed that in the flowering tiller, translocation
from the roots ceased at a fairly early stage:; If this is
the case, the o0ld root system is unlikely to be of much
conseqouence in enabling the necessary supply of, particularly,
nitrogen to reach the new tiller initials. Davidson and
filthorpe (1966) say that defoliation is followed by a
severe decline’in thewctivity of the roots, their respiration
rate falling by two-thirds and phosphorous uptake by four-
fifths. This is probably the result of the curtailment of
carbohydrate supplies from the shoot on which the roots seem
to be varticularly dependent.

Oswalt, Bertrand and Teel(1959) found that Dactylis had
to grow a new root system before uptake commenced afresh after
defoliation, while the old system decomposed. The removal of
all the old root system did not alter the rate of re-growth
after defoliation under ovntimum soil moisture conditions.

Thus it seems probable that any appreciable growth of new
tillers is dependent on the establishment of a new adventitious
root system to supply these tillers.It is a matter for conjec=-

ture whether the dry top soil may have prevented such growth,
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Garwood and Williams, and Stiles and Garwood (1963) noted that
re-wvatering of the dry sward was followed by the immediate prod-
uction of new roots which, they say, took up the now available
nitrogen which had accumulated in the top soil and so enabled
the top growth to exceed that of the controls which had these
roots from the beginning. This suggests, since the roots were
produced within 24 hours of re-watering, that the dry top soil
was responsible for the lack of growth by preventing the develop-
ment of new adventitious roots able to supplement the tiller
nutrient supplies, and so any claimed "nitrogen unavailability®
was a direct effect of suppressed rooting and not unavail-
ability as such., This concept is supported by the subsequent
experiment of Newbould (1968), descri:bed more fully later. This
showed that the response to nitrogen, deep placed in a wet zone,
was very much less than to irrigation, thus suggesting that the
inability to produce new roots in a dry top soil, or some other
factor resulting from water stress, is of overriding importance.

In order to test their hypothesis that nutrient unavail-
ability was responsible for cessation of growth, Garwood and
Williams (1967b) carried out further experiments involving the
injection of nutrients into the soil at 18" and 30" depth at the
time at which the sward, protected against rain, was currently
extracting water from these depths. An immediate visible response
in the greenness of the grass was produced and the vield was
greatly increased, as was the nitrogen recovery compared with a
surface nitrogen application. Subsequent re-watering gave further
quantities of growth which were greatest from the plots of deepest
nitrogen application. It was claimed that this experiment demon-
strated that uptake can be just as efficient from depth and that
nitrogen deficiency was responsible for the restriction of growth.

It cannot be denied that the deep nitrogen injections in-
creased growth. The importance of this effect cannot be estimated,
however,; since there was no fully watered control, and so there
is no evidence that the effect might not be relatively minor com-
pared with the drought effect. Additionally, it does not seem
logical to argue that growth ceased due to a nitrogen shortage
while the tissue nitrogen level was higher than that opresent in
the re-growth, made in abundant gquantities, after re-watering.
Clearly, some other factor must have been involved. (Nitrogen
percentages calculated from yield and W uptake data presented in

their paper, using mean of the two dry harvests).
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The most serious objection lies in the method of application
of the surface nitrogen to the control. This was simply applied
to the surface in a minute (0.76mm ) quantity of water. Pene-
tration could be expected to be minimal in the absence of any
rainfall and the distribution zone would be negligible. The
deep nitrogen was applied down tubes on a six-inch grid in suff-
icient water to give a “reasonable distribution™ in the soil.

It seems unreasonable to draw a comparison between two such
different fertilizer distributions. There seems no reason why
the surface application could not have been injected below the
surface in the same manner as the deeper application, hut after
the top soil had dried, though it is admittedly difficult to
obtain a “reasonable distribution” in dry soil without using
appreciable quantities of water.

The validity of these two criticisms is vindicated by
subsequent experiments carried out by Newbould (1$63), and by
Russell and Newbould (1968), wito adopted a similar experimental
technique. Nitrogen was injected in wet (control) and drying
plots at 7.5 cm and 45 cm, or placed on the surface. I"or reasons
already explained, the surface ¥ application is not considered a
valid treatment for comparison and will be ignored. This leaves
a conmparison of placement at 7.5cm in dry soil and at 45cm in the
current zone of moisture extraction. While the deeper placement
gave superior production during the dry period, the difference was
insignificant, and it came nowhere near to equalling the response
obtained by watering the plots. This is further evidence that
nitrogen uptake per se 1is of only minor importance in pasture
growth during dry spells compared with the importance of water.

Simultaneously with the nitrogen injection in the above
experiment, tracers were injected in order to measure the uptake
of phosphorous and calcium as affected by water regime. The
extent of P absorption was markedly affected by water content of
the soil, At the 7.5cm deptn, uptake was three times asg great

from the wet as from the dry regime. The subsequent addition
of water greatly increased uptake.

This observation compared with that of Eek and Fanning (1961)
who found that P uptake ceased before the soil reached the perman-
ent wilting point, whereas N uptake continued, even from soil

containing little of no moisture.
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The question of uptake cannot he left here, however, since
it is a process actively controlled by the plant. While uptake
may be limited by low availability, it can also be limited by
low demand. Several workers have found that drought-induced
stress causes an increase in hydrolysis relative to synthesis,
particularly of phosphorous compounds, and their translocation
from the leaves to the stem(Gates, 19683 Greenway, 1969; Williams
and Shapter, 1955), thereby increasing the concentration of P in
the labile pool and probably thereby reducing untake by the roots.
Gates (1968) found these effects to occur at a very early stage
of drought, VLefore dry weight hagd been rcduced. This work was
done mainly on the tomato plant which cannot truly be compared
with a defoliated svard. It does, however, offer an explanation
for the observations of Ilick and Panning (1961), mentioned above,
who worked with corn plants which were not of course, defoliated.

Thus the experiments on nutrient availability described above
must remain largely inconclusive and offer circumstantial evidence
which can be interpreted in other ways. Without exception, the
information was obtained from mature, defoliated swards which were
in the vernalised condition and so dependent on their adventitious
root system.

The response of the root system to environmental factors will

next be considered.
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THE_RGSPONSE OF ROOT GROWTH TO ENVIRON/NTAL FACTORS

The extent and diversity of the xoots of the Graminese
were examined and reported by early workers, whose investigat-
ions have now become classics in this field (Weaver,1926; Weaver
and Zink,1945,1946: Dittner,1938; Troughton,1951). Garwood
(1967,1968a,1968b) has made the most recent investigations using
similar methods to these workers, and his results will be consid-

ered here, largely in preference to the earlier work.

The newly sown grass plant 1s firet dependent on the seminal
root system for water and nutrient uptake, but the development
of the adventitious nodal system rapldly supercedes it, and the
relative importance of the two at this stage is demonstrated by
Russell (1970) who shows that the nodal sysitem rapidly assumes
a dominant role in uptake. Weaver et al. (1945) found that the
seminal system was alive and functioning after four months from
germination and was capable of suvporting the nlants if new
nodal roots were excised. Annual grasses could rely completely
on the seminal system, especially if the dry top soil prevented
the development of the secondary system. The length of the life
of a root is very variable, depending on soil and plant conditions,
but seems to be of the order of four to eight months, the latter
figure being the longest surviving root reported by Garwood.

Thus the root systcem of perennial grasses must be in a state of
continual replacement by new members.

Swards can, on this basis, be classified into the establish-
ing phase, where the nodal system is in the process of replacing
the seminal roots in function, but where all roots are active,
alive and functional: and the established sward, where a cycle
of death and rceplacement is in operation. The transition point
to the replacement cycle, while no doubt being very variable,
might be expected to be in the period of four to eight months
after germination. These two phases were clearly identified,
with little comment, by Garwood and Williams (1967a), who describe
the presence of active, white roots with an intact cortex, though-
out the full thirty-six inches, but particularly in the topn nine,
of the rooting profile of a seedling Lolium sward during the
summer following sowing. The absence of active roots in the

upper horizons of an old sward in summer was observed, and one
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can speculate on the way in which swards with these differing
root systems might resvond to drought. Xristensen (1961) found
that first year grass/clover swards could extract 60-70% of
available water before any decline in growth, whereas second
year swards were more sensitive to drought, and dry matter
production declined after 504 extraction.

The larger part of a root system is generally confined to
the surface horizons, Wright (1962) finding 70 of Blue Panic-
grase roots in the top two feet. Iowever, the data of Garwood
et al. (1967a) show that total root weight and active root
weight may have little relationship, and at times, the entire
active root system may be confined to the deeper horizons. The
total rooting depth, rather than the density, may be of import-
ance in determining the quantity of water available to the plant
(Garwood et al.,1967a). Although the general distribution of
roots under the Gramineae has been examined, little information
on inter-specific differences has been reported.

Garwood (1967a,1970) reports roots of Lolium down to four
feet depth, while those of Phleum and Poa were more restricted,
the latter being able to accumulate a maximumn soil water deficit
of about one inch less than Lolium. Goode(1956b) reports similar
results where Lolium fully utilised soil water to three feet
depth while Phleum had a compact root system, largely extracting
water from the surface twelve inches, and Poa was even more
restricted to the top six inches. Burton, De Vanc and Carter
(1954) found wide variations in the root distributions of
American grasses. Burmida grass had the deepest roots, though
least in total weight, and was considered the most drought res-
istant. Garwood (1968a) reports a comparison of Lolium, Dactylis,

Poa trivialis and Agrostis tenuis where they showed little diffed-

ence in their ability to take up water from depth. Zone of water
use may not, however, be an accurate indicator of root distrib-

ution, due to upwards diffusion in the soil.

A marked seasonality of root growth has been observed by
most workers. Baker(1957b) found that the weight of a seedling
Lolium sward increased throughout the first season, declined in
winter a little, then rose again the following spring. Garwood
(1967a) improved the precision of this type of investigation by
observing the number of new adventitious roots, since he consid-
ered that total root weight reflected only the balance of

growth and decay.
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He found that new roots of four grass species were produced in
increasing mumbers during late winter and early spring, falling
again in April or May to a very low level for the summer. There
was a small increase again in autumn, but the rate of elongation
wag slow. Elongation rates were highest in the deep roots prod-
uced during the summer. The differences were not greail amongst
the species studied. Beard and Daniel (1966), Ueno and Yoshihara
(1967), and Stuckey (1941) report =2 similar cycle of growth in
various common gpecies, and all find that high soil temperatures
best explain the fall in root production in swmmer. Garwood
(1968b) investigated this effect of temperature in controlled
experiments and found that the rumber of new roots produced, and
heir thickness; was greater at low temperatures (480F), but there

was more branching at higher temperatures (85°F) in Lolium.

Weaver (1926) reported that if the soil became very dry,
both young roots and root hairs died and root development was
greatly retarded, or even ceased. Russell (1970) observed that
a short period of desication caused collapse of the root cortex,
the presence of which was of greater consequence to phosphorous
uptake than the physical age of the root,

Wright (1962) found a considerable decline in root weight
under soil moisture stress, but the rather dubious value of weight
as a measure of root growth has been discussed by Garwood (196% ).
Weaver et al. (1945) observed that dry top soil conditions restric-
ted the development of the nodal root system. HWewman (1966)
found a reduction in root growth in ¥lax at -7 bars soil water
potential, and this fell to 20% of the rate before drying, at
-15 bars. Some limited growth was observed in soil with a water
potential below =20 bars. Growth in each layer did not appear to
be influenced by the water notential in other layers.

Garwood (19671) measured a lower weight of root under mature
irrigated swards of several species of grass and he attributed
thie to higher decomposifion rates under irrigated conditions.
Further experiments (Garwood,1968b) showed that irrigation
produced a small significant increase in the production of new
white roots, but multiple regression analysis could only show a
significent inverse relationship between white root number and

soil temperature.
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Lambert (1967) observed increased root weights under irrisated
scedling swards of Phleum, but this turned into a decrease two
years later in the cstablished phase.

Ueno et al. (1967) found a considerable fall in the root
growth of Loliwn and Dactiylis at high temneratures, even though
they wore irrigated.

Reard et al. (1966) found that temperature showed the high-
est correlation with root production, followed by light intensity,
then soil water conditions, and this appears to be in agreement

with the results of most workers on the topic.

The above reference to light intensity and hence, presumably,
to photosynthesis and carbohydrate supplies, lecads to the question
of defoliationand root production.

Jewiss (1968) found that compensation point was re-attained
within two days of defoliation, and both he and Dilz (1966) con-
cluded that the crude protein reserves were probably nost import-
ant in regrovth, and carbohydrate levels less so. Davidson and
Milthorpe (1966) thought that carbohydrate reserves were critical
for regrowth at high external nutrient levels. It is quite con-
ceivahle, therefore, that following defoliation, the internal level
of compounds for regrowth might be critically low, and diverted
mainly to the regrowth of the shoots until such time as reserves
were replenished (Broiwer,1965).

All Garwood’'s experiments were defoliated, usually at four
week intervals. The few investigations which have been made by
other workers show that this probably had at least some effect on
the subsequent root growth, caused by the diversion of assimilates
to new top growth.

Pavlychenco (1942) found that spaced plants produced more
adventitious roots than swards. This could well be due to the
higher assimilate levels to be expected in the non-competitive
situation. Taker (1957a), working similarly with spaced Lolium
plants, found that cutting reduced both root weight and the rate
of root elongation. This effect disappeared after a single cut,
but several cuts caused the plants to eniter the winter with reduced
rootsystems and this was reflected in lower top growth in the
following spring. There was an inverse relationship between

cutting freguency and root weight.
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Wright (1962) found a similar inverse relationship with
cutting height, no doubt connected with the creation of a sink
for assimilates in the shoots in preference to the roots.
Goode (1956a) has reported reduced maximum soil water defic-
its attained by roots of defoliated swards, indicative of reduced

root extension or activity.

The placing of factors affecting root growth examined by
Beard et al. (1966) in the order of importance; temperature,
light intensity (through its cffect on photosynthesis and also
in relation to competition within swards) and lastly water supply,
would seem to be supported by the experiments considered above.
The effect of cutting is a further factor, partly confounded with
the light intensity factor, but also related to the creation of
preferential sinks for assimilates, which further complicates
the interaction of all the above factors.

The complexity of these interactions must impose great diff-
iculties in the cexperimental investigation of the relationship
between soil nutrients, water and the growth of the grass plant.
Davidson (1969) has recently put forward a hypothesis which may
go far to anticipating the e¢ffects of environmental factors on
root/shoot ratios, though whether the relationship is spurious
remains to be scen. He suggests, in agreement with others
(Brourer and de WVit, 1969), that there is a characteristic ratio
of root to shoot in any given set of environmental conditions.

If defoliation takes place, all further assimilation is directed
towards restoring this balance. If the environment changes, then
assimilates are directed towards achieving the appropriate new
ratio. TPor example, the application of N increases the proportion
of shoot since assimilatory ability becomes of more importance
than the nutrient uptake ability of the root system. Corversely,
a nutrient deficiency diverts assimilates to root growth since
this is now the limiting factor in the nutrient/assimilation
balance of the plant. A similsr relationship can be proposed

for the cffects of temperature and =oil water.

The control of root and shoot growth by cytokinins is also
the subject of recent investigations, and there seems little
doubt that their production by the roots is closely related to
the metabolic state of the roots as determined by their activity

and current stress factors (Vaadia and Itai,1969).
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I+ scems likely from these recent investigations that a
break-through iz imminent in the understanding of the relation-~
ship between the root and the environment and that a causal
mechanism will be isolated to explain the present multitude of

descriptive observations.
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EXPERIMENTAL SECTION

Examination of Experimental Techniques

1) The Water Potential and Conductivity (k) Characteristics

The relationship be tween water potential, water content
and capillary conductivity (k) of the Silwood Soil and
Perlite used in these experiments was determined using a
fifteen bar ceramic pressure plate. Undisturbed core samples,
Sem thick, were taken from the experiments and placed, still
in the metal extraction rings, on the ceramic plate. After
being saturated, they were allowed to equilibrate at 0.2
bars pressure. The pressure was then increased by predeter-
mined steps ranging from intervals of 0.1 bar initially to
several bars at higher pressures and the rate of outflow
was measured. When outflow ceased, the ne::t pressure
increment was applied. The outflow from a second plate was
measured simultaneously and deducted from that from the
first plate to give the net outflow from the samples. The
final water content and the dimensions of the samples were
then determined. The water content/matric potential
characteristics on a volume and weight basis were calculated
from this data.

The capillary conductivity between sach pressure was
calculated by the method of Gardner (1956) and agrees well
with the measurements made by Lawlor (1967) on the same
goil, but using a pressure membrane apparatus.

The method has been criticised by Jackson, Van Bavel
and Reginato (1963) who concluded that the results could be
inaccurate by an order of magnitude. The technique assumes
congtant diffusivity during the outflow from each increment
of pressure, This assumption is only valid if the increment
ig small. Small increments give rise to difficulties in
measuring accurately the resulting small outflow, and so a
compromise must be reached. The method alsgo assumes the'
plate resistance to be negligible compared with that of the
sample. The ratio of sample resistance to pimte resistance
was increased by using thick socil cores. A disadvantage
was the long period of time required for equilibrium to be

attained.
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Fig. 1 B _
- Water Release Characteristics of KUP 130 Perlite
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Peck (1966) describes an alternative method of calcul-
ating k to eliminate plate resistance which involves match-
ing outflow rates over an initial short periocd of time to
a theoretical curve. It was not possible to measure out-
flow accurately over a sufficiently short time with the
available apparatus and so this method could mnot be used.

The calculated points and regression lines :.xo shown
in Pige.1 * 1,C,D.

The extrapolation of this line seems justifiable since
Gardner (1960) determined these characteristics for a
similar sandy loam and found the line to be almost linear
below a soil water potential of about -EO0cm.

Values determined by Gardner (195¢) for Pachappa sandy
soil and by Lawlor (1967) for this same Silwood soil, are
&l:a plotted in Fig.1C. No data could be found for Perlite.

The data of Lawlor show very close agreement. They
were determin-d by the use of a ceramic pressure plate
down to -1 bars and thence in a Visking membrane
apparatus down to -5 bars. He was similarly unable to
gseparate the resistance of the membrane.

The conductivity of the ceramic plate was estimated by

covering the saturated plate with water and measuring the out-

9

flow rate. The calculated value was 3.86 x 1077 ecm sec-1.
This probably gave rise to an appreciable underestimate of
soil conductivity but there is still close agreement with
values determined by Lawlor (1967) and Gardner (1956).

It is emphasised that any underestimate of conductivity
can only add weight %to the conclusions derived from the
calculations involving these measurements in a later section.

The behaviour cf Perlite was found to be unusual in
that there was a marked point «f change in the vater release
characteristics. This could probably be associated with a
change from the release of water from between the particles
to release from within the pores of the particles.

The low conductivity predicted by Warren-Wilson and

Tunny (1965) was confirmed at about an order of magnitude

lower than sandy loam.
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2) Messurement of Leaf Weter Potential

The potential of the grass leaf blade was measured with
a pressure chamber in the manner described by Scholander,
Hammel, Bradstreet and Hemmingsen (1965).

A compression gland was constructed to hold the leaf
blade within the pressure bomb without crushing the tissue,
while the cut end protiruded by a fraction of a centimetre.
The chamber was connectcd to a pressure gauge and compressed

air cylinder and the pressure raised by approximately 100cm

o
-2 -1 . . - .
cm Tsec while the cut end of the leaf was observed through

a binocular microscove. The pressure at which water exuded
from the xylem vessels was noted. Purther trimming of the
leaf after it has been cut from the plant, or allowing more
than the minimum of unpressurised leaf to pro trude from the
chamber vould introduce an aporeciable erxor into the method.

Boyer (1957) found that calibration against a thermocouple
peychromnctier wab nccessary for 2ccurateuse ofthe pressuremethod.He
nointed out that the method did not take account of xylem sap
potential and that tissue other than the zylem became filled
with liquid dAuring measurement, introducing further error.

Waring and Cleary (1967) found agreement of the technique
with Slatyers vapour equilibrium method to within one atmos-
phere in the range -5 to -20 stmospheres.

The facility and rapidity with which measurements can be
made, and the close cgreement between actual and anticipated
results at either end of the range are a strong recommendation

for the field use of the method.

3) Diffusion Porometer

A diffusion porometer, designed and built by Dr. P. Robins
of Imperial College and based on similar principles to one
described by Meidner et al.(1968) was used to measure the degree
of stomatal opening. This apparatus operates by measuring the
changes in electrical conductivity of a sulphonated polystyrene
strip vhich are caused by vapour diffusing out of the stomata.
The machine was still in a developmental state and had not been
calibrated. It did, however, allow comparative measurements
of vavour flow and hence stomatal aperture to be made in

arbitrary units.



44
4) The Weasurement of Root Length
ifewman (1966) describes a method of sstimating the
length of a sample of root by the interception technique.
The number of interceptshetween randomly distributed
straight lines of known length (in this case the cross wires
of a binocular microscope) and roots spread out in a dish
of water were counted.
Then the length of the root sample was estimated from
the formula R = J\NA
2

where: R

total length

¥ = number of intercepts

=
i

area of dish

ot
It

length of cross wires

Spreading the root sample evenly and using both wires
of the cross to count intercepts so as to comnunrote: fcr any
directionality in the root layout, greatly reduced the
number of random locations at which intercept counts were
necessary. Counting more than ten locations was found to
give little sreater:accurncy 'provided the above precautions
were observed. Trial measurements on cotton of known length
indicated an accuracy better than + 20%.

It should be noted that the method does not include
the root hair length in the estimate of total length as
these are not visible under a low power dissecting micros-
cope., IHstimates of intercepts made under a higher power
indicated that the root hairs contributed two to threc times

the length of the root axes.

5) Analysis of Tissue ilineral Content

Determinations of W,P,K and Ca were made by the method

described by Varley (1966) on the Technicon Auto-Analyser.
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6) The Pipe Technigue

This method was evolved to enable uniform conditions
to be applied and accurate control and measurement of
experimental factors to be made. This is difficult to
achieve with field plots. It has freguently been criticised
on the grounds that the roots generally follow the outside
of the containers. This has not been observed in these
experiments.

Each pipe of 15cm internal diameter was cut longitud-
inally and then reassembled using z collar and wire. The
lateral slits were sealed by P.V.C. tape. When stood in
a bucket from which outflow could be extracted, the pipe
made an easily manipulated lysimeter. It could be weighed
on a 50 kg x 10 gm yard-arm balance to determine water loss
by transpiration. The roots could be extracted by splitti-
ing the pipes and transfering the contents to a nail board
for washing.

In an attempt to reduce advective heating, the nipes
in outdoor experiments subsequent to the second one were
stood in a trench with their tops flush with the surround-
ing grass. The pipes were stacked together to form a nearly
continuous sward, and the blocks were arranged to remove
variance between outside and centre rows. Guard rows wvere
positioned at the exposed ends of the blocks, and when
pines were removed for harvest, the gaps were closed up

again.

7) Perlite Rooting Medium

Perlite was used in Pipe Lxperiments I and III as a
substitute for subsoil. (Perlite grade EUP 130)

Its defects are considered by Varren Wilson et al.
(1965) to be a low hydraulic conductivity and the production
of deformities in some seecdling types. They conclude that
these defects should not be over estimated. |

Some characteristics are given by White and Mastalersz
(1966); #orrison, iicDonald, and Sutton,(1960); and Green,
(1968).
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Perlite is of volcanic origin and after treatment has
a fine, light crumb structure. Xach crumb is permeated by
fine capillaries, enabling moisture retention in a manner
similar to soil.

It has many advantages. It is completely uniform, is
much lighter and easier to handle than soil, easier to wash
off the roots, and in the case of these experiments, virtually
nutrient free.

Roots produced in Perlite tended to be of rather
larger diameter and slightly denser than those formed in
natural subsoil. A comparison of Pipe Experiment III and
Pipe Experiment IV, the former using Perlite and the latter
subsoil, showed that at comparable ages, the total root
lengths were similar.

The hydraulic conductivity and moisture characteristics

of Perlite have been dealt with in a previous section.

8) The Lysimeters

The detail:d construction and design of the lysimeters
used in these cxperiments has becn described by Ethcrington
(1962). They numbercd 28 in two parallel banks oricntated
north/south. Each concrete tank measured 2yd x 1yd x 1yd
and contained the original Silwood 70il removed during cxcav-
ation for their construction. Drainage water was conducted
into the trench which separated the two rows of lysimeters.
inged transparent covers could he put into placce during
raini’all to protcct the plots if required.

4 vreliminary test crop of wheat indicated a gradient
of fertility, possibly rclated to a low soil pi to which
wheat is rather sensitive. Whilc grasses are lcss sensitive,
the futvre layout of statistibal blocks was based on the test

cropping results.

9) Growth Anmalysis by Computer
Growth analysis calculations were pcrformed using &
computer programme compilcd by Iughes and Freeman (1967)

for the purpose of thc analysis of data obtaincd from a
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series of sequential harvests. The programmc and details
of the mathematical prineciples were obtained from the Authors.

The mcthod involves fitting cubic regression curves on
time to the log transformed data of dry weight and leaf area.
obtained at scquential harvests, a stendard error becing cal-
culated for each curve at cach harvest. The programme
computes the growth paramcters from the slope of the line
obtained by differentiating the cquation at each harvest,
rather than over & longer time intcrval as uscd in convention-
al formulae. The standard errors for cach paramcter at cach
harvest ~rc simultancously calculsted using the standard

errors of the harvest points on the fitted curves.
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PIPE EXPERIMENT 1

It is widcly reported that different species of grass
exhibit varying degre s of drought tolerance within the condit-
iongs of the British climate. This initial experiment was
designed to obtain preliaminary information on any morphological
differences, particularly of the root system, in common agric-
ultural species of grass which account for differences in drought
resistance; and to test whcther these differences could readily‘bﬁ
reprodued in experiments. The experiment also served as an
initial test of the technique of growing grass in pipes, which

has already been described.

Method and Materials

Tour species of grass were grown under four trecatments in
which their continued water supply was either obtained from soil
at field capacity or else was dependent on the ability of their
roots to reach and exploit a water-table which, in the extreme
treatment, was 90cm below the surface. In order that the nutri-
ents available to the plants should be the same in every case,
each pipe contained 23cm of soil separated from the water-table
by an anpropriate depth of Perlite. Capillary rise from the
water-table into the Perlite was prevented by a layer of cogrse
gravel, a few centimetres thick,

The experiment was conducted in a heated greenhouse using
mercury vapour lights to enhance illumination, commencing in
January, 1968. It consisted of four randomised blocks arranged
in parallel rows so that edge effccts and differences in illumin-
ation were spread as evenly as possible along each block.

Fach block congisted of the :following sixteen factorial

combinations-
four Water Treatments X Tour Grass Species
Ficld capacity (FC) Dectylis glomerata s37  (CF)
30cm Water-table  (30WT) Lolium perenne s23  (RG)

60cm Water-table (60WT) Testuca arundinacea 35170 (TT)
90cm Water-table  (90WT) Phleum pratense 548  (T)
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The pipes for the field capacity treatment were 30cm long
and the remaining pipes were cut to the length of the corres-
ponding water-table depth and then stood in buckets placed on
concrete blocks so that the tops of the pipes were all at the
same height. A few centimetres of coarse gravel were put in the
bottom of each bucket to prevent capillary rise from the water-
table. This was maintained through side-tubes attached to the
buckets at one end while the other was attached to a funnel
supported in a wooden frame at a height corresponding to the
water-table. The FC pipes had a drainage tube from which any
surplus water could be collected and returned +to the surface soil.
The 60WT and 90WT pipes were filled with fine grade TUP 130
Perlite to within 23cm of the top. All pipes were then filled
to the top with an equal weight of Silwood top soil (described
by Etherington, 1962). A gypsum soil-moisture block was buried
at 10cm depth in each pipe and these were read at intervals
during the course of the experiment using a resistance meter.

0.15gm of seed of each species was sown in the appropriate
pipes on 17 Januvary and the plants were kept well watered after
emergence until 21 February by which time they were several
centimetres tall. All pipes were then watered to field capacity.
All further water additions were to the soil surface in the FC
treatments or to the funnels in the WT treatments. The gquantit-
ies added were recorded.

By 28 March, considerable top growth had been made and this
was cut at 2cm above soil level and dried (Harvestl). Subse-
quently, the pipes were rewatered to field capacity after dis-
connecting the watcer-table tubes and then fertilizer was added

3

in 50em” water estimated to be cquivalent to the nitrogen removed
in the top growth harvested. The grasses were permitted to
regrow without subsequent watering except for the FC treatment.
The water tables having been disconnected, this mecant that the
sccond stage of the experiment tested the ability of the species
to maintain growth by extraction of the water held by different
depths of Perlite.

When two of the four replicates of each treatment showed
permanent wilting, all four were harvested on the assumption
that growth had ceased (Harvest 2). Wilting occuwed first in
Lolium and in Festuca, Dactylis and Phleum in order, and first
in the 30WT followed by the 60WT and 90WT depths over a period

of six weeks from 18 April to 29 May.
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Two revlicates of the FC treatments were harvested at the time
of the 30 WT harvest, and the remaining two replicates at the time
of the 90WT harvest.

After this harvest, gravimetric measurements were made of the
water content of the pipes at two depths in the soil and two in
the Perlite, then sample root systems were washed out of ecach
species and each pipe depth.

The nitrogcn content of the plant shoots in cach treatment
at each harvest was determined after bulkinz the replications
with the exception of the FC treatments at Harvest 2, the replic-

ates of which were not all harvested simultaneously.
Results

Until Harvest 1, the WIT treatments were dependent for water
on the.storage capacity of the soil and Perlite plus extraction
from the water-tahle if the roots were able to reach it.

The yields of the three water-table depths, which were
harvested simultaneously, were not significantly different.

The mean yield, therefore, of the three WT treatments and that

of the FPC treatments is presented in Table 1.

Table 1. Pipe Experiment 1

Dry Matter Yield of Foliagc at Harvest 1 (gm)

CE RG I® I
e 10.6 16.0 12.6 8.9
WT (mean) 5.1 8.1 6.8 2.9

]JOS.‘D.=1 n2

The yiecld was depressed in the WT treatments compared with
the controls consistently by about 505 as a result of the soil
and Perlite being dried (except in the case of Phleum which was
even more severly depresscd) even though unlimited water supplies
were available from a water-table. The nitrogen concentration
of Harvest 1 foliage is shown in Table 2. Since the replications

were bulked, no statistical analysis was possible.
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The mean concentration in the WT treatments for all species except
Phleum was higher than in the controls at field capacity. The
percentage was inversely related to the yield of foliage in wet

and dry treatments.

Table 2. Pipe Experiment 1

Witrogen Concentration in Foliage at Harvect 1 (%)

LU L 3L -3 SO L) N 1Y,
Z0WT 3.3 2.3 2.9 345
60WT 3.3 3.5 345 3¢5
QoW 302 526 522 o 328
Mean of WT

trcatments 3.3 3,1 3.2 3.5

The mean dry matter yields at Harvest 2, shown in Table 3,
were not analysed statistically since the replication was split
in time for the FPC treatments. The variability between replicat-~
ions was small. As at Harvest 1, the depression in yield relative
te the controls was considerable. At the time of the harvest of
the 30cm pipes, Phleum was least depressed and there was little
differcnce between the other three species. At the harvest of

the 90cm pipes, Lolium and Festuca showed considc rably less de-

pression relative to the controls than Dactylis and Phleum, and

had made considerably more growth from the additional water
available in the extra depth of the 90cm pipes since the harvest
of the 30cm treatments.

The interpretation of this result is difficult, The superior
performance was by the two species which exhausted total supplies
first, and also had the deepest root systems as shown latcr.

These two species were able to explore the full depth of the pipe
and remove available water, whereas Dactylis and Phleum had more
restricted rooting depths. It is suggested that these last two
species were ablc to avoid permanent wilting (at which point

they would be harvested), while being ina state of acute water
shortage, by virtue of the still moist Perlite at the lower fringe
of thelir root system. This would allow more time for their FC
controls to continue growth, so making the ;rowth dcpression

appear largcr. On the other hand, the Lolium and Festuca depleted
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the pipes of all available water rapidly and then suddenly
reached permanent wilting point and were harvested, so allowing
little time for further growth of the controls. This would give
the appearance of a smaller depression in growth.

Lolium and Festuca were able to make most growth using the

water they were able to extract from a 90cm profile, Dactylis

rather less and Phleum least.

Table 3., Pine Nxperiment 1

Dry Matter Yield of Foliage at Harvest 2 (gm)

oy BG F T
FPC 8.9 9.8 8.2 5.3
30cm pipes 4.2 4.3 3.4 3.3
TC 25.7 26.0 16.9 11.6
90cm pipes 10.7 16.5 13.0 3.9

The total nitrogen uptake in the top growth (available only
for the drying treatments) at the second harvest (Table 4) shows
that aporeciable further nitrogen uptake occurred after the top
soil was dried 4g «+ilting point as shown by the wilting of the
30cm pipes and confirmed by the resistance block readings. This
uptake occurred when the two deeper treatments were relying on
the Perlite for water. If it can be assumed that leaching of
nitrogen in"o the nutrient-free Perlite was negligible, this
nitrogen must have come from the dry top soil.

This effect is not apparent in the case of Phleum since the

harvest intervals were very close.

Table 4. Pipe Experiment 1

Total Nitrogen Uptake in Foliage at Harvest 2 (mg)

cr RG ) T
30cm pipes 146 165 127 121
60cm pipes 227 224 220 130

90cm pipes 184 269 225 118
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The rooting pattern of the 90cm pipes is shown in Plate 1.

The Dactyiis, Lolium and Festuca roots had reached the bottom of

all the shallower pipes. Phleum had not reached the Pem level.

The Lolium and Festuca roots showed considerable proliferation

at the bottom of the 90cm pipes and so could presumably have
penetrated deeper. Dactylis penetrated to 75cm, Phleum to 20cm.
Thus conside rable diversity of rooting habit was shown in this
experiment. These rooting patterns at wilting were parallelled
by the distribution of moisture in the soil and Perlite at the

end of the experiment (Table 5).

Table 5. Pipe Experiment 1

Moisture Content of Soil and Perlite

in 90cm Pipes at Harvest 2 (% Volume)

or RG F T

Soil 0~-10cm 7.8 8.6 11.6 11.7
.10=20em 10.1______ 13.1.______16.9_______15.6

Perlite 23-60cm  20.5 7.6 11.7 23.5
60-90cm 26.6 1%3.5 18.5 43,1

Dactylis was most successful in exploiting the top soil,

and much less so than Lolium or Festuca in expleiting the 23-

90cm depth. Phleum was least successful in extracting water

from greater depths; Lolium was most successful.

This experiment showed that the pipe technigue was capable
of supporting growth by the grasses in a manner which appeared
typical of natural conditions, while enabling much better control
of the experiment than would be possible in field plots. The
roots grew vertically down the pipes and showed no tendency to
follow the perimeter as happens to many plants grown in contain-
ers, This might be a function of the rooting habit of grasses in
that lateral spread is limited, or of the easily penetrable and
well aerated nature of the soil used.

These preliminary results showed a considerable morphological
difference between the root systems of the species, Phleum being
particularly notable in this respect. It was decided, however,
to confine further investigations to Lolium and Dactylis. Besides
being the two most common agricultural grasses in this country,
they are widely described as being drought susceptible and tol-

-erant respectively.
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PIPE EXPERIMENT IT

The first pipe experiment had shown that drying of the
top soil had a severe effect on the growth of grass.

The next experiment was designed to test the hypothesis
that placement of fertilizer in deeper, moist zones of the soil
might to some extemt alleviate the drought effect by increasing
the nutrient availability after the top soil had dried. It was
initially intended to test the response of an uncut; seedling
sward but the profuse growth of the leaves in response to the
fertilizer treatment made trimming necessary on one occasgion
during the growth period. Secondly, a more detailed comparison
of the response of Lolium and Dzctylis to water stress was under-

taken.

Me thods and Materials

The experiment was conducted in an open-sided greenhouse
until 18 September, 1968, when the remaining pipes were moved to
a heated greenhouse equipped with mercury vapour lighting. The
degree of shading early and late in the day in the open greenhouse
was considerable, and this combined with the effects of the very
dull, wet weather of the late summer to cause rather low trans-
piration rates compared with subsequent pipe experiments, of the

order of 2-4mm day"1.

The experiment consisted of four randomised blocks split
into three main harvests, and an initial pre-treatment harvest.

The following treatments were factorially combined.
(I) Two species a) Dactylis S37(CF) and Lolium S23(RG)

(II) Two regimes: a) Field capacity (¥) in which the grasses
were regularly watered to maintain the initial weight of the
pipes. b) Unwatered (D) where the grass was dependent on the
water present in the soil after initially being brought to

field capacity. This treatment resulted in a gradually increas-

ing degree of drought, culminating in the exhaustion of available

water at a 2ycm deficit.
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(ITI) Two fertilizer placement depths: All pipes received the
equivalent of 190 kg ha”! of nitrogen rnd 40 kg ha”! each of
3

phosphorous and potassium. This was applied in 40cm” of water,
either as surface nutrients (NS) or as distributed nutrients (ND),
achieved by placing 1Ocm3 5

three tubes extending to 30,60 and 90cm velow the soil surface.

on the surface and 10cm” down each of

(IV) Three harvests: These were taken when the average water
deficit in the drying pipes of each species reached 7em (H1),
14em (H2) and 21cm (H3). It should be noted that the two species
lost water at differing rates and so their respective harvests
did not coincide.

Four extra pipes of each species were utilised for an initial
pre~-treatment harvest (HO).

The experiment was conducted in 120cm pitch-fibre pipes
standing in buckets. Bach pipe was filled with Silwood sandy
subsoil to 30cm from the tovp, followed by Silwood ton soil to
the top. Three glass tubes, 30, 60 and 90 cm deep were inserted
in the centre of the ND treatment pipes to permit fertilizer
injection.

The entire experiment was surrounded by insulation board,
120cm high, surmounted by 15cm of perforated zinc to prevent
absorption of radiation by the black pives and advective heating
of the foliage.

Twenty-five seeds per pipe of Dactylis or Lolium were sown
on 24 June,1968 and allowed to grow with regular watering and
the occasional addition of Long Ashton culture gsolution in small
quantities until 25 July. Then all the pipes were brought to
field capacity and weighed, The fertilizer and water treatments
were then imposed after the initial harvest of eight pipes.

Subsequent harvests were carried out at tne prescribed
deficits determined by weight loss. At Harvest 1, the luxurious
top growth had becowme unmanageable and it was decided to defol-
iate the Jarvest 2 and Harvest 3 pives also and allow regrowth.

On 18 September, the Harvest 3 pipes were moved to a heated
and illuminated greenhouse since transpiration rates outside had
declined to a very low level.

Farvests were taken 33, 77 and 103 days after zero harvest

in Dactylis and 31, 60 and 83 days after zero harvest in Lolium.
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The harvest procedure was as follows: On the day prior to
harvest at 10 a.m. and 3 p.m., leaf samples were teken from all
the pipes to be harvested for relative turgidity measurements.
At the same time, porometer readings were taken twice on three
leaves of each pipe.

On the following harvest day, the pipes VWere weighed and
the shoots were then cut at soil level. The pipe contents were

extracted and the core of soil cut into sections of 3%0cm length.

The top 30cm was further sub-divided into 15cm sections. Samples
for moisture determinations were itaken vertically through the
centre of each core in the drying (D) pipes. The cores were
soaked overnight and the roots were then washed out, dried,
cleaned and weighed. The total lengths of the roots at Harvests
1 and 3 were determined by unreplicated sub-sampling for Newman's
root length technique.

Sub-samples of the top growth were divided inito leaf and
sheath, and the areas and weights determined.

Nitrogen determinations were made on the top growth and

roots, again bulking the replicates, at Harvests 1 and 3.
Results

The total dry-matter yield and its shoot and root components
are shown in Table 6. There was no significant effect of fertil-
izer placement and so the mezn of the two is used to simplify the
table.

There was a significant interaction of species x water x
harvest in the case of total and shoot production. The interact-
ion was confined to water treatment x harvest in the roots though
the second order interaction is also shown in Table 6 for complete-
ness.

The production of both root and shoot was lower in the dry
treatments than the controls at all harvests but did not reach
significance until Harvest 3.

The total procucticmof the two species under the dry treat-
ment was substantially the same at a 2ycm s0il water deficit at
Harvest 3. )

The significantly hicher yield of the wet Dactylis at Harvest
5 is accounted fcr in thc longcrgrowingperiod, and disappears
when expressed on a daily growth basis.

Analysis showed the overall production rate of Lolium to

be significantly higher than that of Dactylis.
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Dry-ratter Production to Harvest (gm) (x 562=kg ha-1)

1) Total (P=0.05)

13

1
H1 12.16
H2 17.07

H3 43,36

II) Top growth (P=0.01)

H7.21
H2 11.34
H3 27.04

o

10.79
15.46
21.48

6.81

10.44
15.66

IIT) Root (not significant)

H1 4.95
H2  5.67
H3 16.32

1V) Root (P=0.001)

(Mean of the

two species)

1
H2
H3

3.97
5.01
5.82

W
4.68
6.13

14.62

13.91
19.28
53.87

8.2%
12.68
20.95

4.41
6.60
12.92

o

13.23
18.46
23.74

8.17
12.41
15.66
L.S.D.=2.00

o O\
o o
o G A

2

4.52

5.53

6.95
L.5.D.= 2.48

The interaction between harvest, fertilizer placement and

water just reached significance at the 5% level for daily dry

matter production between harvests.

By the time of the third

harvest, decp fertilizer placement proved to be less effective

than surface placement in the wet treatment and more effedtive

in the dry (Pig.2).
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The total leaf and sheath area is shown in Tables 7 and 8.
The interaction of water x species x fertilizer placement x
harvest was significant at the 5% level, but +to simplify the
complexity of the interaction, the mean of the fertilizex
placement trecatments is given in Table 7, while the interaction
of water x fertilizer placement x harvest is shown in Table 8,
again significant at the 5¢% level. .

There was an immediate decline in the area of leaf + sheath
of the dry pipes relative to the wet pipes, reaching signific-
ance at Harvest 2 in Dactyiis and at Harvest 3 in Lolium

(Table 7).

Table 7. PRipe Bxperiment IT

Totxl Sheath ond Leaf Axces per Pipe (cm2)

&8 RG

W D W )

a1 2208 2067 2616 2490
72 1519 995 1219 932
H3 4084 1312 3609 1881

L.S.D.= 434

Table 8. Pipe Bxperiment IT

Total Sheath and Leaf Arcas per Pipe (cmz)

W )
H1 2502 2321 2533 2024
H2 1213 1525 943 285
H3 4065 3628 1442 1751
L.S.D.= 434

Reference to Table 8 suggests a benefit from distribution
of the ferilizer at later stages of drought, and an initial
disadvantage in a manncr similar to that shown by daily dry
matter production, and also consistant in both species at

Harvest 3. This benefit is small, however, comparcd with that

of an amnle water supply.
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The relative decline in total leaf and sheath area of the
dry treatments was rather greater than that in dry weight, and
this can be seen in the area/weight ratios (Table 9) which
decline considerably as the drying proceeds compared with the
controls, suggesting a failure of the leaves to expand in prop-

ortion to their incrcase in weight.

Table 9. Pipe Ixperiment IT

Area/Weight Ratios of Shoots (cm? gm_1)

cr RG
W D ki D
T 287 305 323 296
H2 330 269 313 278
H3 213 155 307 264

This hypothesis is supported by thc leaf/sheath weight
ratios which show a significant harvest x species x water
interaction at the 5% level, whilé harvest x water was signif-
icant at the 0.1% level and is presented in Table 10. Dy
Harvest 2, dry-matter was clearly being stored in the sheath
while the lamina failed to increase proportionately in the

drying treatments.

Table 10. DPipe Experiment IT

Leaf lamina VWeight/Sheath Weight Ratio

¥ | D
H 2.44 232
H2 2.66 2.21
03 2.33 171

L-S.D.= Oo33

Lolium was notable for the rate and depth of exploration

of the soil profile by the roots (Table 11).
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Table 11. Pipe Experiment IT

Rooting Depth of Dactylis and Tolium (cm).

cF RG
H1 42.8 66.4
H? 58.1 90.8
H3 80.5 104 .1

L.S.D.= 6.5cm

The root system of Lolium was considerably dececper than
that of Dactylis at all times and this is reflected in the water
extraction pattern of each species in the drying pipes (Fig.B).
The current major zone of water extraction was always deeper in
Lolium, probably a function of the denser roots at depth (Table
12). Dactylis was notable for the dense proliferation of roots
in the ton soil under wet conditions, though this might be partly

attributed to the additional 18 days of growing period.

Table 12. Pipe Experiment IT

Root Density at Harvest 3 (cm cm—a)

Ccr RG
kil 32 W D
0~ 15cm 33.6 13.3 19.1 10.1
15~ 30cm 12.1 7.6 110 7.5
30~ 60cm 4.6 3.1 5.4 3.9
60- 90cm 1.5 1.3 4.9 3.9
90-105¢cm 0.0 0.0 3.4 2.0

The main differcnce between vet and dry treatments in root
density occurred in the top 30cm of soil where the prolifer-
ation of roots in the dry soil was greatly reduced. A compar-
ison of wet and dry pipes at each harvest reveals that root
density had not changed aporeciably since Harvest 1 in the upper
regions of the dry pipes and that the rather small increase in
total root weight during thisperiod might be accounted for by

thickening of the upper roots and continued downward extension.
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There was no significant difference between the relative
turgiditiecs measured in the morning and afternoon. There was
an interaction between harvest and water treatment significant
at 0.1% level (Table 13a)., This has been expanded to includc
species in Table 13b though the interaction with species was
not significant. It does show, however, that relative turgid-

water stress.

Table 13 Pipe Experiment IT

Mean Relative Turgidity of Two Soccies (5%)

Table 13a
u D
H1 93.7 93.7
H2 96,1 95.71
H3 971 93.2
L.S.D.= 1.7
Relativ: Turgidity (%)
Table 13D
CF RG
v 2 W D
H1 95.4 94.6 92.2 92.7
H2 97.4 95.5 94.8 95.7
H3 97.9 92.6 96.4 93.8

The measurement of stomatal diffusion rates using the
d:ffusion porometer was not entirely successful. The apparatus
-as found to be cxtremely scensitive to temperature and often
ceased to function on a cold morning. The readings must, there-
fore, be regarded with caution. They are not without interest,
however, especially those obtained under greenhouse conditions
at Harvest 3, when the readings of the controls indicated
sufficient lightfor full stomatalopening, and the higher temper-
ature ensured correct functioning of the apparatus.

On this third harvest occasion, the stomata of the dry
Lolium werc found to be still open, tiough less so than those
of the controls. Those of Dactylis were almost entircly closed
(Table 14). This is consistent with the tendency of Lolium
to depletc the soil of water at a much higher rate, as shown

in ¥ig.4, in the more advanced stages of drought.
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The leaf areas (Table 7) of the two species remained
similar until Harvest 2 when that of Lolium increased more
rapidly to a value about 40;» higher in the dry treatments at
Harvest 3 than those of Dactylis liven though the ground cover
was complete, if a large proportion of the heat transfer was
advective, this extra leaf area might explain the difference in
the rate of water use. Account must also be taken, however, of
the apperent closure of Dactylis stomata at an earlier stage,
combined with or related to its reduced ability to explore the
profile and so reach new regions for water extraction. The
rapid drying of the top soil and the continued growth of the
roots to greater depths strongly suggest that extension is an
important factor in continued water uptake during a drying
cycle, and this is supported by the manner in which the Lolium
exhausted available water supplies more rapidly, perhaps as a
result of its greater rate of root extension downwards. The
downvard penetration of Lolium roots was, of course, limited by
the depth of the pipes, and in a profile of greater depth, there
seems no recason why it should not have continued root extension,
so continuing to take up water and grow for the same length of
time as Dactylis. The latter appeared to have commenced water
economy measures at a smaller deficit, thus enabling it to grow

longer, time-wise, into the drought, since it had not reached

the bottom of the pive as had Lolium.
Table 14. Pipe Experiment IT

Rate of Stomatal Diffusion*

cr RG
1 a.mn. 157 156 270 168
DM, 85 172 271 174
H2 a.m. 142 100 106 93
P.m. 147 118 109 72
H? a.m. 87 6 74 20
pem. 81 7 55 22
* These rates are expressed in arbitrary units calculated

from the recinrocal of the time taken for a given deflcction

of the galvanometer needle. Comparisons cannot be made
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between harvests because of changing characteristics of the
apparatus due to temperature differences. The Harvest 3 read-
ings are considered reliable because of the uniform greenhouse
conditions. The results were not suitable for statistical
analysis, but the close correlation between morning and after-
noon values suggests considerable consistency.

The nitrogen percentage of the dry matter and the nitrogen
uptake were measured scparately for the tops and roots. Both
showed similar responses to treatment, but the nitrogen percent-
age in the roots was about 50% lower than in the tops. The two
species behaved similarly regarding nitrogen uptake and since
the measurements were from bulked replicates, the mean uptake

values in roots and tops are presented in Table 15,

Table 15. Pipe Experiment II

Total Nitrogen Uptake in Roots and Tops (kg ha_q)

M D
HO-H1 252 221 265 223
HO-H3 492 433 382 364

At all times, uptake from deep placement was lower than
from z surface avplication., After the first harvest, uptake
in the drying nipes fell behind that in the controls, but was
still an average of 80% of the latter at Harvest 3.

The nitrogen percentage in the shoots is shown in Table
16. It should be remembered that the figure for Harvest 3 is
that of the re-growth since harvest 1, for which the grass was

dependent on new uptake.

Table 16. Pipe Experiment II

Nitrogen Percentage in Dry-matter

i D

i D us D

Shoot H1 4.15 3.75 4,4% 4,20
Shoot H3 1.98 1.81 2.50 2.50

Reot H3 1.19 1.09 1.21 1.27
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The dry treatments, even at Harvest 1, show an appreciably
higher concentration of nitrogen than the wet ones. This diff-
erence is accentuated at Harvest 3, in the re-growth made at a
deficit of between 7 and ZQQm of water. Thus at no time counld
it be said that the dry nlants were internally deficient in
nitrogen, comparcd with the controls; despite having to grow
new shoots after defoliation at Harvest 1. The nitrogen per-
centage in the shoots of the deep fertilized plants is less
than that of the surface treated plants in three out of the
four comparisons.

The nitrogen percentage in the roots did not change
appreciably during the coursc of the experiment, and scemed
virtually unaffected by treatment. This could not, therefore,
have been a source of nitrogen for re-growth.

Conclusions regarding the comparative drought resistance
of these two specics must depend on the basis of comparison.
Both were ablc to make a similar quantity of growth while using
a fixed amount of available water in the drying treatments.

Had the pipe length not limited further downward growth of
Lolium roots, howecver, into new, untapped zones of water, thcn
there seems no reason why it should not bave continued growth

as long as Dactylis and so produced more dry matter in a given
time but using more water in the process. The fact that it's
root system was able to explore the soil cnvironment so much
more rapidly seems responsible for the much higher rate of prod-
uction of Lolium up to the limiting 2¥cm s0il moisture deficit.

In neither svecies was dry matter production seriously
affected by drying until a 14cm deficit had been exceeded, but
the lcaf area, ecspecially of Dactylis showed signs of consider-
able restriction at the doficit of Tem at Harvest 2.

There was some suggestion that distribution of the fertil-
izer through the profile had been of advantage both to leaf
wveight and area towards the end of the drying cycle in both
species. The higher nitrogen percentage in the droughted
plants suggested, however, that some factor other thaa nitrogen

uptake, was largely responsible for limiting growth.
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LYSIMETER EXPERIMEAT I

This cxperiment was designed to test the response of a
mature sward of cach species to a drying cycle, in the
vernalised and hence flowering condition. The swards werc
defoliated frequently and so their ability to continue to
take up nitrogen as the drought intensified could also be
studied.

Method and ifatcrials

The experiment took place in the lysimeters described
at the beginning of this section. The covers were put in
place whaever necessary to exclude all but very light rain,
and were removed in fine weather. A standard rain gauge in
one lysimeter measured any rainfall they received while the
covers were not in place.

The swards had been sown the previous summer and were
fully established.

The design 'was of six blocks, ecach consisting of four
adjacent lysimeters. Block trecatments consisted of Lolium
S23 (RG) and Dactylis S37 (CF) factorially combined with
two methods of fertilizcr application. There were insuffic-
ient lysimcters to allow a watered control trcatment.

The fertilizer was a granular compound containing the
eguivalent of 500 kg ha”! of nitrogen, 107 kg ha”! of
phosphorous and 208 kg ha_1 of potash. The lysimeters were
wvatered to field capacity and in the surface fertilizer
treatment(yS), the compound was then distributed on the
surface., In the deep fertilizer treatmeont (ND), the fert-
ilizer was first anplied, and then the lysimeter was leached
with a total of 5cm of water appliecd at intervals over a
week. Trom thc data of Aylmore and Mesbahul (1968), this
latter treatment was calculated to lecach the nitrogen comp-
onent of the fertilizer into the profile to a dcwnth of at
least 30cm,

The fertilizer was applied on 21 March 1969, before
grouth had started in a late spring. It was observed that
the hecavy fertilizer dressing caused scvere scorching of
the leaves on the lysimeters which were not watecred follow-

ing its application. The herbage was cut at intervals of
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7-14 days depending on the rate of rogrowth until growth
ceased in midsummer. Growth from the outside cdges was
discarded and a samplc of 1m2 was taken from the centre of
each lysimcter.

By 9 July, all growth had ccased and the tops were show-
ing considerable wilting and scorching in the very hot
weather of this period. On 17 July, the lysimeters were
watered and cxposed to all rainfall. On 15 Auvgust, all
the resulting regrowth was harvested (H8).

The dry weight of cach sample and the nitrogen content
of bulked replicates of harvested material was measured.

Over the next 12 weeks, all lysimeters were watcred

back to field capacity and the water required was recorded.

Results

A curve of log cumulative dry weight of cach trecatment
was fitted by the computer method of Hughes and PFPreeman
(1967) and the L.3.D. determined for each harvest date.

The fitted log dota was then retransformed and plotted in
Figs. 5 and 6 for cach specics. The yield of the fertilizer
treatments differced significantly from the . first harvest

and continucd to do so throughout on a cumulative basis.
When the dry-matter production between harvests is consid-
cred, however (Pigs.7 and 8), it can be seen that this
cumulative difference is accountcd for almost centircly by

a significantly higher rate of production during the first
two harvest intervals. This lower carly production by the
treatments wvhich received no water after the fertilizer
application can certainly be partly attributed to the severe
lecaf scorch which ensucd. After Harvest 3, therec was no
advantage in the ND treatment in Lolium and only & small,
non-significant advantage throughout in Dactylis. The

total production of Dactylis was significantly lower than
(Tablec 17) in Lolium, accounted for by a lower ratc of

production after Harvest 3. The deeline in production by

Both speccies responded similarly to the two fertilizer

treatments and there was no significant interaction.
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Lysimeter IExperiment I. Table 17

Total Cumulative Dry-mattcr Production (kg ha_1)

s 4200 3190
9D 4740 3000
L.3.D.=T740

Upon recwatering, all treatments rcturned to a rate of
growth comparable with the early part of the drying cycle
of 50-60 kg g day-1.

Hitrogen was taken up at a fairly steady rate until
Horvest 5 (figs. 9 and 10) after which there was a rapid
decline until growth ceascd. After rewatering (Harvest 8),
uptake rate rosc again to a level almost corresponding to
the earlicr narts of the drying cycle. It can be seen from
a comparison of nitrogen uptake rate and growth rate that
the two' arc cxtremcly closely rclated. The question must
arise as to which is the causal factor in the relationship.
The nitrogen in the NS treatment was confined to the surface
of the soil, a zone which would dry in the first few days
of the drought cycle. There was little indication of a
scrious decline in uptake until after Harvest 5, however,
corrcsponding to a calculated water deficit of 8cm indicat-
ing the removal of available water to & denth of about 45cm.

The dccline in nitrogen uptake rate did not therefore
appear to be rclated to the drying of the surface centimetres
of soil where the nitrogen was applied and so it secms
unlikely that the fall in growth ratc was the result of a
decline in nitrogen uptake rate. It seems much more likely
that some other factor was becoming an important influence
in recducing the growth of the sward and this rcduced growth
caused a simultnncous reduction in nitrogen uptake. This
is supported by thec observation that the morc severe decline
in growth of Dactylis at Harvest 6 and 7 was accompanicd by
a similarly more scvere fall in nitrogen uptake. It scems
improbable that this might be related to some suddon diff-
erence in nitrogen availability to the two speeies in the
surface zonecs where the nitrogen was located, and morc likely

- to bec due to the differing abilitics of the two speecics to
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utilize the water at depth vwhere it was currently being
extracted, or withstand some other physiclogical stress.

Lxamination of the nitrogen percentage in the harvested
growth further confirmed this view. This content was at a
very high level initially (Table 18), and in spitc of freg-
uent harvesting, the regrowth was always able to maintain a
nitrogen content comparable with what would be considercd
as a high level in the field (Whitchead, 1966).

Lysimeter Expceriment I. Table 18,

Percentage Witrogen in Dry-matter (%)

H1 5.60 5.60
H2 5.25 5.35
H3 5.10 | 5.25
HA 4.80 4.90
H5 ~ 4.50 4.65
H6 4.30 4.35
LY P 3:80 e 3:22
H8 3,65 3.60

The nitrogen content of the regrowth fell wupon re-
watering,and there was no cvidence that the renewed water
supply had made the possibly large residual gquantity of
fertilizer nitrogen available again in such a way as to
rcstore the high tissue lcvels shown at the beginning of the
experiment. It is possible to calculate the approximate
deficit during the experiment from the local (Meteorological
Office, Dracknell) figures for potential transpiration.

Rainfall and water additions rcguired to rostore the
profilc to field capacity after the end of the experiment
were equivalent to 43cm of water. Transpiration during re-
watering, assuming the potentinl rate, amountecd to 19.1cm.
Water usc before rewatering commenced i.e. during the exper-
imental period was therefore

43,0-192.1=2%.9cm
This figure is similar to that for potential transpiration

during the treatment period.
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The actual soil moisture deficit at Harvest 7 would be
less than 23.9cm by the 5.0cm of light rain that was allowed
to reach the soil during the experimental period. The
maximum dcficit was thus 18.9cm at Harvest 7. The potential
deficit after rainfall dcductions for cach month is plotted
in Pigs. 5-8.

The data obtained from this cxperiment suggest that
Dactylis is less ablce to continuc growth into drought con-
ditions than Lolium, but lack of a watered control means
that other ceffcets such as that of flowering cannot be
eliminatcd.,

Both specics wore able to continuc growth at a steady
ratec until o water deficit of 8cm was cxceeded, when the
growth of both declined rapidly, particularly in Dactylis.

Regrowth after each harvest was depcndent on fresh
nitrogen uptake, previous cxperiments having indicated that
root storage was ncgligible, and there was no evidcnce that
this uptake was in any way impeded by drying of the surface
zones where the fertilizer was situated: rather that any
decline in uptake was duc to reduced internal demand. Some
factor other than nitrcgen shortage thus appecared to causc

the decline in growth rate when an 8cm deficit was excceded.
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PIPE BXPERIMENT ITT

Ixperience gained with previous pipe experiments suggested
a number of improvements to the technique.

Having established in previous experiments that nitrogen
unavailability seemed of little importance compared with the
effects of water stress, the formcr aspect was dropped from the
trcatments and the growth analysis approach was improved by
increcasing the replication and the number of harvests.

Development of a pressurc apparatus with which to measure
the water potential of the leaf made it possible to follow the
water balance of the plant during the development of a drought
in detail.

Difficulty was experienced in obtaining a subsoil from
vhich roots could be washed easily and which at the same time
did not itself contain old roots. The alternative adopted was
to use Perlite which had shown itself capable of supporting
fairly normal root growth when compared with a sandy subsoil,

but whose water relecase characteristics were not known.

Hothod and Materials

The experiment was ronducted in a trench 6m x 2m x 1.2m
deep over which movable covers could be placed during rainfall.
The trench ran east-west, as did the experimental blocks, thus
giving an even intensity of illumination and exposure. When
the pipes were in position, there was a passage along the
north side for ease of access for weighing. The trench surr-
ounds were covered in grass, and as harvests were removed, the
exposed ends of the blocks were protccted by a guard row.

It was hoped that this arrangement, in which the tops of
the nipes wore level with the surrounding grass-covered land,
would reduce advective heating and give 'matural' transpiration
rates.

The experimental design was similar to Pipe Experiment II
with the omission of the fertilizer treatment. The two grass
species (Dactxlis and Lolium) were factorially combined with
irrigated and drying treatments (W,D) in five randomised
blocks split for five main harvests of twenty pipes cach,and

an initial harvest of four pipes (HO-H5).
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The top 30cm of each pipe was painted white to reduce
radiation absorption.

Bach pipe was filled with EUP 130 grade Pcrlite to within
30cm of the top followed by a weighed quantity of 5Silwood top
soil to the top.

Alongside the pitch-fibre pipes, four light-weight .
"Marley' plastic drain pives, 120. x 10cm, werc similarly filled.
These were light cnough to bc weighed on a large 'Mettler!
balance to record hourly transpirationlosscs to O0.71gm. These
pipes reccived the same treatment as the large pipes for the
duration of the experiment and were assumed to be at the same
stage of drought throughout.

Fifty sceds of either Dactylis (CF) or Lolium (RG) were
sown on 4 April, 1969 after watering all the pipes to field
capacity. Spring was late, emergence slow and carly growth
poor. The Dactylis germination was about 60% comparecd with
90% for Lolium. Small quantities of Long Ashton Nutrient
Solution were given pceriodically 1to encourage growth. The
pipes were watered regularly to maintain field capacity and
on 6 June, the cquivalent of 150 kg ha™ | of nitrogen, 32 kg
ha—1 of phosphorous and 63 kg ham1 of potash were applied in
50cm3 of water to each pipe. Wield capacity was maintained
by light watering until 19 June when the zero harvest was
taken. From this date all the wet treatment pipes were
watered regularly with known quantities, but it proved diff-
icult at times to maintain ficld capacity since the excep-
tionally hot weather caused greater logsses by transpiration
than could casily soak into the soil, This deficit did not
exceed about 4cm and it is assumed that it occurred in the
Perlitc of the middle zone of the pipe since water was aaplied
to the surface.

When the grass topsrenchca nheight at which they were
unable to support themsclves, a cylinder of wire-nctting was
put in position to maintain their verticul orientntion.

A dome solarimeter recorded incident radiation until
Harvest 4 when it ceased to function.

Harvests of each species were taken simultaneously, and
since their water use rates differed, the deficits were diff-
erent. The deficits, which reached numerically large sizcs
due to the large water holding capacity of the Perlite, were

as follows: (cm)
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Dactylis 5.4 1.7 16.2 24.9 3749
Lolium 6.6 12.0 18.1 29.8 40.7

The deficits converged again after Harvest 4 as a result
of the exhaustion of available water by Lolium before Dactylis

The harvest procedure was as follows: The day (24 hr)
prior to harvest was divided into four veriods: 9 p.m. - 9 a.m.:
9 a.m.~ 1 pem.3y 1T peme~ 5 pom.s 5 peme= 9 pom.. Bach of these
periods corresponds to four hours of daylight. The leaf water
notential of each pipe to be harvested was measured at the cnd
of each period, using the pressure method. The stomatal aper-
ture was measured with the diffusion porometer. The pipes were
welghed at the beginning and end of the 24 hour period to
measure total transpiration losses. The light 'Marley' pivpes
were welghed initially and after each 4 hour period and the
day's total losses from the large pipes divided in the same
ratio as from the small nipes. Radiation records were taken
between main harvests and during the 4 hour periods.

On the following day, the grass tops were cut at the stem
base and the roots were washed out in 15cm sections down the
pipne after taking soil samples for moisture determination
from each section in the dry pipes. The average diameter of
root sub-samples was measured before drying and weighing. The
length of weighed sub-samples was determined by Hewman's method
without replication.

After measuring the apparent leaf and sheath areas,; the
shoots were dried and weighed and their nitrogen contents
determined along with those of the roots using the Technicon

Auto-Analyser,
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PIPE EXPERIMENT III

Results

The yields of dry-matter and leaf areas of both species
were analysed by the computer programme of Hughes and Freeman
(1967 ) as discussed in the section 'Experimental Techniqués'.

The actual mean values and the fitted values after trans-
formation from loge figures are shown in Table 19,where com=-
parison shows that the computer was able to fit a cubic curve
with very little deviation from the real mean points with the
exception of the first three harvests of thelolium dry treat-
ment. Here there was an inconsistency in the progression of
total and root dry weight and leaf area with time in the real
data which the fitted curve eliminated.

A comparison of the L.S.D.s for the fiited loge data _
(Tab1:19) shows that the variabliity of the Lolium was consid=
erably greater than for Dactylis.

The fitted data after transformation
back .t¢ the original units .. sghows an immediate
depression in weight and leaf area of the dry treatments comp~-
ared with the controls. This divergence shows a géneral
tendency to increase with time.

The total weight of the dry Dactylis differs sigﬁificantly
at the 5% level from the wet control at Harvest 2, and splitt-
ing this into the component top and root weights reveals that
it is largely due to a divergence in root wcight which reaches
significance at Harvest 3. The wet and dry top weights of
Dactylis never differed significantly.

In the case of Lolium, the total weight depression was
evenly distributed between the tops and roots and was non=
significant throughout. This lack of significance, however,
may have been due to the larger standard errors. In addition,
it must be remembered that the drying cycle commenced much
gsooner on the growth curve of Dactylis which increased its
woight by 650% during the course of the treatment compared
with the 370% of Lolium and so it might be expected to have
“had an effect of greater magnitude on the growth of Dactylis.
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Table 19. Pipe Experiment III

Dactylis Dry Weight and Leaf Area per Pipe (gm, cmg)

VET DRY

Mean Fitted Egge f?é%b. Loge Mean Fitted

Weight

Total HO 10.08 10.29 2.33 0.21 2,33 10.08 10.26
H1 17.71 17.42 2.85 0.10  2.78 16.58 16.18
H2 24,54 24.55 3.20 0.10% 3.09 21.36 22,15

x562= H3 29.91 30.75 3.42 0.09% 3.31 27.89 27.48

kg ha” VH4 40.98 40.37 3.69 0.13  3.58 35.90 35.96

H5 59.95 59.92 4.09 0.13* 3.90 49.25 49.37

Shoot HO  4.41 4.57 1.52 0.24  1.53 4.41 4,60
H1 10.38 10.05 2.31  0.11  2.24 9.93 9.40
H2 15.53 15.38 2.73 0.11  2.65 13,60 14.19
H3 18.17 19.19 2.95 0.10  2.88 17.67 17.88
H4 23.82 23.15 3.14 0.15  3.10 22.71 22.37
H5 33.89 33.88 3.52 0.16  3.44 31.30 31.35

Root HO 5.21 5,32 1.67 0,30 1.65 5.21 5.23%
H1 7.33% 7.07 1.95 0.17 1.87 6.66 6.51
H2 9.0t 9.28 2,23 0.16 2,09 7.75 8,11
H3 11.73 11.74 2.46 0.,09% 2,28 10.22 9.84
H4 17.16 16.90 2,82 0.19% 2,58 13.22 13.25
H5 26,07 25.96 3.25 0,20% 2.88 17.94 17.93

Leaf HO 869 912 6.81 0.33 6.82 869 927
Area H1 1754 1694 7.43 0.16  7.33 1630 1535

H2 2260 2188 T.68 0.15 7.57 1966 1954
x56= H3 2123 2344 7.75 0.13  7.67 1964 2153
m“ha” H4 2329 2223 7.70 0.21 T.68 2262 2173
' H5 2437 2449 7.80 0.22  T.61 2025 2042

Wet Dry

Leaf Area Index HO 4.82 4.82
H1 9.74 9.05

H2 12.55 10.92

H3Z 11.79 10.91

H4 12.93 12.56

E5 13.53 11.25
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Table 19, Pipe Bxperiment ITI

Lolium Dry Weight and Leaf Area per Pipe (gm,cmz)

WET DRY

3

e
.S.D. Loge Mean Pitted

=

Weight Mean TFitted Log
Total HO 16.09 17.06 2.83 0.38 2.88 16.09 17.90
H1 28.93 26.63 3.28 0.18 3.20 28.74 24.52

x562= H2 32.09 34.38 3.53  0.17  3.42 27.16 30.83
H3 39.68 39.77 3.68 0.16 3.59 36.02 36.31

H4 47.67 46.50 3.84 0.22 3.80 46,68 44.80

E5 65.81 66,01 4.19 0.26 4.01 55,05 55.52

kg ha”

Shoot HO 6.15 6.53 1.88 0.38 1.95 6.15 T7.06
H1 13.82 12.75 2.54 0.18 2.46 14.19 11.76
H2 16.68 17.88 2,88 0.18 2.77 14.20 15.97
H3 20.73 20.95 3.04 0.15 2.95 18.15 19.09
H4 23.98 23.32 3,15 0.24 3.12 24.23 22.70
H5 30.93 31.01  3.43 0.25 3.28 26.32 26.56

Root HO 9.94 10.59 2.36 0.43 2.38  9.94 10.79
Ht 15.11 13,70 2.61 0.20 2.53 14.54 12,61
H2 15.42 16.46 2.80 0.19 2.70 12.96 14.86
H3 18.75 18.84 2.93 0.18 2.84 17.87 17.24
H4 23,69 23,01 3.13 0.27 3,08 22.47 21.89
H5 34.88 34.94 3.55 0.29 3.36 28.73 28.89

Leaf HO 1045 1054 6.95  0.41  7.06 1045 1167
Area E1 2165 2133  T7.66 0.21 T.48 2069 1786
H2 2698 2793 7.95  0.18% T.73 2043 2296
x56=  H3 3002 2944 7.98  0.20  7.86 2545 2618
m°na”l HA 2669 2619 7.89  0.33  7.95 2950 2812
H5 3279 3289 8,09  0.37% 7.64 2096 2094

Wet . Dry

Leaf Area Index HO 5.80 5.80
H1 12.02 11.49

H2 14.98 11.35

H3 16.67 11,13

H4 14.81 16.38

H5 18,21 11.64
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The apparent leal area of the drying treatments of both
species fell below the controls by Harvest 1, but became sig-
nificant only in Lolium. At Harvest 5, it was largely attrib-
utable to the rolling of the leaves as the plants wilted, so
causing a large decrease in apparent leaf arca. The signifi-
cant difference at Harvest 2 which is not confirmed at subge=-
quent harvests may be fortuitous in view of the discrepencies
already discussed in the data at this period. It thus seems
unlikely that the true leaf arca of either species was signif-
icantly lower in the dry treatments than in the controls.

The net assimilation rate of both species as computed
from the fitted data is shown in Fig. 11. The L.S.D.s are
included for Dactylis, those of Lolium being larger in every
case. The dry treatments did not deviate significantly from
the controls in either species, though the rapid separation of
the curves at Harvest 5 suggests that this might soon have
been the case had the plants continued in the wilted condition.

Root growth followed a similar pattern in the Perlite to
that found in the subsoil of Pipe Experiment IT (thus confirm-
ing that Perlite did not induce any serious abnormzality in
rootirngbehaviour). Lolium roots reached the bottom of the
pipe hy Harvest 2, Dactylis roots did so at Harvest 5.

Statistical analysis of the root wcights in each zone at
cach harvest was not possible because of the absence of roots
in several zones, especially at ecarlier harvests. Analysis
was therefore confined to the final harvest when all zones
were occupied. Lolium produced a significantly grecater weight
of root than Dactylis, but there was no difference in the way
they responded to water. There was an interaction both of
species and of water treatment with depth, both significant
at the 0.1% level (Tables 192, 19b).

While the root weight was significantly below the controls
in the top 15cm zone of the dry pipes, there was 1little diff-
erence between 15 and 45cm, then at all depths below 45cm,
the root weight was greater in the dry pipes.

The greater root weight of Lolium was most pronounced
near the surface, possibly because of a greater plant density,
and also below the 7%cm level. There was little differcnce

in the middle zones.
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Tables 19a,b. Pipe Bxperiment IIT

Root Weight of 15cm Zones (Log10 x 100)

192 19%
Wet Dry ar RG

1 3,21 2.86 2.94 3.14
2 2.69 2.68 2.62 2.76
3 2.28 2.27 2.28 2.27
4 2.24 2.31 2.27 2.28
5 2.22 2.31 2.23 2.31
6 2.09 2.26 2,10 2.26
7 1.96 2.15 1.8 2.26
8 1.85 1.89 1.47 2.27
L.S.D.=0.1 L.5.D.=0.1

The root density was calculated from unreplicated sub-
samples and so statistical analysis was not possible (Table 20).
The final density was two to three times greater than in Pipe
Experiment II, probably because better envirommental conditions
and more available water caused more vigorous growth. At
intermediate harvests, however, when the root density in the
top soil of the two experimerts was comparable, then the root
density in the Perlite was also comparable with that in the
subsoil.

The root density of the dry treatments became increasingly
less than that of the controls as the soil dried. This diff-
erence was confined largely to the two upper horizons, espec-
ially the surface 15cm where the increase in density during
the course of the experiment was relatively small in the dry
treatments compared with the increase in the controls in this
horizon.

The root density was similar in the two species, though
the accumulation of roots in the lowest horizon in Lolium may

indicate an ability to extencd even deeper.

Analysis of the leaf water votential datashored an inter-
action of harvest x water x species x time of day, significant
at the 5% level (FiglQ2). For clarity, this has been simplif-
ied into lower order interactions, all significant at the 0.1%
level (Figs.1% 1%, 71E).
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Table 20, Pipe Experiment ITI

Dactylis Wet

Dactylis Dry

Lolium WVWet

Lolium Dry

Mean Root Density in 15cm Zones (cm cm-3)

Horizon HO H1 H2 H3 H4 H5
1 23.6 29.1 35.3 42.1 62.5 95.3
2 8.0 1245 15.5 22.1 36.7 56.2
3 1.4 3.2 4.6 6.1 Te?2 15.0
4 0.1 0.4 1.7 4.7 T 14.0
5 - - 0.2 1.7 4.9 12.2
6 - - - 0.1 1.6 8.3
7 - - - - 0.2 5.1
8 - - - - - 4.2
1 23.6 23,2 25.7 30.1 34.2 33.4
2 8.0 14.0 13.0 16.6 19.2 23.8
3 1.4 3.1 4.9 6.5 Te3 10,8
4 0.1 0.5 2.2 4,8 Te3 1141
5 - - 0.4 1.5 5.0 10.6
6 - - - 0.2 2.0 9.1
1 - - - - 0.2 5.6
8 - - - - - 3.4
1 34.3% 45.0 46.3 54.9 69.7 112.2
2 6.2 26.5 24.4 34.0 40.0 56.4
3 2.9 4.9 4.1 5.3 6.1 6.8
4 1.6 3.4 3.9 4.9 6.0 6.0
5 0.7 2,2 3.4 4.9 6.0 6.5
6 0.1 0.7 2.0 3,6 5¢5 5.5
7 - - 0.6 1.8 5.2 5.5
8 - - 0.1 0.4 6.7 11.9
1 34.3  55.7 41.4 48.9 49.0 42.6
2 6.2 21.0 20.3 25.2 30.2 40.2
3 2.9 3.5 3.4 5.7 6.0 5.8
4 1.6 2.6 3.3 5.3 6.0 6.8
5 0.7 2.0 2.8 5.0 6.3 7.3
6 0.1 0.8 1.4 444 6.0 6.9
7 - 0.1 0.4 2.3 6.1 6.9
8 - - 0.1 0.8 6.2 13.8
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The daily march of leaf notential is shown in Pig.13.
The wet and dry treatments did not show any significant
interaction with time of day. The potential was closely corr-
glated with radiation and by 9a.m. had shown an appreciable
fall from night-time levels if these can be assumed to be
above those at 9p.m. on he same day. The potential fell
rapidly to vpenk with the radiation levels, as measured by
the solarim.ter, around mid-day and then rose again partic-
ularly rapidly as the sun was setting. Measurements taken at
Harvest 5 (Fig 1°) at 6a.m. showed that levels of -2 to -3
bars were attained by the controls during the night, and
individual leaves gave readings of virtually zero. Wilting,
particularly in Lolium , was observed when the potential
fell below ~15 bars. Lolium exhibited permanent wilting at
Harvest 5 in the dry treatment and failed to recover during
the night (Fig 12).

The potential of the wet and dry treatments at successive
harvests is illustrated in Fig 14. The potentials remained
parallel until Harvest 3 after which a significant divergence
had developed by Harvest 4 and this increased rapidly to
Darvest 5.

The behaviour of the individual species can be examined
in Fig 15. This must be considered in the light of the more
rapid use of water by Lolium, whose soil water deficit was
greater than that of Dactylis by about 5 cm at Harvest 4 and
3¢m at Harvest 5.

From Harvest 1, Dactylis showed signs of being more
sensitive to the increasing water deficit, and this became
most marked at Harvest 4, inspite of the higher soil water
deficit of Lolium. Their bchaviour after Harvest 4 can be
explained by the exhaustion of available water supplies by
Lolium and subsequent permanent wilting, whereas several
centimetres of water were still available to Dactylis which
had not extended its root system to the bottom of the pipe

until Harvest 5.

The diffusion porometer did not prove entirely reliable
again, though the sensitivity to temperature had been partly
corrected. A considerable number of measurements of stomatal
diffusion were obtained, however, at various times during the

course of the pre-harvest day on cach harvest occasion.
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These readings are given after averaging over the course of a
day in Table 21, expressed in arbitrary units as in Pipe Exper-
iment ITI.

Since leaf water potentials were measured simultaneously,
these could be reclated to stomatal diffusion rates. The water
potential of the dry treatments is plotted against the diffus-
ion rate from the dry treatment expressed as a percentage of
that from the controls for each harvest in Fig.17. This
suggests tihat stomatal control starts to operate when leaf
water potential falls below about -10 bars in both snecies.

Examination of the porometer data suggests that an appreciable
degrce of stomatal restriction had begun to appear by Harvest
4, This coincides with a fall in leaf potential to -10 to
~-15 bars. There is little indication of a major difference
between the two species, bearing in mind that the soil water
deficit of Lolium was the greater by about 5cm at Harvest 4,
while its stomata appear wider open. By Harvest 5, the
exhaustion of available water by Lolium had resulted in per-
manent wilting and prcesumably almost complete stomatal closure,
whereas Dactylis was still able to regain turgor during the

night.

Table 21. Pipe Bxperiment TIIT

Mecan Daily Stomatal Diffusion Rates¥*

CF. W CF,D BG,W RG,D
H1 156 124 135 125
H2 164 177 185 169
H3 167 130 106 83
H4 93 32 177 86
u5 103 56 143 45

% See Pipe IExperiment IT

As in previous pipe experiments, the rate of water use
from the drying Lolium pipes exceeded that of Dactylis, reach-
ing a difference in the accumulated deficit of nearly 5cm by
Harvest 4, then declining again as Lolium reached pcrmanent

wilting point first.
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Since the difference in leaf area between wet and dry
treatments did not reach significance except in Lolium at
Harvest 5, it is possible to confirm the point of stomatal
restriction of transpiration by plotting the water loss from
the dry treatments as a pcrcentage of that from the wet (Fig.
17 ). No precautions had been taken to prevent water loss from
the soil surface, however, and this could give rise to con-
siderable differcnces as the topsoil of the drying treatments
dried. Exploratory experiments were therefore performed in
which water loss from a pipe with a wet soil surface under
grass was compared with that from a pipe with a surface which
had bcen waxed., The wax treatment restricted water loss to

about 60% of the control,
It is, thereforc suggested that the initial depressson in

water use by the drying pipes relative to the controls occurrcd

as a result of falling water loss from the soil surface of the
drying pipes. Once the surface had dried, the level of about
60% was maintaincd until after Harvest 4 vhen there was a
sudden rapid decline. This corresponds to the indication of
relative stomatal restriction shown by the porometer readings
and a2lso to the fact that it was at Harvest 4 that the leaf
potentials of the dry treatments first began to fall apprec-
iably below -10 to -15 bars (Fig.1/) for part of the day. It
thus appears that these two species are able to withst~-nd a
substantial drop in leaf »otential to a figure approaching
-15 bars before there is any marked stomatal restriction.
Water loss from the drying Lolium was less restricted
compared with controls than in Dactylis throughout (Fig.17)
until the wilting of lLolium at Harvest 5 caused a convergence.

This differencec is not apparent in the porometer data.

The nitrogen content of the top growth was generally
slightly higher in the dry treatments (Table 22). The diff=-
erence in the roots was negligible. There was no suggestion

of a differencc between species.

Table 22. Pipe Ixperiment ITT

Nitrogen Percentage of Shoots (Mean of both species)

HO El, B2 it} B4
Yot 2.55 1.90 1.60 1.40 1.10

" Dry 2.55 2.00 1.65 1.50 1.25

HS
1.05
1.15
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The level in the roots was about 50% of that in the tops.

The total recovery of nitrogen in roots and tops is plotted
in Fig. 18. There is little suggestion that the wet treatment
differed significantly from the dry. Nitrogen uptake continued
throughout the experiment and approximately trebled in this
time. There is no evidence that drying of the topsoil at an
early stage had restricted nitrogen uptake in the dry treat-
ments, assuming that this is where most of the nitrogen was

located.

The most surprising outcome of the experiment was the
small effect of water stress on all aspects of growth. All
were affected at a very early stage but by a relatively small
amount throughout. The apparently greater susceptibility of
Dactylis might well be explained by the imposition of the
treatment at a relatively earlier stage in its growth cycle.
It was notable in both species, especially in Dactylis, that
little further root growth occurred in the top 30cm when this
region had dried.

The data on the water balance of the plants was of
particular interest, and calculations based on this are
presented in a later -section.

The magnitude and rapidity of the changes in leaf pot-
ential with changing radiation levels were most notable. liven
2t the ecarliest stages of stressphe potential diverged from
the controls and fell towards the wilting point at mid-day.
The stomata seemed virtually unaffected until wilting point
was approached. The two species showed little difference in
this respect, though there was some suggestion that Dactylis
showed a rather greater sensitivity, perhaps as a result of
its less well developed root system.

It seemed unlikely that nitrogen unavailability in the

dry top soil was of any significance.
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PIPE EXPERIMENT IV

The previous nipe experiment showed little significant
difference betwcen Dactylis and Lolium in theirgrowth
rcspont © te water stress

It wvas decided, therefore, to confine this experiment to
the former species which showed greater uniformity and was not
so restricted in rooting by the limitcd depth of the pipes.

The purposes of the experiment were twofold. Study of
the water balance was previously done in Perlite which had
rather unusual water release characteristics. It was felt
desirable to repeat this water balance analysis in normal
soil and the results are reported in a later section.

Secondly, the experiment was designed to study in detail
the failure of roots to develop in dry top soil; and to
confirm the suggestion of the previous experiment that root
develop ent was more seriously affected than top growth by

drought in an establishing sward.

Method and Materials

The experiment was conducted in a heated greenhouse using
mercury vapour lights to increase illumination. This was
sufficient to give a transpiration rate of 5-6mm day-1.

The experimental design consisted of three randomised
blocks, each of six pipes, plus an additional two pipes for
a pre-treatment harvest, HO.

BEach block contained three pairs of pipes, one pair for
each of three harvests (H1, H2, H3) in a split plot layout.
Field capacity (W) and drying treatments (D) were applied to
each pair as in previous pipe experiments.

120x15¢cm pipes were filled with Silwood sandy subsoil
followed by a 30cm surface zone of Silwood top soil, After
watering to field capacity, cach was sown with 30 seeds of
Dectylis, $37 in August 1969. Ficld capacity was maintained
until 18 October when the initial harvcst (HO) was taken
and the drying treatment commenced. The remaining harvests

were taken after 16, 29 and 43 days at deficits in the dry
pipes of 9.3cm (H1), 14.0cm (H2), and 18.8¢cm (HB).
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The final plant density was approximately 25 per pipe.

The leaves were maintained in a vertical position by
wire-netting tubes as in the previous pipe oxperiment.

The harvest procedure was also similar. The leaf water
potentials were measured at 10a.m., 1p.m. and 4p.m. during
which time there was little change since the main contrib-
ution to radiation came from the lights. The pipes were
weighed at the first and last of these times and the 6 hour
weight loss calculated.

The six pipes were then opened and the contents extracted
in 15c¢m horizons from which samples for soil moisture determin-
ation were taken in the dry pipes. The roots were then washed
out, dried after measuring the average diameter of some samples,
and then the length of subsamples was determined by Newman's
method.

The shoots were cut off at the base, the apparent leaf
areas measured, and then dried and weighed and separated into
tillers and main shoots. The nitrogen content of each was
measured with the Auto-analyser. "he number of main root
axes leaving the base of the plants was counted and the weights
and areas of the main shoots and tillers were determined sep-
arately. A careful comparison was made of the type of root

and tiller development in the wet and dry treatments.

Results

The computer method of Hughes and Freeman (1967) was
again used to analyse the results. The fitted log values of
total dry weight, top and root weight, and leaf area, with
the appropriate Log. L.S.D.s are presented in Table 23. The
real mean data and the fitted date after transformation back
from the log values are also shown. The fitted, retransformed
data are plotted in Figs. 19 and 20.

As in previous experiments, the weights and leaf area
fell below those of the controls as soon as drying commenced.
The total weight and that of the roots in the dry treatments
almost reached a significant depression at Harvest 2 and did
so at Harvest 3. The depression in the dry treatment shoots
compared with controls ncver approached significance. Thus
the lower total dry weight is accounted for largely by a

lower root weight.
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Table 23, Pipe Experiment IV
Dactylis Dry Weights and Leaf Areasper Pipe
(em, cn®)
WET DRY
Log,
Weight Mean Fitted nge L.S5.D. ngc Mean Fitted

Total HO 7.15 7.10 1.96 - 1.96 7.15 7,10
H1 14.78 14.76 2.69 0.20 2.59 13,26 13.24
x562= H2 21.30 21.33 3,06 0.20 2.87 17.87 17.70
kg ha” H3 26.75 26.79 3.29 0.20% 3.07 21.67 21,63
Top HO 4.30 4.30 1.46 - 1.46 4.30 4.30
H1 9.05 G.04 2.20 0.35 2.14 8.53 8.50
H2 13.39 13.40 2.59 0.35 2.47 12.01 11.82
H3 17.40 17.42 2.86 0.35 2.70 15.03 14.93
Root HO 2.85 2.79 1.03 - 1.03 2.85 2.79
H1 5.73 5.73 1.74 0.35 1.55 4.73 4.73
H2  7.91 7.91  2.07 .35 1,76 5.86 5.84
H3 9.36 9.38 2,24 0.35% 1.89 6.63 6.64
Leaf HO 1182 1191  7.07 - 7.07 1182 1191
Area H1 1438 1457 7.28 0.27 7.19 1334 1334
x56= H2 2192 2193 7.69 0.27% 7.36 1594 1578
mlha”! H3 2164 2161 7.68 0.27% 7.39 1635 1626

Wet Dxry

Leaf Area Index  HO 6.56 6.56

H1 7.98 7.41

H2 12,17 8.85

A3  12.02 9.08
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The leaf area, however, fell significantly compared with
controls by Harvests 2 and 3. This fall in area without a
correspondingly large fall in leaf weight accounts for the
significant falk in area/weight ratio at Harvests 2 and 3.
(Frig.21). The top growth appeared visibly voorer by Harvest
2 in the dry treatments, and considerably so at Harvest 3.
This, it appears , was due almost entirely to a fall in app-
arent leaf area rather than leaf weight. There was little diff-
erence in the net assimilation rate(Fig. 22) between the two
treatments. The computed L.S.D.s were larger than the actual
¥.A.R. values and so could not conveniently be included in
the F'ig.22.

A detailed examination of the morphology of the plants
revealed that the number of tillers per plant increased at the
same rate in wet and dry treatments throughout the growth
period (Table 24).

Table 24. Pipe LTixperiment IV

Tiller Numbers per Plant at Harvest

Wet Dry_
HO 0.75 0.75
H1 1.01 1.13
H2 1.37 137
H3 1.84 1.97

The small and non-significant devpression in weight of the
main shoots and tillers of the dry treatment was similar, but
the leaf area of the main shoots was relatively more depressed
than that of the tillers (Table 25). A 't' test showed a barely
significant difference between wet and dry main shoot area/weight
ratios (P=0.05). The differarc between the wet and dry tiller
ratios did not approach significance.
Table 25. Pipe Experiment IV

Area/weight Ratios of Tillers and Main Shoots at Harvest 3

2 =1
(cm®gm™ ")
Wet Dry
Main Shoots 112 88

Tillers 147 140
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The most striking difference between the treatments was
to be found in the nature of the root system. The number of
main axes arising on the droughted plants was only 60;> of the
number on watered plants. Both treatments had a similar number
of what apneared to be the original seminal axes amd some
decorticated adventitious roots. These were supplemented by
thick, white, adventitious roots in the wet plants, extending
from a2 few to many centimetres into the soil, and obviously
gtill being formed in considerable numbers. It was not poss-
ible to distinguish whether they were of tiller or main shoot
origin. They were, however, completely absent from the dry
treatment plants. Clearly, thercfore, the wet plants were
able to produce new adventitious rootg. .irn iothe damp soil,
whereas the droughted plants were completely inhibited from
doing so. This accounts for the fact that the lower root
weight in the dry treatments was confined entirely to the top
zones of soil.

Analysis of the measurements of leal water potential re-
vealed a significant difference (0.1;) level) between the wet
and dry treatments on and after the first harvest (Table 26).
This large initial difference in leaf water potential corres-
ponds to the drying of the top soil where most of the root
system was located. There was little further fall in potential

until the point of incipient wilting at Harvest 3.

Table 26. Pipe Bxperiment IV

Leaf Water Potentials (-vebars)

"1 5.7 9.4

H2 6.1 9.6

i3 5.8 13,6
L.5.De= 2.9

There was no significant change in potential during the
day, probably because the major radiation source was constant
from the mercury vapour lights.

The unreplicated nitrogen analyses suggest that the dry
treatment main shoots were deficient in nitrogen compared with

the wet controls, whereas the tillers were unaffected (Table 27).
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Table 27. Pipe Experiment IV

Nitrogen Concentration of Shott Dry Matter (%)

Main Shoot Tillers
1 1.4 1.4 1.8 1.5
H2 1.5 1.0 1.3 1.2
H3 1.2 0.9 1.2 1.2

The overall nitrogen percentages were low since there had
been no preliminary fertilizer additions.

This experiment confirmed that in an establishing seedling
sward of Dactylis, root weight increase was more severely aff-
ected than top weight by drought and this was found to be due
to the failure of the dry treatments to produce new adventit-
ious roots once the top soil dried. The visibly poorer shoot
growth was caused by a failure of leaf area, largely of the
main shoots, to expand. This was reflected in a fall in their
area/weight ratio. Tillering appeared unaffected.

The main shoots of the dry treatments also appeared to be
subject to a depression in nitrogen percentage whereas the
tillers were unaffected. In the absence of fertilizer
additions, the plants would be dependent on mineralization

of soil nitrogen, a process very dependent on soil water

content.
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PIPE EXPERIMENT V

Previous experiments had failed to confirm that nitrogen
unavailability in the soil was of importance in producing a
drought effect in undefoliated, seedling swards. Shoot growth
was not seriously affected until intense levels of water
shortage were experienced by the plants, but new root growth
into drying zones of the soil was inhibited from an early
stage. A discrepancy was, therefore, apparent between the
results of these experiments and those reported by The
Grassland Research Institute. It seemed possible that this
difference might be due to the defoliation regime they
applied., This experiment was designed as a preliminary to
more detailed investigations on outdoor swards, to determine
the effects of defoliation and any consequent modifications
to root growth on the susceptibility of grasses to drought.

A check on whether any factor resulting from defoliation had
increased susceptibility to nutrient deficiency was introd-
uced by comparing the response to drying with either nutrients
evenly distributed through the profile or an application con-

fined to the surface 30cm.

Method and Materials

The experiment was conducted in M20centimetre pipes in
a heated greenhouse during the winter of 1969-T70 and using
mercury vapour lights to enhance illumination. Four random-
ised blocks each contained the same two water regimes as
previcus experiments (W,D) factorially combined with two
nutrient distribution treatments. These were either the
normal soil profile of 30cm of Silwood top soil then sandy
subsoil (T/S), or top soil throughout the profile (T). It
was intended that these distributions of top soil would
similarly distribute nutrients, especially nitrogen.

Thirty seeds of Dactylis S37 were sown in each pipe on
7 November and were watered regularly. Nitrogen in the form
of ammonium sulphate was applied at the rate of 75 kg ha,"1
on 15 December. All the plants were cut at 2-3cm above soil
level when 15-20cm high on 27 January. The water treatments
then commenced and the surface soil covered with 2¢m of ex=-

panded polystyrene granules to reduce surface evaporation,
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The regrowi.iwas harvested at water deficits of 8.1 and

13.8cm (Harvests 1,2) in the drying pipes, as determined by

weighing, on 21 Pebruary and 24 March.

The apparent leaf areas were measured for-all treatments,
and a visual estimate made of the greenncss of the foliage.
One week after Harvest 2, all treatments were accidently
watered, and this error was discovered on April 15, by which
time some recovery of the dry treatments was becoming apparent.
It was, therefore, necessary to terminate the experiment,

The roots were washed out immediately in sections from

the 0~30cm and 30-120cm depths. The main root axes and short

white roots were counted at the bass.z of the tillers. The

numbers of main plants and tillers were counted: then the

shoots were discarded.

Hitrogen analyscs were performed on the bulked replicates

of the top growth from Harvest 2.
Results

An analysis of variance on the dry weight of the shoots
at Harvests 1 and 2 showed an interaction between water treat-
ment x soil distribution x harvest, significant at the 5%
level, This is simplified in Table 28 to the water treatment
X soil distribution interaction, significant at the 0.1% level;
and the water treatment x harvest interaction significant at
the 1% level in Table 29.

Table 28, Pipe Experiment V

Dry Weight of Shoots per Pipe (zm)
(Mean of H1 and H2)

T /8

W 4.51 2,11

D 2.47 1.58  L.S.D.=0.46

Table 29. Pipe Experiment V

Dry Weight of Shoots per Pipe (gm)
(tean of T and T/S treatments)

H H2
W 2.90 3.73

b 2.30 1.76 L.S.D.=0.46
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The regrowth of the dry treatments had fallen significantly
behind that of the controls by Harvest 2. The yield of the dry
nives containing only top soil was nearly twice as severely
depressed at both harvests as that of the pipes with a subsoil,

relative to their watered controls.

There was no significant difference between the root weights
of any of the treatments,; above or below the 30ca depth, at the
final harvest. (Table 30).

Table 30. Pipe Bxperiment V

Mean Root Weight at Final Harvest per Pipe (gm)

0=30cm 30-120cm
2.53% 0,60

Measurement of the anparent leaf areas at Harvest 2
showed an interaction of water treatment x soil distribution
significant at the 2.5% level (Table 31). The depression in
the dry treatment with topsoil throughout was considerably more

gsevere than in the topsoil/subsoil, relative to controls.

Table 31. Pipe Experiment V

Leaf Area per Pipe at Harvest 2 (cmz)

T 1/8
1880 919
731 594 L.S.D.=414

W
D

The area/weight ratios of the shoots did not differ
significantly between treatments.

As in Pipe Experiment IV, the morphology of the plants
was carefully examined at the final harvest.

The number of tillers per plant was unaffected by the dry-
ing treatment but the higher fertility levels of the top soil
treatment gave increased numbers comnared with the top soil/

gsubsoil treatment (Table 32).
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Table 32. Pipe Experiment V

Tillers per Plant at Pinal Harvest

T T/5
4.6 3.2  L.5.D.=1.3

The number of.root axes leaving the bases of the plants
is shown in Table 33, There were considerably more in the

wet than the dry treatments, and no soil treatment effect.

Table %33. Pipe Experiment V

Mean Root Axes per Pipe at Final Harvest in Wet and Dry Treatments

W D

574 335 L.5.D.=80

The size of the differcnceis hard to correlate with the absence
of any differcnce in root weight, but many of the roots in the
wet treatments were classified as 'recent roots' and appeared

to have developed to a very limited depth. They may have
accounted for the increased numbers while mawxing little contrib-
ution to total weight in the wet treatments. The actual number
of new white roots was limited to about one per plant in the

wet treatments and they were completely absent in the dry treat-
ments. Decortication of existing roots was observed to be in

Progress.

Analysis of the shoots for nitrogen content at Harvest 2
confirmed a visual assessment of the greenness of the shoots.
The dry treatments were both very dark green and had a higher
level of nitrogen than their controls. The shoots of the wet
subsoil treatment were pale green and had a much lower nitrogen

percentage than the other treatments (Table 34).

Table 34, Pipe Bxperiment V

Nitrogen Content in Shoots at Harvest 2 (%)

T T/
W 3.6 1.9
D 3.9 3.0
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This experiment, where the grass was cut, revealed some
interesting morphological differences from the uncut
situation.

The regrowth was reduced in the dry treatments by a
signifiicant amount at an early stage. The differesnce in the
root weight in the upper zones between wet and dry treatments
observed in previous uncut experiments was not found in this
instance. The rate of production of new roots seemed very
low, and the total root weight was a fraction of that of
uncut plants at a similar stage of growth, while breakdown
of the root cortices was proceeding at an appreciable rate.

It thus appeared that cutting, through its influence on
root growth and morphology, might have a significant effect
on the ability of the plant to regrow in dry soil.

Once more, no evidence for a nitrogen deficiency could

be found in the dry treatments.



108
FIPE BYPERIMENT VI

Pipe experiment IIT had shown that a drying cycle had
little effect on the growth of either Dactylis or Lolium,

when uncut, with the exception of the root growth of Dactylis.
These results had been confirmed in Dactylis by Pipe Exper-
iment IV using a natural subsoil in place of Perlite. It
was felt desirable to repeat the experiment with Lolium and
obtain additional information on any changes in the root
norphology duec to drying of the soil.

Purther data were collected simultaneously for the

water balance calculations of a later scction.

Method and Jiaterials

The experiment was located in the trench used for
Pipe EBxperiment III, in early summer of 1970.

The design was of simple split plots for four harvest
dates. During the course of a drying cycle for half the
pines (D), the remainder were watered frequently to field
copacity (W). The whole was replicated three times.

Twenty-one pipes, 120cm x 15cm, as used in previous
experiments, werce part filled with Silwood sandy subsoil
and the top 30cm with top soil. Thirty-two seeds per pipe
of Lolium 523 were sown on 30 April, 1970, and these emerged
on 7 Yay with about 70% germination. On 21 May, 50ce of
Long Ashton Hutrient Solution were added to each pipe, and
the equivalent of a further 75 kg ha—1 of nitrogen as ammon-
ium sulphate on 1 June. The plants were watered regularly
throughout this period, and by the zero harvest on 11 Junec,
were at field capacity, as confirmed by run-through from
the plpes. The zero harvest was taken when the plants were
10-15¢cm high. Then the drying cycle commenced on half the
pipes. They were weighed initially and at each harvest to
determine the water deficit. The remaining pipes were main-
tained at field capacity.

TMurther harvests were taken at deficits in the drying
pipes of 10.2, 14.3 and 20.71cm, which closely corresponded
to the harvest deficits for Dactylis in Pipe Experiment IV.
These deficits were attained after 14, 22 and 32 days res-
pectively, representing an evapo-transpiration rate of

about é6mm per day.
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On the day precceding harvest, the pipes were weighed
at 5 a.m.. Leaf potential measurements were made with the
pressurce apparatus after taking a porometer reading on the
same leaf, at two hourly intervals until dusk. Radiation
measurements were made simultancously with a dome solarimeter.
The pipes were then reweighed, and-hnrvusted the following day.

On the harvest day, the pipes were split and the contents
exposed. Cores were taken horizontally for soil moisture
determination from the centre of each 15cm zone, then the
profile was split into sections of this length and the roots
washed out and cleaned. The rootsystill attached to the
shoots, were cxamined carefully. The total number of axes
and the number of short white roots were counted. The
average diameter was measured on a sub-sample from sach
depth then all the roots were dried, weighed and the total
lengths cstimated, using a factor determined by Newman's
method.

The tops, severed from the roots at their base after
counting the number of tillers, were split into laminar
and sheath components. The area of a laminar sub-sample
was measured on an Eel leaf-area meter and then the shoots
were dried and analysed for nitrogen, phosphorous, potassium

and calcium.
Resulﬁ§

The dry weights and leaf areas were analysed statis-
tically by the computer uethod of Freeman and Hughes (1967).
The fitted curves are shovxn in Fig.23 and the fitted, actual,
and loge means and L.S.D. in Table 35.

As in previous experiments, there was an early decline
in dry weight and lcaf area parameters of the drying treat-
ment below the level of the controls, and this persisted
throughout. 4t Harvest 2, the difference in total weight
and root weight was significant, but the significance dis-
appearcd again at the final Harvest 3. The Harvest 3 wet
pipes showed a lower root weight than the preceding Harvest
2 pipecs. No explanation can be given other than experimental
variation. If the trendline of the wet pipes had continued
to Harvest 3, then the significant diffecrence would have

been maintained.
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Table 35. Pipe Bxperiment VI

Dry Weight and Leaf Arca per Pipe (gm,cmz)

WET DRY
Log,
Weight vican Fitted Log L.S.D. Log  lean Titted

Total HO 5.76 5.68 1.73  0.21  1.73  5.76  5.68

H2 21.51 21.58  3.07  0.21  3.03 20.64 20.70
x560=  H2 30.65 30.69 3.42  0.21%  3.18 24.12 24.55
kg ha” ' H3 31.41 31.55  3.45  0.21  3.38 29.39 29.48

Shoot HO 3.16 3.13 1.14  0.21 1.14  3.16 3,13
21 11.10 11.11  2.41 0.21 242 11.22 11.25
H2 14.38 14.34 2.66  0.21 2.54 12.65 12.67
H3 15.74 15.74 2.75 0.21 2.72 15.21 15.25

.93 0.27 0.93 2.59 2.53
.34 0.27 2.24 9.42  9.44
.79 0.27%  2.44 11.47 11.47
75 0.27 2.65 14.17 14.20

Root HO 2.59 2.51
H1 10.42 10.40
2 16.28 16.33
H3 15.68 15.68

N NN o

Leaf  HO 801 794  6.67 0.26 6.67 801 794
Area  H1 1359 1368 7,21 0.26 7.07 1180 1137
x5C=  H2 1698 1691  T.42 0.26 7.25 1412 1419

moha”! H3 1902 1910 7.55  0.26  7.47 1754 1769

Leaf Arca Index Vet Dry
HO 4.5 4.5
ol 7.6 6.6
H2 9.4 7.8
H3 10.6 9.7
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Thus the result appears to confirm that roots are more
severely affccted than shoots by drying of the soil under the
conditions of this experiment.

The lcaf arca of the dry pipes remained below that of
the controls from Harvest 1, but this depression never became
significant.

The arca/weight ratios of the laminac just differed
significantly from controls at Harvest 1, but this difference
disappeared at subsequent harvests and was probably fortuitous.

The ratio of lamina weight/sheath weight was lower in
the dry treatments at all harvests by a non-significant

amount.,

The root weights from the diffcrent zones were analysed
for effects of the water treatments after transformation to
Log1p values. A significant interaction of water treatment x
depth (P=0,001) was of particular interest (Table 36), The
mean root weight in the two surface zones was higher in the
controls, but in all subsequent zones, it was higher by a
small amount in the dry treatments, thus following the
pattern of Pipe Exvperiment III. The total root wcights
were rather higher in the latter cxperiment but the growing

period was also longer.

Table 36, Pipe Bxperiment VI

Root Weight (Log1n x 100) per Horizon. Harvest Mean

Horizon 1  2.385 2.71
2 2.46 2.34
3 1.94 1.98
4 1.89 1.94
5 192 1.95
6 1.83 1.85
7 1.73 1.82

L.S.D.=0.07

The root densities at Harvest 3 were similar to those

in previous experiments (Table 36a).
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Table 36a. Pipe Experiment VI

Estimated Root Densities at Harvest 3 (cm cm-a)

Wet Dry

Horizon 1 61.9 53%.2
2 25.8 19.8

3 TeT 8.4

4 7.4 8.0

5 8.2 8.1

6 6.9 7.2

7 8.5 9.0

The number of tillers arising from each original plant
remained constant after Harvest 1 at about 11 tillers per
plant. There was no difference between the treatments.
There was, however, a depression, relative to controls, in
the average number of root axes leaving the bases of the
drying plants and the interaction with harvests was signif-
icant at the 5% level(Table 37).

Table 37. Pipe Experiment VI

Main Root Axes per Tiller

HO :4 H2 B3

Wet 1.9 2.3 2.3 2.7
Dry 1.9 1.9 1.6 1.9
L.S.D.=0.4

The number of root axes increascd by nearly 50% during
the experiment in the wet treatments, but showed no change
in the dry treatments. This was a similar pattern to that
observed in Dactylis in Pipe Experiment IV, but the similarity
did not extend +to the number of new short white roots present
(Table 38). There were more present in the dry treatments
at all harvests after Harvest 1 (P=0.01) and examination of
these roots in the dry treatments showed all except the tip
to be ensheathed in a rather fibrous layer. All were very
short, usually about 0.5cm long, and gave - theimpression of

being in a state of suspended growth. The lower numbers in
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the controls might be attributed to the continued growth of
these roots, thus coming outside the 'short root! category
and accounting for the increascd number of total axes in the

wet treatments.

Table 38. Pipe Experiment VI

Number of New Whitc roots (O-4cm long) per Pipe

. Vet DIy
(Mean of Harvests) 94 127
L.5.D.=21

The leaf water potentials behaved similarly to previous
experiments, diverging significantly from controls at all
harvests after the treatments commenced then remaining
almost parallel until the final harvest when the divergence
increascd again (Fig.24). The two curves remained parallecl
during the day and there was no significant interaction

between time of day and water treatment (Fig. 25).

Stomatal diffusion rates were mcasured with the diff-
usion vorometer immediately before the measurcment of leaf
water potential. Readings could not be taken carly in the
morning because the high air humidity at this time caused
a full scalc deflection. Comparisons were not possible
between harvests or times of day because of temperature
fluctuations affcecting the apparatus. Direct comparisons
between wet and dry treatments rcevealed a difference at
Harvest 3 which, when the data were analysed,; proved to be
significant (P= 001) (Table 39). No measuremcnt of leaf
temperature at the time of the porometer rcading was
attenpted, and any difference between wet and dry treat-
ments due to their differing transpiration rates may have
influenced the figures. As 1in proevious experiments, the
rcadings from the dry treatments suggested a narrower stom-
atal aperture from an early stage in the drying cycle, and

this difference was significant at the final harvest.
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Table 39, Pipe BExperiment VI

Harvest 3, Siomatal Diffusion Rates (Arbitrary Units)*

Time 9.30a.m. 11.30  1.30p.m. 3.30 5.%0 7.30

Wet 45 62 34 38 37 36
Dry 34 30 16 22 25 19

*Sce Pipe Experiment IT.

Calculation of thc untake of nitrogen in the shoots
during the course of the cxperiment showed no significant
difference between wet and dry treatments, and their tissue
nitrogen level was also similar.

Analysis for thec other macro-nutrients was carricd out
for the first time in this expcriment and showed an effect
of water treatment on phosphorous uptake significant at the

0.1% level (Tablc 40).

Tablce 40. Pipe Ixperiment VI

Phosphorous Uptake by Shoots to Harvest (kg ha_1)

HO 1 2 13

Wet 10.7 23.0 23.6 25.8
Dry 10.7 20.8 19.1 18.0
L.S.D.=1.7

Phosphorous uptake continued in the wet treatment but
showed a small apparent decline in the dry treatmoents; per-
haps due to translocation to the growing root system.

Potassium and calcium levels in the shoots showed no
appreciable divergencc from controls throughout the cxper-
iment (Table 40a)

This cxperiment confirmed that root axis production
was the first factor to be affccted by the onset of drying
of the soil profile, but once again, the ovecrall cffect of
water stress on growth was small. There wes further evid-
ence that compensatory root growth occurad at deeper levels
in @ry trcatmentis, suggesting, perhaps, that it was some
factor of the dry surface soil which prevented root growth

rather than a shortage of assimilates.
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Table 40a. Pipe Ixperiment VI

ilacro-nutrient lecvels in the shoots (% Dry Weight)

1o 11 m2 13

Wet 4.8 2.4 1.8 1.5

N Dry 4.3 2.2 1.7 1.5
Wet 0.62 0.37 0.29 0.29
P Dry 0.62 0.33 0.27 0.21
Vet 5.0 3.0 2.4 2.5

K Dry 5.0 2.8 2.7 2.4
et 0.47 0.35 0.3% 0.42
Ca Dry 0.47 0.36 0.40 0.41

New evidence was produced thnt phosphorous uptake
ceascd when the surface zones dried, while nitrogen,.
potassiun ~nd enleium uptake appeared unaffected.

There was little to suggest that Lolium differed
greatly from Dactylis in its morphological response to
drying, or that the usc of Perlite for Pipe Experiment ITI
had in any way influcnced the results when compared with

soil.
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2IPE IXPETHMENT VIT

Pipe Ixperiment V, performed on Dactylis during the
winter, had suggested that a cutting regime could exert an
overriding influence on root growth causing a scvere
depression compared with an undefoliated sward. This

cxperiment was designed to confirm this effcct on Lolium.

Method and Materials

The cxperiment was carried out alongside Pipe Experi-
ment VI during early summer, 1970. It consisted of three
randomiscd blocks, split for harvest date. There were wet
and drying water treatments, and two harvests plus an
initial harvest, in a similar manner to previous pipec exper-
iments.

Thirty-two seeds of Lolium S23 wcere sowm on 30 April,
1970, in pipes 120cm deep containing Silwood subsoil and
30cm of Silwood top soil. After emergence on T May, they
were watercd frequently, and rcecived 50ce of Long Ashton
Nutrient Solution on 21 May and ammonium sulphate equivalent
to 75 kg ha | on 1 Junc. The initial harvest was taken on
11June and further harvests on 28 June and 24 July at deficits
of 8.3 and 15.9cm of water respectively in the drying pipes.
At each harvest, all the rcemaining pipes werc defoliated at
2cm height.

On thc day prcecceding harvest, the pipes were weighed at
6a.m. then lcaf water potentials and porometer readings were
taken at three-~hourly intervals until 9p.m. on the following
cvening, when the pives were reoweighed. Radiation levels
were recorded simultaneously on an integrating solarimetcr.

On the following day, the pipes were opened and soil
samples taken for moisture determinations from 15em sections,
before washing out the roots. Plant, tiller and root axis
counts wcre made before measuring 1eaf/shéatﬁ ratios, leaf

areas, then drying and weighing all samples.

Estimates of total root length were made using a factor
determined by lMewman's mcthod, and the shoots were analysed
for nitrogen, phosphorous, potassium and calcium using the

Auto-analysecr.
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Rcsults

The yields of dry matter and the lcaf arcas at cach

harvest are shown in Tablc 41.

Table 41. Pipe Exncriment VIT

WET DRY
Log,
Weight Mean Log L.5.D. Log Mean
Total q0 9.51 2.23 0.33 2.23 9.51
x560=  HI 12.13 2.50 0.33 2.49 12.20
kg ha™! w2 15.89 2.76 0.33 2.59 1%.31
Shoot  HO 5.21 1.64 0.29 1.64 5.21
10-H1 5.59 1.72 0.29 1.72 5.66
m-2 6.61 1.89 0.29 1.66 5.31
Root HO 4.3%0 1.43 0.42 1.43 4.30
H1 6.54 1.38 0.42 1.87 5.54
12 9.23 2.22 0.42 2.08 3.00
Leaf HO 501 6.67 0.34 6.67 801
Area HO-E1 599 6.33 0.%4 6.26 535
x56= H1-H2 412 6.02 0.34 5480 331
2, =1
m- ha

Leaf Area Index Wet DTy

HO 4.1 4.4

d0-H1 3.3 2.9

H1-H2 2.3 1.8
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Statistical analysis of the loge values failed to show any
significant differecnces between wet and dry treatments.
fxamination of the actual means shows a divergence of 15-20%
in all four paramcters at Harvest 2. The weight differences
were negligible at Harvest 1.

The total root weight of the dry treatments continucd
to increasc during the drying cycle at a rate comparable with
the controls. The total root weight precscnt at the end of
the experiment was, however, much lower than that of the
comparable Pipe Experiment VI, dcspite the longer growing
period.

Analysis of the root weights present in cach 15cm zone
revealed a similar picture to Pipe Experiment VI where
there was a significant depression in the dry treatments in
the surface zones and compensatory growth at all greater
depths (Table 42).

Table 42. Pipe Experiment VII

Root Weights (Log10~x 100) at Final Harvest

Denth vet Dry
1 2.58 2.49
2 2.13 2.11
3 1.76 1.72
4 1.65 1.69
5 1.72 1.82
6 1.62 1.69
7 1.59 1.67

L.5.0.=0.08

The estimated root densities were about 50% of those
reached in the uncut Pipe Experiment VI, even though the
groving period was longer (Table 42a). The averagc root
diameters were similar in the two experiments.

Jeither the laminar arca/weight ratios nor the lamina
/sheath weight ratios differed significantly fom controls.
The total number of tillcrs did not increcase after
Harvest 1, but considerable mortality occurred in both wet
and dry trcatments after this harvest, reducing the number

of live tillers in hoth treatments by about BOﬁ. There
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Table 42a. Pipe Experiment VII

)

Root Densities at Harvest 2 (cm cm_

Depth ot Dry
1 377 27.0
2 13,5 11.2
3 5.3 4.3
4 4.0 4.3
5 4.7 6.3
6 441 4.4
7 5.4 6.2

was no difference betweentreatrerts in the number of live or
dead tillers at Harvest 2.

The number of root axes continued to increcase during
the experiment in the wet trecatments,but showed no signif-
icant change in the dry ones. The water trcatment x harvest

date interaction was significant at the 5/ level (Table 43).

Table 4%, Pipe Bxperiment VII
Root Axes per Tiller
HO 1 H2
Wet 1.87 2.0% 2.67
Dry 1.87 1.80 2.00

L.S.D.=0.35

There were short white roots present in the dry treat-
ments, and the water treatment x harvest interaction was

significant at the 5% level (Table 44)

Table 44. Pipe Experiment VII

Now White Roots (O-4cm) per Tiller

HO H1 He
Vet 0.80 0.30 0.28
Dry 0.80 0.48 0.51

L.3.D.=0.15
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The majority of these white roots werce very short and

appecarcd to be dormant.

The effecct of water treatment on leaf water potential
was significant at the 1% lcvel, and the intceraction with
harvest date at the 2.5,/ level. The leaf watcr potential
of the drying plants fell below that of the controls at
Harvest 1 and increasingly so at Harvest 2 (Fig.26).

There was no significant interaction between water
treatment and time of day (Fig.27).

While the stomatal diffusion rates from the dry trcat-
ments fell below those from the controls at Harvest 1 and
increasingly so at Harvest 2, this cffect was not quite
significant.

Analysis of the shoot nikrogen levels and uptakes
showcd no significant difference betwcen wet and dry treat-
ments (Table 44a). Therc was no suggestion that the drying
treatments had been unable to take up apprcciably less

nitrogen than thc wet trecatments. The perccentage of nitrogen

Table 44a, Pipe Experiment VII

Nitrogen Uptake in the Shoots Beiwcen Harvesis (kg ha-1)

Wet 84 62 48
Dy 84 56 44

in thc shoot dry matter at Harvest 2 was slightly higher in
the dry trcatments, that of vhosphorous was significantly
lower (P=0,01), while no differencc was apparcnt in the

levels of potassium and calcium (Table 44b).

Table 44b. Pioe Exveriment VIT

Macro-nutricnt Content of Shoots at Harvest 2 (% of Dry Matter)

¥ P X Ca
Wet 1.3 0.31 2.0 0.57
Dry 1.5 0.27 2.0 0.57
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This cxpcriment showed little effect of water sitress
on growth under the cut recgime, though the deficit was
much slowcr to accumulate because of the limited leaf area,
and harvesting took place at rather lower deficits. It
did, however, confirm the considerable adverse cffcet of
cutting on root development and also showed, again, thé
compensatory deepcr root development when the surface soil
dried.

The depression in phosphorous uptake which was apparent

in the previous experiment was demonstrated again.



125
LYSTHMETER EXPERIVELT TT

The manner in which Lolium and Dactylis had tolerated
apparently severe levels of drought in the pipe cxpcriments
had been surprising in vicw of the widcly reported depress-
ion of growth at small watcr deficits.

It was thought possible that this insensitivity to
drought might be due to the vigorously extending system of
new roots under the uncut secdlings in the pipes. Pipe
Ixperiments V and VII had alrcady rovealed that cutting
seriously retarded root development, comparcd with an uncut
sward. It also secmed likely that an cstablished sward might
have a considerably less dense system of active root. If
this were so, their responms to drought might differ, and
this lysimeter cxperiment was designed to test the response
of mature and seedling swards in the cut and uncut condit-

ions to drought.

Mcethod and Materials

The cxperiment was conducted on the lysimcters, using
Dactylis only, during spring, 1970. Thec Lolium swards used
for the 1969 Lysimeter Bxpcriment I were sprayed with
'Paraguat!' in the previous autumn. After rcmoving the dead
top growth, the surfacc was dug over. The plots of Dactylis
remaining from 1969 constituted the established swards for
the purposes of this cxperiment, and thc scedling swards
were sown on the dug plots.

The established (E) and scedling (S) sward treatments
were factorially combined with an uncut trcatment (U) or a
defoliation rcgime (C), and also with a watered (W) or
drying (D) treatment. The whole factorial combination of
cight trecatments was replicated three times, leaving four
sparce lysimeters for initial sampling of the roots.

The seedling swards were sown on 23 March, 1970. The
spring was exceptionally late and cold, giving patchy and
delayed gecrmination three wecks later. Light raking of the
surface after sowing the sced also appecared to have contrib-
uted to the unevenncss, combincd perhaps with heavy rain
and then dry winds, The very dense patches of seadlings

grew comparatively well, but where the sced was thinncr on
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the ground, the germinating seedlings were small and weak,
and many dicd out altogether, increasing the uncvenness of
the sward. The statistical blocks were arranged to compen-
sate as far as possible for the variability of the scedling
swards,

The c¢stablished swards commenced growth very late, on
28 April, and the first flower heads were cmerging within
ten days. Since the scedling swards were not sufficiently
advanced to start the treatments until 8 June, the cxper-
iment had to be run as two indepcndcnt scctions for estab-

lished and seecdling swards.

1) Bstablished Swards

The cquivalent of 190 kg ha-1 of nitrogen, 40 kg ha-1
of phosphorous and 80 kg ha_1 of potash were applied in the
form of a-.compeund - . fertilizer early in May, and
the lysimeters were watered to field capacity on 7 May,
when the drying cycle commenced. Further rzinfall vas
c¢xcluded by placing covers in position as nccessary. On
the 8 May, the cut treatment plots were all defoliated (HO)
giving initial yield data for both cut and uncut trcatments.
Root samples were taken from the two spare established
lysimeters in four cores 10cm diamet~t at successive 12.5c¢cm
depths. Soil moisturc samples were taken from the dry treat-
ment lysimeters from the depths 0-30, 30-60, and 60-90cm.

A1l wet treatments were watered to field capacity at
regular intervals,

On 20 May, the cut trecatments were again defoliated at
3cm height (E1).

On 2 June, all the cut treatments were again defoliated.
One half of cach of the uncut lysimeter plots was a2lso cut
(E2). Thcre was a visible longitudinal gradient of growth,
but no lateral differcnce other than cdge cffccts, and so
the plot was split for cutting along its longer axis.

Root and soil noisturc samples were taken as at the
zero harvest from the treatment plots and the density ef live
tillers was counted.

On the day preceding harvest, leaf water potentials
were measurcd with the pressure apparatus and diffusion por-

ometer readings were taken simultaneously on the same leaves.
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It was observed on 9 June that there was very little
regrovth on the dry, cut plots and the cut halves of the
uncut plots. Good regrowth occurmd on the wet plots. Defol-
iated flowering tillers did not regrow.

The soil tempcraturce at 2cm depth was measured under
all establiched sward trecatments at 2 p.m. on 9 June, a
very hot day.

By 15 June, the uncut, dry treatments were largely
wilted, and growing tillers were very sparse on the cut,
dry plots. The leaf water potentials were mecasured during
the day and poromceter readings taken; then on.the following
day the shoots were harvested (33), root and soil moisture
samples taken, tiller density counted, and the proportion
of lamina, sheath, flowering stem and dead matecrial estim~
ated.

Although this section of the experiment was designed
to finigh at this point, further root samples were taken on
16 July (H4) and the tops were cut again. The plots were
then cxposed to rainfall until 3 August when further lcaf

samples and root samples were collected (H5).

2). Scedling Swerds

The treatments took the same general form as for the
established swards.

The initial harvest (HO) of the cut treatments was
carried out on 8 June when the swards had formed a rcasona-~
bly vigorous and dense cover and tillering was starting in
the less dense areas. There was insufficient regrowth to
rcquirc an intermediate trim (equivalent to Harvest 1 in
the cstablishcd swards) and when it was cestablished that
half the availablc water had been removed on 30 Junc,
Harvest 2 (H2) was carried out. Already, wiltiug was appar-
ent in the uncut, dry treatments. The final harvest (H3)
took place on 15 July, when considerable wilting and dic-
out had occurrad in the dry trecatments.

The plots were then exposed to rain and on 3 August,

further leaf and root samples were taken.

The following common harvest procedurc was adopted at
both Harvests 2 and 3:-
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On the day prcceding - harvest, the lcaf water potentials
were measured at sunrise, amid-morning, early afternoon and
sunsct. Beforc the potential was measured, ¢ diffusion:porem-
eter reading was taken on the same leaf except in the case
of the first and last times of day when the atmosphere was
too humid for the porometer to function properly.

On the harvest day, the plots were cut and the herbage
collccted and dried after partitioning samples into leaf,
sheath, and flower stem and decad material where appropriate.
This material was subsequently analyscd for nitrogen content.

Cores of 10cm diameter were taken from denser arcas of
tillers in 12.5cm zones down to 50cm. The roots were
extracted by washing, the dry weights, number of axes,
number of new white roots and the proportion of roots with
an intact cortex were determined for ecach sample.

The water deficit at each harvest was determined from

samples taken from each 30cm horizon.

The number of live tillers was counted at random

locations with a 1OOcm2 guadrat.
Results
1) Established Swards

> - o — > >

Table 45. Lysimeter BExperiment IT

Yiclds of Shoot Dry Matter (gm per plot; x 5 = kg ha-1)

WET Log, DRY
Mean LogL L.5.D. Log,C tean
Uncut,{yield HO 149 4.99 0.32 4.99 149
at harvest) H2 904 6.80 0.3%2 6.62 759

H3 1153 7.04 0.32% 6.71 824

Cut, HO 149 4.99 0.17 4.99 149
(Cumulative H1 346 5.87 0.24 5.78 337
yicld) H2 596 6.41 0.24 6.18 499

H3 753 6.65 0.27%# 6.29 555

Cut, HO 149 4.99 0.17 4.99 149 .
(Tndividual 197 5.26 0.24 5.23 188
harvest H? 250 5.52 0.24% 5.09 162

yiclds) H3 157 5.06 0.28% 4,02 56
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Table 46. Lysimeter Experiment IT

Calculated 5o0il Water Deficits at Harvest in Dry Trcatments(cm)

5O H2 K3
Uncut 0 8.5 10.6
Cut 0] Te1 8.0

The yields of dry matter in the harvested material are
presented in Table 45 and the corresponding water deficits
in Tablc 46.

The total yields of the shoots in the dry trcatments
had fallen apprcciably behind those of the controls by
Harvest 2 and this diffcrence became significant in both
uncut and cut treatments at the final harvest. When the
production on a non-cumulative basis is considered in the
cut treatments, significance was rcached at Harvest 2.

There was no significant difference betwcen any treat-
ments in thce number of live tillers, which averaged 26 per
100 cm2.

Large, but unrcplicated samples of the shoots had the

following distribution of dry weight at Harvest 3 (Tablec 47).

Table 47. Lysimeter Bxperiment IT

Distribution of Shoot Dry Weight at Harvest 3 (5s)

Leaf Flower Dead
Laminag Sheath . stom HMnterial
Wet Uncut 58 13 29 -
Dry Uncut 56 12 52 —
Wet Cut 92 8 - -
Dry Cut 54 18 28

Any reduction in weight of the dry treatments compared
with controls in the uncut swards seemed to have becen cqually
distributed between all the components of total top weight.

The tillers of the wet, cut swards formed new lcaves
in rapid succession and these expanded quickly. This was
rcflected in their high proportion of the total weight. The

dry, cut tillers continuced to expand the existing leaves
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whose tips were severed by defoliation, but gencrally failed
to produce new leaves, so giving a high proportion of shcath
and less lamina. There were considerable quantities of dry,
dead material prescnt.

Statistical analysis of the root weights at each depth
showed a significantly greater total weight of root (P=0.001)
under the dry treatments, accounted for largcly by greater
weights in the two decepest sampling zones (Table 48). The
greater weights of the dry trecatments showed o progressive

incrcasec at successive harvests.

Table 48. Lysimeter Experiment IT

lean RQQENHELQQE-LQQ§1C x_100)in 12.5cm Zones

Depth 1 : 2 2 4
Wet 2.50 1.60 1.10 0.99
ry 2.51 1.62 1.33 1.19

LaSaDo=Oo1O
There was no overall cffect of cutting, but there was
& gignificant recduction in root weight (P=0.01) under the

cut swards at Harvest 3 (Table 49).

Table 49. Lysimcter Experiment IT

ilean Root Weight (Log10 x 100)
20 He 53
Uncut 1.36 1.68 1.84
Cut 1.36 1.69 1.71

IJOSID.::O'OB

There is a contradiction of the effect of water treat-
ment in these results and those of previous pipe cxperiments.
It may, however, be ecxplicable in terms of the fact that
this wos an established sward with roots that had been
produced over a period of the last two years. HMany of these
would be in 2 state of decay, and the rate of this decay
might be related to the moisture content of the soil. Root

samples were examined microscopically at the third harvest,
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thereforc, to determine the nroportion of live roots with
an intact cortex in the total sample which constituted the
weights recorded above.
The proportion of live roots in the total was signifi-
cantly higher in the wet and in the uncut trcatments at the
0.1% and 5 lecvels respectively. The non-significant inter-

action of these two factors is shown in Tablc 50.

Table 50. Lysimcter BExperiment IT

Harvest 3

Uncut Cut
Wet 57 50
Dy 39 34

L.8.D.=7

An investigation of the ratc of production of new roots
was made by counting the number of axcs and new white roots
at each harvest and then rclating them to the number of
tillers.

Therce was no significant differcnce in the number of
root axes betwecen either harvests or treatments, at a mecan
value of 9.2 axces per tiller. There was only the occasional
new whitc root prcsent. It appears, thereforc, that from
Harvest 2 until Harvest 4 there were almost no new roots
produced. This coincided with g period of very hot, dry
weather. After Harvest 4, the weather became cool and dull,
and when further root samplcs were taken at Harvest 5, con-
siderable production of new white roots was visible, part-
icularly in the dry plots which had been exposed to rainfall
since Harvest 4. They had produccd two or three times the
number of new white roots that were present in the controls.
In addition, oxtensive branching and production of new,
white lateral roots from the old axes wns obscrved.

Soil temperature has becen implicated as a factor influ-
cncing the rate of new root production, and the soil temper-
aturecs as measurcd at2 p.m. at 2cm depth on a hot day arc
presented in Table 51.

The tcmperaturc of the soil in the cut plots was con.

siderably higher since more of the radiation rcached the
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soil surface, and also the wet plots werce cooler.

Table 51. Lysimcter Ixperiment IT

Soil Temperaturcs Under Established Swards 9 June 2p.m.

A1l tem-

(¢° at 2cm)

Uncut
Wedt 19
Dry 23

Cut

25
27

The nitrogen percentage in the shoots and the nitrogen

uptake as determined from bulked samples are presented in

Tables 52 and 53.

Tablc 52. Lysimeter Experiment IT

Witrogen Content of Shoots (

a

10
Wet 3.0
Dhout o .
gt 3.8

4]

5.3
5-0

qz
345
2.9

3.0
3.8

H3

2.0
1.8

3.0
2.9

of Dif)

2.8

2
1.7
3.0

208
4.8

The standard crror of previous replicated (rather than

bulked sample) dcterminations was 0.29 for a sample mean of

2.54% nitrogen. Assuming a similar coefficient of variation

of 11.5%, the standard crror for the above data would be 0.36.

This suggests that only at Harvest 5 did the wet and dry

trcatments differ significantly, no doubt because the shoot

growth of the dry treatments had left more residual nitrogen

in the soil which was subsegquontly taken up when growth

recommericed. Similarly, thce reduced total growth of the cut

trcatments resulted in a higher tissue nitrogen percentage

comparcd with the uncut treatments.

The total uptake of nitrogen in wet and dry trcatments

follows very closely the pattern of growth in the two
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treatments. o explanation other than translocation to the
roots can be offercd for the apparent dcclinc in total uptake
from Hervests 2 to 3 in the uncut treatments (Table 53).

Table 53. Lysimeter BExperiment II

Witrogen Uptake in Shoots (kg ha_1)

(at harvest) HO H1 H2 H3
Uncut Wet 28 - 159 115
Dry 28 - 110 75
(Between harvests)
Cut Vet 28 51 38 24
Dry 28 47 31 8
Total Uptake "
Cut Vet 141
Dry 114

The levels of P, X and Ca (Table 54) werc gencrally
higher in the cut than the uncut treatments. The level of
P was considerably lower in the dry treatments, while that
of K was higher, both these diffcrencces being greater in
the cut trcatment. The Ca level was considerably higher in

the wet, cut plots.

Table 54. Tysimeter Ixpcriment IT

Level of Macro-nutrients in the Shoot at Harvest 3 (5 of DM)

3 K ca
Wet 0.25 2.0 0.43

U cut
=2 Dry 0,20 2.1 0.42
- Wet  C.39 2.0 0.60
Lut  pry 0.27 2.7 0.47

The lecaf water potentials were analysed scparately at
Harvests 2 and 3 since at the former harvest there were
only thrce measurcment times, whercas there were four at

all other lysimeter harvests.
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At Harvest 2 there was a differcnce between wet and
dry treatments and cut and uncut treatments, both signifi-
cant at the 0.1% lovel, and an interaction between the water
and cutting treatments (P=0.01). The same pattern was
present at Harvest 3 cxcept that the interaction was not
significant. Thec water x cutting interaction for both

harvests is shown in Tablec 55.

Table 55. Lysimeter Expcriment TT

Harvest 2
Yoan Daily Leaf Water Potential (-bars)
Uncut cut
Wet 4.6 4.6
Dry 8.0 53 L.3.,D.=1.0
Harvest 3
Uncut Cut
Vet 6.7 6.5
ry 10.1 7.7 L.S-D-=1-7

The uncut treatments werce very much morc scnsitive,
in torms of lcaf votential, to drying of the soil, no doubt
because of their larger transpiring surfacce., The differ-
ence in water deficit (Table 46) does not scem an adequate
explanation.

There was no significant interaction of water treat-
ment and time of day at cither harvest, and the daily march
of potential was similar to previous experiments.

¥o poromcter data were collected at Harvest 2, but
replicated readings were available at Harvest 3. Thoere was
a significant diffcerence in both water and cutting trcat-

ments and the interaction is shown in Table 56 (P=0.05).

Table 56. Lysimcter Experiment ITX

Porometer Readings of Stomatal Ratc at Harvest 3.%

*3ce Pipe Exporiment II

Uncut Cut
Wet 92 97

Dry 35 97 L.S.D.=29
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The diffusion rates of the dry, uncut plants were con-
siderably rcstricted comparcd with the other treatments.
There was no diffcrence between the cut, wet and cut, dry

planis.

Examination of the plots at the end of August showcd
a2 complete recovery of growth and tiller numbers in the
formerly dry treated plots. Abundant tillering and new
white root production had taken place and +the foliage was
much healthicr and derkcer green than that found in the wet
plots. Apart from the colour difference between wet and
dry trcatments, no casily visible diffcrence was present

between any of the treatments.
Results
2) Seedling Swards

Table 57. Lysimeter Expceriment II

Dry Veight of Shoots (gm per plot; x 5 = kg ha—1)*
WET Log_ DRY

lean __ Log ___ L.5.D. Tog _ Mocan

Uncut HO 283 5.65 0.18 5.65 28%

(Yicld at H2 708 6.56 0.16 6.43 621

harvest) H3 885 5,78% 0.18 6.35 574

Cut HO 283 5.65 0.24 5.65 283

(Cumulative H2 559 6.35 0.24% 6,06 434

yield) 13 661 6.47 D.24% 6.16 478

Cut HO 283 5.65 0.25 5.65 283

(Individual H2 286 5.65 0.25% 5.01 151

harvest H3 92 4.50 0.25% 377 44
yiclds)

*There was no Harvest 1 as in the cubt established swards,

but the same nomenclature 1s used for case of comparison.
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The interpretation of the scedling sward results must
bc madc in the contevt of the sovore intcr-plant competition
which developed during the coursc of the cxperiment. The
mature swards had developed an cquilibrium tiller density
during the two ycars of their cxistance, but no 'natural!
density had time to beecome cstablishced before treatment
started in the scedling swards. The uncven cstablishment
has becen explained before. The superior growth in the dense
areas of sward rapidly changed to a situation of intense
compctition after the trcatments had sitarted.

In the cut treatments, after the first cut, regrowth
was limited to the number of tillers which the particular
environmental situation could support. i.c. 21l the cut,
wct tillers survived because water and light were adcquate,
but considerable mortality occurred in the cut, dry irecat-
ments, no doubt due to competition for water.

Though extremely densc, most plants survived in the wet,
uncut trecatments, but heavy mortality occurred in the dry,
uncut treatments while the remaining plants grew rclatively
healthily leaving an under-storey of wilted and dying plants.

While giving an intcresting insight into the cffceis
of water strcss and competition on an establishing sward,
the objecetives of the cxperiment were partly confounded by
this phcnomenon.

The yiclds of shoots in both dry, uncut and dry, cut
trecatments fell bchind those of the controls by Harvest 2,
but by a significant amount only in the casc of the cut
treatments (Table 57). The corresponding soil water deficits

at cach harvest are given in Table 58.

Teble 58, Lysimeter Bxperiment IT

Soil Water Deficit at Harvest (em).

1o Iz i3
Uncut 0 6.6 7.6
Cut 0 5.2 6.4

The lower yield could be attributed to the death of &
proportion of the plants in the drying plots and does not
necessarily imply growth depression due to drought in the

surviving plants.
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This is illustrated by the number of live tillers in
cach treatment (Table 59). There were significantly fewer
in the dry treatments (P=0.001), and in the uncut treatments
(P=0.01). The lack of water stress had allowed a much higher
survival rate on the watercd trcatments, and the reduced
competition, presumably for light, had cnabled better survival
in the cut swards. These tiller densities make an interest-
ing comparison with those of the established swvards which
averaged 26 per 1OOcm2 in all trocotments and those of the

pipes given elsewhcre.

Table 59. Lysimecter Lxperiment IT

Number of Live Tillers at Harvest 3 (per 1OOcm2)

Uncut Cut

Wet 48 62

Dry 15 52
L.8.h.=15

The distribution of the dry matter of the shoots is
given in Table 60, from large unreplicated samples. A high
proportion of the weight was in the leaf lamina in the cut

treatments, and more in the sheaths in the dry treatments.

Table 60, ILysimetcr Experiment IT

Distribution of Shoot Dry Weight at Harvest 3 (%)

Leaf Dead

Laming Sheath Matorial
Wet Uncut 67 16 17
Dry Uncut 51 23 26
Wet Cut £8 12 -
Dry Cut 57 12 31

Statistical analysis of the Log10 root weights from
ench root zone showed no overall effect of water trcatment
but a significantly lower weight in the cut treatments

(P=0.05). (Table 61).
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Table 61, Lysimeter Experiment II

Mean Root VWeights of Uncut and Cut Treatments at Harvest
(Log10 x 100)

1O B2 E3
Uncut 1.55 1.68 1.58
Cut 1.55 1.57 1.44
L.3.D.=0.11

The interaction betwcen watcr trecatment and depth
(P=0.01) confirmed that recduced growth in the surfacc
zones on drying was at least partially compensated for by

increascd weight at dcpth (Tablc 62).

Table 62. Lysimcter Experiment II

Mean Root Weight (Log10 x 100)

Depth (em) 0-12.5 12.5=25 25-31.5 31.5=50
ot 2,29 1.71 1.10 . 1.03
Dry 2.17 1.75 1.26 1.18

L.5.D.=0.13

The root weights werce increased by the dead remains of
the roots of the previous sward which had not decomposcd.
These were estimated to constitute 65% of the total root
longth preosent, showing no significant difference in the
pronortion present under differcnt treatments.

Txamination of the number of root axcs from cach tiller

revealed o significantly higher number in the wet treatments

(P=0.05), whilc cutting had no cffeoet (Table 63).

Table 63. Lysimeter Experiment II

Mcan Humbecr of Root Axes por Tiller, Mean of Harvests

Vot Dy
3,8 2.7

L.SoD-=Oo9
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It was noted at the two later harvests that short white
roots werc confincd to the few dominant plants present in
cach trecatment, and the small plants which had suffered
most from compctition had no new white roots. The compet-
itive stress suffcered by the plants, therefore, scemed to
have been the major factor in determining new root production,

and no treatment ¢ffect was distinguishable.

The percentage of nitrogen in the shoots and the uptake

data are prescnted in Tables 64 and 65.

Table 64, Lysimeter BExperimcnt IT

Nitrogen Content of Shoots (% of DM)

HO H2 3 S

Uncut Vet - 2.3 2.3 245
Dry - 2.7 2.5 3.8

Cut Wet 4.4 2.7 2.8 2.6
Dry 3.8 4.0 3.3 41

The standard crror for the nitrogen percentage, csti-
mated as for the established swards, would be about 0.36.

The drying treatments showed a consistent tendency to
a higher nitrogen percentage compared with conbtrols, as did.
the cut treatments. The difference between wet and dry
trcatments was again particularly marked when the latter had
been rewatered after Harvest 3. At Harvest 2, samnles of
hcalthy and wilting plants were taken from the dry; uncut
plots and analysed. The nitrogen percentage in the wilting
plants was 155% of that in the good plants.

The nitrogen uptake inthne shoots was at a slightly
lower lcvel than in the cstablished swards but followed an
otherwise similar pattern, beingclosely corrclated with the
yicld of dry matter.

The level of P in the shoots was considerably lower in
the dry trcatments than in the controls at Harvest 3. The
lcvels of K and Ca showed small irrcgular varistions
(Table 66).



140
Table 65. Lysimcter Exporiment IT

Nitrogen Uptake in thc Shoots (kg ha™1)

(To harvest) o H2 ' H3

Uncut Vet 56 81 102

Uncut Dry 56 84 72

(Between harveosts) Total
Cut Vet 56 59 13 108
Cut Dry 56 50 7 93

Table 66. Lysimecter Experiment IT

Level of Mlacro-nutricnts in the Shoot at Harvest 3 (% of Dii)

P K ca
Uncut Vet 0.30 2.5 0.67
Uncut Dry 0.22 2.8 0.72
Cut Vet 0.41 2.8 0.68
Cut Dry 0.26 2.4 0.70

The effeoct of the drying trecatments was to lower the
leaf water potential significantly below the control level,

while cutting made the rcduction less severe (Table 67).

Table 67. Lysimeter DIxperiment IT

Leaf Water Potentialsg, iiean of Harvests and Times of Day(fbars)

Ungut gut
Vet 8.3 1.4
dry 10.7 8.9
L.5.D.=1.4

This was the only cxperiment to show a significant inter=
action (P=0.001) of water treatment and time of day (Table 68).
The drying plants were able to effect an almost complete
reeovery of leaf water potential when radiation levels fell

in the evening.



141
Tablc 68. Lysimeter Experiment IT

The Effect of Drying on the Course of Leaf Water Potential
through the Day (- bars)

2:302.2.  10a.m. dp.m. 2p.m.
Wet 1.9 12.3 12.8 4.2
Dry 1.6 14.8 1745 5.0
L.S.D.=1.4

Analysis of the norometer data at Harvest 3 showed a
significantly lower ratc of stomatal diffusion in the dry
treatments (P=0.01). The stomata appoared to be less
affected in the dry, cut trcatments than in the dry, uncut
trecatments. (Table 69), showing a similar pattern to the

leaf water potentials.

Table 69. Lysimeter Experiment IT

Stomatal Diffusion Rates at Harvest 3%

Uncut Cut
Wet 132 132
Dry 71 110

L

* Sce Pivne Experiment IT

The plots showed complete rccovery in a manncr similar
to the mature swards by the cnd of August.

This experiment confirmed xreports from elsewhore that
growth of a maturc sward is depressed at reletively small
water deficits. It was not possible, unfortunately, to
confirm in field conditions that a seedling sward,; with a
newv and cxpanding root system, was reclatively insensitive
to drought. The level of competition was clearly an import-
ant factor in determining the development of the seedling
plants, and therc sccms little point in trying to draw com-
parisons with the pipe situntion,

This cxperiment scrved, most of all, as a reminder of
the numerous factors which combine to determine the response
of grasscs to drought, and the near impossibility of cont-
rolling and combining them all, simultancously, in a way
which would cnable wvalid conclusions, applicable to any

general situation, +to be drawn.,
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THE WATER BALAVICE OF DACTYLIS AID LOLIUM

The lleasurement of Plant Resistance to Water Flow

Present knowledge of the ndure of plant and soil resist-~
ances has been discussed in the introduction to this thesis.
Calculation of the distribution of the total resistance
along the pathway from soil to leaf has been handicapped by
the inability to measure water potential at the root
surface and so estimate the relati&e importance of the soil
and plant components of the total resistance.

A method of calculating the water potential at the
root surface has been derived from Gardner's (1964) mathe-
matical model of water uptake by a root system, with a

minor modification from Cowan's (1965) treatment.
Symbols Used (C.G.S. units)

Unless otherwise stated, the symbol refers to a uniform
horizon. The addition of a bar to the symbol (e.g. Es)
indicates that the value has been extended, as explained in

the text, to encompass the entire zmot profile.

U om’ o sec”!  rate of uptake from total root depth
B em? em™2 sec” | transpiration rate

Q em’ em™2 sec”!  rate of soil water depletion

T; cm water potential in bulk soil

\fr cm water potential at root surface
Wll.cm mean leaf water potential

Rn sec resistance to water flow from root

surface to leaf evaporating surface
R_ cm sec (ﬁs sec) resistance to water movement from unit
soil volume to root surface
k cm sec capillary conductivity of soil
X cm sec geometric mean of k values appropriate
to the potentials at each end of
potential gradient
root density

a dimensionless function of root system

td

geometry (Gardner 1964)
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o cm2 a similar function to B, derived by
Cowan (1965)

r, cm root radius

r, cm radius of cylinder of soil effectively

occupiled by a root
The overall calculation is based on the equation of

Van den Honert (1948), adapted for the situation of varying

conditlions through the rooting zone.

U (assumed = Et) = Yo Ve = ‘fr-%i = V;-?&.___ (1)

Whence R = \Ps—\;'L - (2)

In order to elaborate these equations, uptake from uniform

horizons of unit thickness is first considered.

Qe = ¥ Y, ' (3

R
s

The calculation of Rs

Gardner expressed soil resistance as

R, = _1 (4)

lence Y —Vr = _Q . (5)

Cowan derived the similar equation

YS-L‘,I: = &% - (€)
k

thereby setting ™ equal to _1 _
BL



Cowan sets =

2(]:'2 - r;) r, T -

whereas Gardner used, in effect,

. r
18 = 1r In, "2
5 2 (;:) — (8)

Equation 7 was used in the present treatment. For the

rapid derivation of ®© from given values of r, and r_, a

1 2
graphical representation of equation 7 can be used.

In order to derive Rs from equation 4, a value of k
appropriate to the notential gradient%’s o ﬂ,r is required,

and this is assumed after Cowan to be the geometric mean.

Pl -

(g )7 = — (9)

The evaluation of equation 9 reguires the calculation of Vr'
Combining equations 3, 4 and 9,
1 .
= T ) —"“I
Qo k (Y, -%.) . (10)
A graphical representation of equation 10 can be constr-
ucted to enable the derivation of Q’r fer given values of Qo€

and H'S (Frig.28).

Now, extending the calculation to n horizons, each of

thickness hzom, the total uptake of water

cf{ow) - ool _ Yy v J ‘
u(=fax) = n] (Y =Y )k e —eeee (Y - )
O N D < TN < 1
f co A XK n |
i‘-, 1 J 1 + 1 vy
R L I T Yook, o+ ----\’/r k
1 n / _ 1 n_
\ D(‘] O(n / (x'] o n
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= h’; Ys k' _% li):t k! — (m
n=1 oc n=1 o

The integrated conductance from the soil to the root

gurface over the whole pnrofile

n=1\8{/

n o, .
where K = (k']
/

(12)

e et

Then combining equations 11 and 12

U= 1 1 (‘f_s__l_c_') _ §=1(vr k') ___(13)

I’is A K X K

BAAG

| -~

The terms inside the brackets of eguation 13 have the
dimensions of potential and represent mean values of bulk
s0il and root surface potential respectively, weighted'by
permeability and root density so that regions of high
permeability and root density contribute most to the mean

potential.
Equation 13, therefore, gives the terms to be entered

in eguation 2, and, knowing W’L hence to calculate Rp.
¢

The above calculations were incorporated into a computer
programme with the following modifications in place of graph~
ical solutions.

1) The value of ™ vwas calculated for each horizon from
the data.

2) The appropriate value of k was calculated each time
from a regression equation of k on‘l’S described in a prev-
ious section.

3) An iterative procedure was used for the calculation
of (ﬂr. The potential gradient between the bulk soil and
root was increased from zero by successive increments of
C.lem of water until the value of @, calculated from equation
10 on the basis of this assumed gradient, first exceeded the
real experimental value of Q. At this point, the true value

of q’r had been approximated.
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The programme also calculated real uptake from each
horizon from the experimentally determined apparent uptake

values by a method described in a following section.

The calculation of apparent uptake

From the harvest data measurements

1) The average daily change in the volume of water pres-
ent in each horizon during the period from the preceding
harvest to the following harvest% was calculated, thereby
giving approximate values to the distribution of water
removal between horizons on the harvest day.

2) The measured total transpiration during the harvest
period was divided between the horizons in the ratio of the
uptake distribution as estimated in 1).

% This procedure was modified for the final harvest
by ueing the distribution of uptake as calculated from
average uptake between the pen-ultimate and final harvests,
there being no harvest following the final one.

This method assumes a linear fall of the soil water
content with time in each horizon, and also, in Pipe
Experiment IIT where the day's uptake was further sub-
divided, that the distribution of uptake between horizons
remained constant during that day. This cen only be just-
ified by refering to Gardner's (1964) suggestion that uptake
pattern is insensitive to uptake rate. Others (Brouwer,
1965) suggest that the operative amount of root varies with
uptake rate.

Apparent uptake rates were then corrected to allow for
movement within the soil into and out of adjacent horizons

at lower or higher water potentials respectively.

The estimation of real uptake by the roots
Real uptake from each horizon was determined from appar-~

ent values by means of the eguation

Q Real2 = Q Apparent2 - \V 3 ) k + (&'s VS?) k!
h h

where the subscripts refer to horizons 1, 2, 3, when 1 is
at a lower potential and 3 at a higher potential than 2.
Evaporation from the soil surface was assumed negligible.
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Hegative uptake rates calculated for the bottom horizon
and, occasionally elsevhere, may have resulted from in-
correct extrapolation of the ‘Vﬁ/water content/k graphs.
This extrapolation was normallyoonly necegsary for the
surface and bottom horizons.

The calculation of RD in Pipe Bzperiment III was done
by a simplified method because the computer was not prog-
rammed to handle the different capillary conductivities of
s0il and Perlite. On the basis of preliminary calculations,
it was assumed in this experiment that Wéﬁ'wr, thereby
eliminating the part of the calculations involving k.

Similar simplified calculations of Rp were made for
the corresponding wet treatments, and since the distribution
of uptake was unknown, it was assumed that \fs = %}r =0
throughout the pipe.

Thus for the wet treatments, equation 2 becomes

R, = -Y1
U

The data required for these calculations were obtained -
during the course of Pipe IDxperiments III,IV,VIxdVII by
methods described in the appropriate sections. The mean
of replications was used in the first two experiments in
view of the rather variable data, but improved techniques
enabled resulis fto be calculated for individual pipes in
the last two experiments.

Anomalies in the data which were revealed when the
Perlite water contents were converted to water potentials
precluded examination of the results of Pipe Experiment

IIT after the first two harvests in the dry treatments.
Results

An example of the computer output for each harvest in

Pipe ixperiment VI is shown in Table 70.

Plant Resistance

The calculated plant resistances are summarised in
Table 71. Replication permitted an anaiycis of variance in
experiments VI and VII and showed a significant effect of

water treatment (P=0.001), Rp being higher in the dry
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Table 70. Pipe Experiment VI

Water Balance Analysis

Lolium Uncut, Dry Treatment Harvest 1 Pipe 1 (15cm horizong)

e ma s e . A . e iy - A A e B B S S G A R A e e A e S G e

T, T, Vs Q k!
0.0045  0.095  =8000 157 % 10-7  1.06 x 10710
0.0043  0.157  =5800 154 % 10-T 161 x 10770
0.0041 0,197  =6400 5. g4 » 10=7  1.40 x 10710
0.0041 0.232 -1800 4.67 x 1077 7.44 x 10719
0.0041 0.218 - 170 5.53 % 1077 1.71 x 1078
0.0048  0.289 = 38 ;.40 107  1.24 x 1070
0.0054  0.495 = 10 4 zp . qo"T  7.23 x 107

t,-'r * q . )
-8015 0.45 x 107° Ys o -83.3
-5829 1.04 x 107° Y -84.0
~6513 3.18 x 107° Y1 -9059
-1856 7.91 x 1070 U 1,88 x 1077
- 171 3.86 x 10°° Rp 5.5 x 10°
- 39 1.08 x 107/ fis 0.3
- 10 3.32 x 107/
UNIT _KEY

r,] cm \l}.s cm

r2 cnm YI' cnm

Ys cm YL em

Q cm’ om osec” U cmfscm_Qsec:-1

K'om sec” Rp days

Yr em Rs days

3 1 -1

g cm” cm sec
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Pipe Experiment VI

0.00%6
0.0037
0.0036
0.0038
0.0037
0.0045
0.0050

Water Balance Analysis

- - T Pt - e e Y A M M o A R e M S B e M M s e

0.088
0.110
0.202
0.202
0.207
0.212
0.243%

Yr

-890%
-7504
-8328
-7256
-5835
-1680

0.77 x

1.08
5.30
1.31
4.23
1%.89
-6.44

"

CaTR o R

0.3%31 x
0.29 x

0.41
1.02
3013
9.85
-3.48

=4

T

0.92 x
1.15 x
1.00 x
1.21 x
1.63 x
8.59 x
5.77 x

-363.6
-%66.0
-11923
1.73 x 10~
T74 x 103
1.17
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Table 70. Pipe Experiment VI

Water Balance Analysis

P ey
—— e i —— . . PO i e O B B o o Tt . Tt T T A o

r1 r2 \)s Q
0.0027 0.078 13000 4.39 x 1078 0.56
0.0031 0.127 ~10700 3,50 x 10°° 0.72
0.0031 0.205 - 7600 . -1.31 x 1078 1,13
0.0036 0.220 - 7000 2.78 x 107° 1,26
0.0034 0.223 - 5700 2.60 x 107° 1.65
0.0043% 0.228 - 3800 6.00 x 10°7 2.74
0.0045 0.201 - 550 2.10 x 1077 3.63
Y a
-13006 0.83 x 1077 Ys 2620.3
~10712 1.76 x 1077 Vr 2632.2
~7600 ~1.73 x 1077 Y1 10983
~7018 4.21 x 1077 U 1.39 x 1077
-5712 3.72 x 1077 Rp 6.94 % 107
-3985 9.83 x 10°° Rs 9.95
- 554 2,66 % 1070

LI < T
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Table 71
Plant Resistance ( x 107 days)
IV Wet 6.4 9.2 5.2
Dry 8.6 10.9 18.0
VI Vet 4.6 7.7 3¢5
Dry 7.4 12.1 5.0
L.5.D.= 1.8
VII Wet 9.0 T.7 -
Dry 9.6 17.2 -

L.S5.D.= 4.0

IIT cT RG
9-9a.m. Hl H2 H3 E4 E5 HI E2 I3 H4 HS
Wet 6.5 10.0 6.4 8.6 15.3 7.6 10,5 10.1 8.8 10.0

Dry - - - - - - - - - -
9-1p.n.

Vet 4.5 4.6 5.0 3.1 4.2 5.1 4.8 5.2 4.4 4.1

dry 9.3 6.3 - - - 5.9 5.9 - - -
1-5p.m.

Wet 4.5 4.2 3.6 3.3 5.2 4.6 4.4 3.9 4.2 6.3

Dry 7.3 5.7 - - - 5.8 6.0 - - -
5-9p.m.

Wet 5.6 5.7 7.3 5.3 - 7.2 6.1 12,3 6.1 -

Dry 8.5 7.4 - - - 6.6 7.6 - - -

treatments of both experimenits. There was an interaction
between harvest and water in Pipe Dxperiment VII (P=0.01)
and this same effect was apparent in Experiment IV , but
absent from Experiment VI.

In Pipe Experiment III, Rp showed a diurnal cycle, fall-
ing to a minimum at maximum uptake rates during the middle
of the day, then rising again in the evening. ™Plots of RD
and U incorporating all available data show falling resis-
tance in both wet and dry treatments as U increases, though
the rate of decline decreases rapidly when U excceds 1.76 x
1077, equivalent to E, = lem day .

The accuracy of the calculation of Rp is most dependent

on the reliability of the measursment of U and VJL.
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Considering U first, the evaporation of water directly
from the surface of the soil, restricted to an unknown
extent by the polystyrene barrier, might have been respons-
ible for the recorded interaction between harvest and water
treatment. Soil evaporation in the wet treatments might be
assumed to contribute a constant proportion to U, whereas
the continually drying top soil of the dry treatments might
be expected to contribute a decreasing amount to total water
loss at successive harvests, thereby reducing the measured
value of uptake towards its true value and causing a prop-
ortional increase in the estimate of RD. Up to 40% of
evapo-transpiration from pipes under grass was shown to
occur from the wet soil surface in pilot experiments, but
no data was obtained regarding the effectiveness of a poly-
styrene granule vapour barrier.

The daily fluctuations in Rp in Experiment III could
not be attributed to this cause, however, since the method
. of estimating U eliminates the possibility of soil evapor-
ation being the fluctuating factor, unless there was also
a diurnal fluctuation in the relationship between total
evapo-transpiration and soil evaporation. Alternatively,
the method of partitioning daily transpiration using the
small pipes might have introduced a cycle error in U, so
accounting for this result. The fact that the basic inverse
relationship between Rp and U holds both within a day and
between harvests does, however, strongly suggest a real
relationship.

The measurement of H'L by the pressure method hes been
discussed elsewhere and found to show a close correlation
with expected results. Any tendency of the technique to
overcotinate. (i.e. towards less negative potentials)y’L
at low potentials (and hence, normally, low U values), or
underestimate (i.e. towards more negative potentials) at
high leaf potentials, would create a fortuitous inverse
relationship between RD and U.

The relationship between Rp and U, was explored stat-
istically by i#r. Bast of U.C.W. (statistics dept.). Regress-
ions were fitted of both linear and quadratic types to the
individual cets of data for each species and water treat-
ment, posled from all experiments.

i.e. Loge Rp = a + bU

and Rp = a + bU + cU2
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Both equations were found to describe the data with good
precision (R2 = 70-80%), and both had disadvantages. The
guadratic regression gave an upturn in the curve which was
not apparent in the data. Since, from basic reasoning, the
asymptotic type of curve seems more likely to describe the
relationship, the linear regression was further examined for
all four treatmentg. Differences between the slopes ahd the

ordinates were considered.

Comparisons of linear regressions of Loge R_on U
—

&

Difference between Slope Ozdinates
Wet Lolium v Dry Lolium * NS

Wet Dactylis v Dry Dactylis s ¥k H
Wet Dactylis v Wet Lolium 1S (%)
Dry Dactylis v Dry Lolium S s

When the gquadratic regressions were compared, then the
vet and the dry treatments did not differ between species,
and so this enabled the data from each species to be pooled
fémr an overall comparison of the quadratic regressions of
wet and dry treatments, and this difference was highly
significant (P=0.001). R® was 774 in both cases.

The linear regressions of all trestments are presented
in Pig.29 and the quadratic regressions of pooled wet and

pooled dry data in I'ig.30

Integrated Soil Resistance and Water Potential at the Root

el o e e L

PP

The results (dry treatments only) of all experiments
showed a similar pattern and they will be outlined in
general terms. At Harvest I, real uptake rate (Q) was
fairly uniform from all horizons containing roots, beconming
increasingly concentrated in the lower horizons as the pro-
file dried. At the final harvest, uptake rates were an
order of magnitude higher in the two lowest horizons than
in those above. The root density was fairly cven through-
out the »ipe below the two upper horizons. As a consequence,
the method of weighting used in the calculation of {?s gave

valtres strongly orientated towards the horizons of maximum

uptake and high soil potential, and only in the later stages



155

Linear 'Regressions of LogeRp on U

v
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Quadratic Regressi'ons, Pooled Wet and Pooled Dry Treatments

'y

W (x107°)

3-00

2:50

50

" 1-QQ

Q-850

\5
10

(x10%)



157

of drying, when the two lowest horizons were subject to
rapidly falling potential, did the value of ES fall apprecc-
iably below -1 bar. DBetween Harvests 1 and 2 in Experiment
117, ‘38 rose, even though the soil was drying, because
root extension was sufficiently rapid to more than compen-
sate for the fall in potential in the upper horizons.

The fact that uptake was always low in zones of low
potential (and hence low k) causes the estimated drop in
potential between the soil and root surface (C.?k to be very
small at all times, ceven when the soil was very dry. The
range of calculated potential gradients was between 1 and
200cm of water, the highest values being found in horizons
of moderate soil potential where uptake was still occurring
at an appreciable rate. Further falls in ?’S diverted
upteke to lower and wetter horizons, so causing A% to fall
again. Hence, the difference between \?s and E?r was small,
generally in the range 1-10cm of water, increasing apprec-
iably to a maximum recorded value of 49cm only iz the final
stages of drying in the lowest horizons. As a consequence,
ﬁs remained very small and ranged from four orders of
magnitude smaller than Rp in a wet profile to two orders
smaller in a dry profile at the noint of incipient wilting.

Thus, on the basis of the analysis applied to the
conditions of these experiments, the nlcat appears to offer
the major resistance in the flow pathway. In order to help
establish why other workers have come to contrary conclus-

ions, the calculated uptoke rates per unit root length for

each horizon were computed (Table 70).
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DISCUSSION

While setting out with limited objectives, the complex~
ity of the interactions of water stress, nutrition and plant
response caused a rapid proliferation in the aspeets covered
by this thesis, all closely inter-related and often little
understood. It is convenient to discuss thesc aspecits
individually, while bearing their relationships in mind.

The term 'water stress' is used indiscriminately and
imprecisely throughout the literaturc (Slatyer,1967:
Xozlowski,1968), and usually without definition. Taylor
(1968) describes stress as being watcr conditions in the
plant which arc unfavourable to optimum growth. Since these
conditions differ between plants, times,and stages of growth,
and optimum growth is not specified, this definition adds
little to the usefulness of the teorm.

Using the terminology of water potential, it seems
rcasonable to regard a nlant as being under water stress
if its water pnotential falls below zero, and to ignore any
rclationship to growth/performance parameters. Thus under
2ll normal conditions, 2 plant is undcr some degrec of stress
and the objcct of the following scction is to examine the
normal range and magnitude of stress. Following sections
will then evamine its relationship to growth response and

nutrition.

The Water Balance of Dactylis and Lolium

1. The Behaviour of Leaf Water Potential and its

i R A A e a0 At Ay 0 At S e e S Ve B ey o v Ve B Gt M S M T a8 A

The daily coursc of transpiration (Et) is largely a
function of solar radiation conditions, and superimposed in
these cxperiments arc probably fairly large contributions
from reflcection and advection from surrounding arcas. Et
in the »ipe cxperiments ranged from 0.2-1.5cm day-1,greem—
house cxperiments in winter and hot, breezy days in
summer giving rise to the rcspecetive cxtremes of the range.
Soil evaporation probably made an important contribution
in the wet trecatments, wherce highest valuces werc rccorded.

The highest transicnt rates recorded were 3.4cm day-1.
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Averagc Et valucs from the dry treatment lysimecters

were 0.2-0.4c¢n day_1,

Thus Et was generally well above average for the ULK.
in the pipc experiments, but fairly normal in the lysimecters.
The higher Et valucs recorded from the pipes might be expected
to cause lower lecaf water potontials than on the lysimcters
(¢avende ~nd Taylor,1967), but this cffect could not be
detected. The. possible rcasons may be either that the plants
were all opcrating in the range of YL associated with stom-
atal control, or that the much denser and morc rapidly
cxpanding root systems in the pince gave a lower resistance
to uptake; thus permitting higher uptake rates at the same
valuc of Wi . Whatever the rcason, soil and xylem flux
rates would be corrcspondingly higher.

Methods in gencral usc arc too cumbersome to permit
rapid scquences of measurcments of lcaf water potential,
and this possibly accounts for the lack of published
records of the daily course ofH}L . In thesc cxperiments,
VL fell from initial dawn levels in the range 0 to -4 bars,
rapidly down tothe range -8 to =14 bars {and somctimes as
low as -19 bars towards the end of a drying cycle). This
fall was followed by an cqually rapid risc as cvening
approached to within -2 to -4 bars of the dawn level, the
balance of the risc taking place during derkncss. This
coursc cneompasses bothh wet and dry treatments until the
terminal vhases of the dry treatments when the plants
failed to recover appreciably during darkncss (Fig.12).

The size and duration of the fall in VL.is remarkable
in view of the extensive litcraturc showing that growthrate
falls a2t potentialsbelow fully turgid levels. Boyer (1968)
found that ccll cnlargement only occurrcd at potentials
above -3.5 bars, honce rapid lcaf exticension only took place
at night whon turgor prcessurc was sufficiently high. Crafts
(1968) dcfincd the onsct of stress as being in the range 0
to ~5 bars, though ficld and forage crops grew well down to
-16 bars. iiany authors have desvribed the commencement of
adverse c¢ffects on photosynthetic and mcetabolic processcs
in the range of -5 to =10 bars (Lawlor;1969; Slavik,1965;
Boycr,1965). Thus, for much of the day in thesc experi-

ments, both wet and dry plants were expericencing o level
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of stress normally associated with a considerable reduction in
extension growth and the suppression of metabolic functions.
There was little to suggest that this was simply the result of
excessive transpiration rates since the lysimeter plots behaved
similarly at normal transpiration rates, and also, ﬁ’L fell to
these levels after sunrise, before potential transpiration rates
had reached very high levels.

Equally surprising, however, was the rapidity with which
recovery ensued at sunset; even when uptake was confined
largely to the lowest horizons. For most of the night, there-
fore, plant water potentials coculd be associated with low
levels of stress. How much compensationAcan be accomplished
during darkness for reduced daytime growth processes, is open
to speculation. Clearly, lost photosynthetic fixation cannot
be regained, but translocation and cell extension can possibly

progress at compensatory rates (Boyer,1968)

2. Stomatal response to_stress
Stomatal response to H)L igs probably of over-riding

inportance in determining the response of photosynthetic rates
to stress. It is unfortunate that the measurements of diffusion
rate in these experiments were relative rather than absolute, and
their nature was such that comparisons were only reliable
with the provisos made in the discussion of the method.
There were signs of stomatal restriction relative to the
controls soon after drying conmmenced in most cases, but
the difference was generally small until the end of the dry-
ing cycle, The levels of ﬁ’L in the controls which were
used for comparison of any treatment effects were, however,
frequently in the range associated with stomatal restriction
(Bhlig 2nd Gardner, 1964) and the small size of the differ-
ence in diffusion rate from wet and dry treatments could
conceivably be attributed to a similar restriction in both.
There is some evidence for this in Table 39 where the daily

course was closely followed. Diffusion rates from the wet
treatments rose considerably until 11.3%0 a.m. when there

was a sudden fall to a level which peisisted through the
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remainder of the day. This fall in diffusion rate closely

followed a fall in‘#L to below -10 bars which appears to
mark the onsct of stomatal restriction (Fig.16 and other
unpublished daota) and resulted from a sudden fivefold rise
in vadiation levels when the weather chonged. The lower
potentials in the dry treatments, resulting from the dry
s0il, had caused the =10 bar lcvel to be passed earlier in
the day, hence the carlier decline in diffusion to lowecr
levels.

I+ scems conceivable, therefore, that stomotal restric-
tion of CO2 diffusion may have reduccd assimilation in
both wet and dry treatmonts, and growth responses must be
considered in this light. It may be of importance that
woter vapour diffusion was only reccorded as bcing zero on
rare occasions when high evaporative demand in the final
phaoscs of drying causcd Vi to fall to very low levels in
the ronge -16 to -19 bars. In vicw of the apparcently wide
rangc of WL over which partial stomatal restriction appears
to opcrate, and the fact that for much of the dzy, WL was
in this range in both wet and dry treatments, then consid-
crable importance must attach to thce relative magnitudes
of diffusion rcsistances to water vapour and COZ' It
appecars, assuning o similar range ond form of YL in ficld
conditions to that found here, that cven under optimum
soil moisturc conditions, plants may bec opcrating in o
state of partial stomatal closurc. If, indced, the pathway
resistances to watecr vapour and 002 are similarly affected,
this means that puotosynthesis must incvitably be procced-
ing ot less than the maximum ratc. Since the origin of
the reduction in photosynthesis appears to lic in low(HL
rather than low‘fs , it is possible that irrigation of the
folinge (i.c. mist irrigation) aimed ot reducing transpir-
ation rate might be more ceffective than irrigation of the
goil in incrocasing Hﬂ_ , and so increasing CO2 uptake.

The interaction of cutting and watcer treatments where-
by Wﬁ_ of the drying trcatment in the Lysimeter Experiment
II swards did not diverge apprcciably from that of the wet
in the cut treatment, but showed the normal divergence in
the uncut treatment, might have been cxpected in vicw of
the small proportion of cvaporating surfacce on the large
(‘:_J

root spsteh. The pattcrn of both V'L and stomatal rcsist-

ance shows a considcrable advantage in defoliation as a
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means of rcducing water stress, but the importancce of the

mctabolic consequences of defoliation must not be over
looked since it is concecivable that they may predominate.

Diffcerences between the two specics in the behaviour
of%ﬁ_ and R.T. are difficult to dctect since simultancous
measurcmcnts on both werec only made in Pipe Ixperiments IT
and IIT, and thoy werc at slightly diffcrent stages of
drying. These cxperiments suggested that Dactylis was
rathcer more sensitive to stress in that under given
soil watcr conditions, thc values of‘{L and .T. diverged
morc from those of the controls than in Lolium (Table
1%a, Fig.15). This featurc could be rclated to the diffoer-
ent sizcs of root system in the two species and this aspoct
will be discussed in detail latcer., At similar transpiration
rates, diffcrences in \YL between the wet and dry trcatments
are likely to reflcect the overall soil potential, VS s as
weighted by the distribution of the root system, and this
value of ?5 may be rcflected in Hi_, A smaller and shall:
ower root system in Drciylis would give a lower valuec to‘fg
and hence lowor %Q_.

There appcarcd to be a difference in the pattern of
water use by the two specics undcer stress. In both Ixper-
iments IT and IIT it was noted that stomatal diffusion rates
were higher in Lolium towards the end of a drying cyecle,
inspite of the greater wotor deficit. Cowan and liilthorpe
(1968) discuss thc effcet of different root densities on
the pattern of water usc with time, and show (after Cowan,
1965) that with a sparscr root system, a plant will bec more
sensitivce to soil water stress as refleccted in Mﬂ_, and so
will commence water economy measurcs at an earlicr stage
of drought, whercas in the densely rooted crop, Et falls
later but more rapidly; a similar nicturc to that reccorded
herc, Their calculations were made assuming much lower
rooting densities than thosce recorded herce, and so the
significance of this phenomcnon may be small.

A lower ability of Lolium to control water loss also
scems possible. Thainc, Harris and Lesham (1970) comment
on the presence of hydrophobic waxes in the cuticle of
Dactylis and show that lcaves of Lolium exhibit a higher
rate of water loss while drying from the turgid condition.

The water rcepcllent nature of the leaves of Dactylis was
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also notced in this cxperiment, and it scems 2 real possibil-
ity that a higher cuticular rcsistance is involwved.

Attcnpts to corrclateTs with “ﬂ_ werce largely unsucc-
essful and certainly werc inadequate to reveal any difference
between the species which might account for their differing
water loss characteristics. The rclationship between the
two factors showed little corrclation from leaf to leaf,
ond only general relationships were discernible. 3Bull,
Stilcs and Wangati (1967) camc to the conclusion that there
was little relationship, and Andrcws and Hewmon (1968) also
comment on this possibility. Stomatal aperturc is undoubt-
edly a function of other factors suchas guard ccll turgor
ond CO, concentration (51atyer, 1967) and these bear only
on indirect rclationship to Y. (Gavande ct al.,1967). The
rclationship nroposed by Bhlig and Gardncr (1964) is
probably a gross oversimplification.

The indicetions arc, from thesce coxpcriments, that
Lolium lost water morc rapidly than Dactylis, but the rcasons
could not be detormined with certainty. It is likely that .
o greater depression in %ﬁ" in the dry trcatment of Dactylis,
rclated possibly to a smaller root system, causcd the onset
of wotcer cconomy measurcs ot an enrlicr stage of drying,
and combined with a lowcr permeability of the cuticle,
rcsulted in a lower rate of water use in this species. The
continued transpiration of Lolium at a higher rate rcsulted
in the carlier and more abrupt exhaustion of limited water

supplies.

5. The Response of ““. to Soil factors during a Drying Cyclc
The course of V I, during a drying

cycle showed a similar patterm in all pipe experiments
with three or more harvests (Fig.31). After an initinl
small declinc below the control level (4), a parallel coursc,
scparated gencrally by 1 to 2 bars differcnce (8) was foll-
owed until thc upper part of the pipe was depleted of aveil-
able woter and cxtrnction was confined to the lowest horizons,
resulbing in a rapid fall of\ﬂs in this region. At tais
noint, the lecaf water potentinl resumed its divergence (C)
from control lovels.,

This bchoviour suggests thoat cven though the soil

water deficit and depth of cxtraction was increasing through-
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A)Initial and relatively small depression ofH’L as surface
goil dries and, since a'high proportion of roofs are here,
resistance rises, '

B)SteadyY'1L as roots extend down profile, water moves up
along potential gradients etec., sufficient water being

available to maintain¥f1 from still wet horizons..

¢)¥s of lowest horizons begins to fally no further root

extengsion or diffusion being possible,‘fL falls rapidly.
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out the cxperiment, the strecss to which the plant was sub-
jeet did not increasc after initial drying of the top soil,
but remained fairly constant until drying of the lowest
zones commenced., Clearly, thercfore, a simple average of
Y+ (Taylor,1952) in cach zonc is likely to bc of little
value in cvaluating the soil component of total stress,
since this would give continually rising valucs through a
drying cyclec. The nottern of weter usce and its relation to
Hﬁ_ confirm the ncecessity of evaluating a singlc stress
value reloted to zonc of water use znd root density. Uptake
from o rcstricted part of the profile was sufficient to

supply a large part of current 7, requircments ond the

potential in the wettest zones a;penned to bo most important
in determining stress caused by the state of water in the
gsoil. This is very much in agrcement with the conclusions
of Slatyer (1967), who said that stress, integrated over

the root system by mcasuring it at the base of the stem,
lorgely roefliected %Q‘ in the wettcst zone, even though the
surface horizons were at very low potentials., 1In this way,
o crop with high root density and dcep root zonc may only

be subjected to o low level of stress so long as part of

the root system is in wet soil.

There arce difficultics, however;, in cstimating the soil
component of total stress, as it ~affects the plant, by a
gsimplc and rcliable method. :lcasurcmoents of\( Xylem taken
at the top of the root system (Slatycr,1967) may be of
limitced valuc in thet they also contain components of total
stress duc to root resistance unless uptake is zero. Thus
?1.as meoasurcd at sunrisc, whilc cxhibiting a gencral _
decline as the soil dried, bore 1little rclationship to H‘s
as calculated here. It did, however, bear o closc relation-
ship to the arithmetic mecan water wmotential over 211 zones.

It had becen noted that %/L followed o generally narallel
coursec during the day in wet and dry treoatments, and the
difference between the two treatments is likely to reflect
both any diffcrence in {PS as integrated by the root system,
and differcnccs in Rp and Rs beiween the two trectments.
Agssuming that Rp is similar, and anticipating from evidence
in a later scction thot Rs is negligible, then the differ-
cnce between the mcan valuces of 1%_ in wet and dry trcecotments

may bec considercd as roprescenting stress duce to the drying
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soil. The relationship to cclculated \fs was gtill poor,
and wns very much less sensitive to changes in soil water
status through the profile than the calculated H;S. It did,
however, bear a possibly spurious but nevertheless remark-
ably close rclationship to the simplc average of\?g in the
soil moncs of woximum uptake, these being zones at higher
water potential ond dcfined as being where:

a) @ 7 0.2 x 10_6cm3 cm_3 sec_1, or

b) Y s) ~6000cm.

Pipc Fxperiment 6

Integrated &% as cstimated by various methods (cm)

—

ﬁ)g as determined by: H H2 H13
Computer calculation W’s ~72 -220 -629%
Mean s of a1l depths ~3013 5156 -8126
YL owet - YL ary ~1600 ~1700 ~3100
1 at sunrise ~2500 5500 6000
Wean W s in a1l zones -1672(5)%  -1718(3) -3375(2)

- - \J
where. Q 0.2 x 10 6 sec™! or §)s> -6000cm

(%) = Humber of zones involved.

It is difficult therefore, to determine whether the
method of integration proposed by Gardner and used in this
paper is a useful contribution towards solving the difficulty

of giving a single value to total soil water stress.

4. Soil Resistance

-t o ma A ot e e Gt e e

The analysis of water balance made here differs from
that reported by many other workers in that the features of
the uptake system were integrated over the entire profile in
which there were considerable gradients of water content and
related parameters, and of root distribution. This is a
rather different, and much more realistic picture than that
of a small and uniformly dried zone. The present analysis
takes into account the changing distribution of uptake as

drying proceeds, changes in root distribution with time,
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and all the related phenomena of the naturally drying profile

which are often ignored in simplified mathematical models.

Newman (1969a) points out that his conclusions, derived
from the examination of a single, uniform zone, would be in-
valid if, in reality, a part of the profile was too dry for
uptake to take place. VWhereas ewman's and the other models
from which it was derived show z picture of a gradual
uniform fall in potential in the root zone; a corresponding
rise in RS and A ﬂ‘and hence falling values of‘fL s this
is not the pattern found in these experiments. The effect
of drying of one zone is to shift the principal uptake zone
downwards,; with 1little or no fall inwit , and this shift
downwards continues so long as further root/soil zones
exist. Vhen the lowermost zone is reached, this being
rather an artificial situation in these experiments, since
further upward diffusion from zones unexplored by roots in
the field might delay or ameliorate its sudden and rapid
drying, then the situation comes nearer to resembling that
of the single uniform profile situation. ilow, %H. starts
to fall to maintain uptake against the rapidly falling soil
water potential in the bottom =zone.

This pattern is only possible where there is sufficient
root present to permit a large part of the plant's trans-
piration demands to be met frpm a small part of the profile.
FYor example, in Pipe Ixperiment VI at ilarvest 2, (Table?O )
80-90% of total uptake was from horizons 5 and 6. This is
the situation in which ifewman (1969a) considers that apprec-
iable soil resistance may occur. It is significant, there-
fore, that in these two zones, two of the largest drops in
notential between the soil and root surfaces (A%’) were
calculated, namely 135 and 30 cm respectively, even though
k was still relatively high. TUntake was very low from the
drier regions, hencel}'f was correspondingly small. Lven
so, Rs was not appreciable, compared with Rp when most of
the profile was dried and uptake was confined to a small
part of the profile, and values of Rs were normally 102-104
times smaller than Rp in these experiments.

The reason for the failure of the predicted large rhiz-
osphere resistances to materialize is undoubtedly, as lewman
stated, that root densities are normally much greater than

those used to make these predictions. Cowan (1965) used



168

LA values of 2.5-10cnm root cm—2 soil surface. Those found
in these specles ranged over 500-3%000cm cm-z, the former
value being reached at HO soon after establishment. Cowan's
(1965) values of LV of 0.125-0.5cm root cm—3 soil were
lower than any recorded here above the terminal root fringe,
by one or two orders of magnitude.

Gordner's (1960) uptake values of q=O.1cm3 em™! clay_1
(0.116x1072 cm’ em™ sec-1) imply root densities (LA) of
below 10cm cm™2 according to Wewman (1969a). This value of
q is ten times greater than any recorded here, and on
average 102-103 times greater.

Cowan and !lilthorpe (1968) had recognised the unreality
of earlier assumptions when they commented that hydraulic

conductivity is unlikely ever to limit uptake rate.

5. Plant Resistance

Por the purposes of his calculations, Cowan (1965)
assumed a constant value of Rp. It is considered to be
variable by other authors both in the long and short terms
(Cowan et al.,1968; Slatyer,1967).

The overall permeability of the plant is a compound
factor made up of the permeabilities of the individual parts
in both parallel and series, and many of these are likely
to vary. 1In the short term, Cowan et al. (1968) describe
likely changes in both leaf and root conductances related
to changes in water potential and flow rate, and caused by
the flow of solutes, temperature gradients and the changing
geometry of the flow system ag B, varied. Brouwer (1965)
found that the operative amount of the root system varied
with Et’ and this seems a likely explanation for the
possible inverse relationship between Et and Rp found ig
these experiments, and reported also by Tinklin and
Veatherly (1966), Andrews and fewman (1968) and Cox (1966).
The decline in Rp with increasing Et was less marked at
high values of Et'

In the longer term, Rp appeared to rise as the soil
dried, with the qualifications expressed in an earlier sec-~
tion. At all times, it was higher in the dry than the wet
treatments. Root resistance could be influenced by numerous

environmental factors, suberisation, the effects of aging,
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reduced root growth in dry soil which was widely recorded
here, differences in soil temperature due to dry soil, and
none of these factors can be separated in these experiments.
Cowan et al. (1968) have stated that in a soil with 20%
water content by volume, the resistance of the roots is five
times that of the same roots in water. This probably great-
ly over-simplifies the situation. Water held on soil part-
icles comes nearer to being in a two dimensional state and
so may have a different contact relationship with the root.
The curvature of menisci, changing surface tension, and the
added complication of root mucigel and root hairs in relation
to pore size of the soil particles must all be considered
when making predictions of this kind., It seems reasonable,
however, to assume that the root/water contact in a drying
soil may decrease, hence causing the apparent value of Rp
to increase due to a fall in the effective absorbing area
of the root system. This factor could be responsible for
the overall difference between wet and dry treatments and
the continuing rise in Rp during a drying cycle, but the
probable inverse relationship previously described between
Rp and Et must be considered as acting simultaneously
since EJG fell in the long term.

The importance of the upward diffusion of water and
of root extension into previously untapped zones are widely
discussed in relation to drought resistance (Xramer and
Coile, 1940; Gardner, 1968). The latter feature largely
applies to the early part of these experiments before the
roots reached the full extent of the profile. In the case
of Lolium, this was generally accomplished by Harvest 1.
During this period, extension rates of 2cm day-1 wvere
generally recorded, sometimes reaching 3.5cm day"1 in
Lolium. They were similar in sandy subsoil and Perlite.
These rates of extension were in close agreement with those
of Garwood (1967c) recorded under mature swards of Lolium
in the deeper horizons in summer. Assuming 15% by wvolume
of available water in the soil below the root zone, a rate
of extension of 2¢m day—1 would bring 0.3cm day_1 of avail-
able water into the root zone.

Gardner (1968) integrates the effects of diffusion and

root extension to show that the total zone of influence of
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the roots can extend well beyond their own physical limits.
In these experiments, root extension appears to play the
major part in utilizing available water outside the current
root range.

In the context of a finite limit to root extension in
these experiments, the rapid root extenmion rate of Lolium,
while increasing water availability in the short term, may
well have resulted in the more rapid exhaustion of available
water and so reduced its ability to withstand prolo nged
drought since water economy measures did not appear to
commence until later than in Dactylis. In the hypothetical
case of the short term drought, however, when water supplies
are restored before complete exhaustion of the profile,
then advantages in transpiring at the maximum rate with
fully open stomata may manifest themselves in increased 002

assimilation.
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1) The Source of the Stress Dffects

In many previous investigations, water stress has been
found to reduce plant growth, manifesting its effects
through all the growth paramcters normally studied (Lawlor,
1969; Slatyer, 1967) and from an early stage in the course
of drying of the soil., 1In many such experiments, stress was
applied either osmotically in culture solution or in a
volume of soil which restricted root growth and so dried
fairly uniformly. Such conditions may be quite unrepresent-
ative of the field situation where continued root extension
is possible and normal such as in annual crops and grasses.
Irrigation experiments in thc field (Stiles and Williams
1965) have similarly shown an early restriction of growth,
but the diversity of growth parameters used which normally
only reflect the economic wield of the crop, and possible
interactions with other factors such as water and soil
temperature or defoliation regimes make interpretation more
difficult and the precise role of stress itseclf undefinable.

The circumstances of the present experiments, in which
s0il water stress contributed little to plant stress until
the deeper horizons of the soil began to dry appreciably,
have already been discussed. A major sourcc of stress lay
in the natural resistance of the plant itself and its
inability to conduct water ito the transpiring surfaces at
a sufficiently rapid rate, and so both wet and dry treatments
were similarly stressed, as judged by leaf water potential.
It was concluded that even watered plants may be under stress
forimuch of the day, and the reclatively small effect of
drought on growth must be considered in relation to this.

Investigations on natural swards (Garwood et al.,
1967a, 1967b; Penman, 1962; Stiles and Williams, 1965) have
consistently shown severe growth restriction at relatively
minor deficits. The growth restriction was small in the
present pipe experiments, even at considerable deficits,
slightly greater on the Lysimeters, and greater still under
a cutting regime. A conclusive explanation cannot he given
for this discrepancy, but some features which may be of

possible significance will be considered.
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The light, easily penetrable soil in the pipes gave rise
to an extensive and vigorous root system which, while not pene-
trating to atypical depths, appeared to have greater density at
denth than in the field situation (Plate 3). This activity at
depth was almost certainly enhanced by the fact that the roots
of the immature plants would be all operative before the normal
cycle of decay and replacement had been initiated. Hence the
negligible contribution of soil stress to total stress in these
conditions. The quantity of actively functioning root under the
established swards was almost certainly smaller, though measure-
ment was impractical due to the difficulty of distinguishing
between living, dead and decaying roots. There was some suggest-
ion in the mature swards of Lysimeter Experiment II that the
difference in leaf water potential between wet and dry treatments
may hzve been rather larger than in the pipe experiments, and
also that the growth restrictions began at a lower soil water
deficit. The shallower and less dense root system in the
Lysimeters may have been responsible for causing a rather larger
contribution from soil stress to total plant stress, hence the
rather earlier and greater growth restriction.

Defoliation was found to greatly suppress new root
production in the nipes, and this effect was present though
more difficult to measure on the lysimeters. The effects
of drought on growth were greater and earlier on cut swards
in these experiments, and the results of other workers
have generally been obtained from defoliated swards.
This may suggest that defoliation increases susceptibility
to drought. However the fact that defoliation reduced the
difference in leaf water potential between wet and dry
treatments to an insignificant level suggests that the
increased response to drought is not due primarily to
increased water stress, nor is there evidence for a nitrogen
deficiency (Table 53&). It is essential at this point to
consider metabolic effects on the plant due to defoliation,
drying of the top soil and related influences associated with
these treatments. Although differences in temperature,
water potential, water content and penetrability of the top
s0il which occur as the soil dries appear to have rather
small effects on plant water stress, they may have consider=

able physiological and metabolic consequences. They must
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be considered in relation to the high proporition of roots in
this surface region dnd the rclationship between the condit-
ion of these roots and shoot growth as mediated by hormonal
balance control mechanisms which remain largely unresolved
at present but which have been briefly considered in the
introduction to this thesis. It may be postulated that the
origin of at least part of the rcestriction in growth which
occurs when the top soil dries may lie in the physiological
reaction of the plant's growth control processes to the
adverse piyysical environment of the dry soil. Such invest-
igations were beyond the scowne of this thesis and must reonder
the interpretation of the causal mechanisms behind the
growth responses largely inconclusive. In addition, no
specific factors could be isolated as being responsible for
the differences in the magnitude of the growth response in

these experiments compared with those of some other workers.

2) The Wature of the Growth Response to Water Stress

The dry treatments in 11 the present experiments
showed some decline in growth relative to controls from an
early stage. These effects rarely reached significance
until near the end of the pipe cexperiments, but tended to
be greater and occur at a lower soil water deficit in the
lysimeters. Their form was, however, consistent throughout,
and their onset coincided with the initial drying of the
top soil which depressed VL below control level before
Harvest I.

Etherington (1962) reports onc of the relatively few
examples of growth analysis applied to grasses undergoing
differont water trecatments. There was a reduction with
stress in total yield and tillering, but not in leaf numbers.
The arca/weight ratio of the leaves fell, and also the net
assimilation rate. Hence the reduced area and efficiency
of the assimilating surfaces contributed to the reduced
total yield. Garwood (1963) . also reported a severe
fall in live tiller density compared with controls in a
ryegrass sward protected from rain. These results are in
general accord with those reported here, except that tilloex

numbers were not affected by stress, except in the seedling
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swards of Lysimeter Experiient II, where considerablc plant
mortality occurred. In the pipe expcriments, tiller numbers
had largely been initiated prior to or early in treatment.

The absence of any relative reduction of tiller
number by drought in the cut swards is surprising since
defoliation killed the flowering tillers and it may be that
no new tillers were formed in either wet or dry treatments
after flowering, which occurred very carly in the treatment
period. The inhibition of tillcring by flowering is widely
reported (Jewiss,1966). Although visual inspection suggested
a much lower tiller density in the dry, cut lysimeters,
close examination revealed that there were still green parts
present at the cut end of the sheaths, and that these had
failed to expand, while no new leaves were produced.
Suvpression of leaf coxtension rather than complete mortality
of the tiller appeared, therefore, to be occurring in the
dry,cut treatment in this experiment. TFor reasons explained,
no attempt was made to draw conclusions from the secdling
sward densities on the lysimeters.

There was a consistent trend towards rcduced leaf
extension in drought in the pipe experiments, always
‘risible to the eye, but showing variable significance in the
reduced area/weight ratios of the leaves and the overall
reduction in leaf arca. Since cell cxtension is largely
dependent on turgidity (Boyer,;1968), this cffect has been
reported as being amongst the first visible indications of
stress.

It would be unwise to draw definite conclusions concern-
ing WAR becausc of the large errors computed for this par-
ametcr, but there was little cvidence of any appreciable
difference betwecen treatments until the final stages of
drying when wilting was becoming considerable and the HAR
curves for the wet and dry treatments diverged rapidly (Fig
11). Dtaoust and Taylor (1969) found irrigation of Lolium
swards increased leaf area but not ITAR.

Thus the small reduction in total dry matter assimila-
tion due to drought may be partly attributable to reduced
leaf extension. Most of the reduction in weight took place
in the dry surface root zones, espccially in the carly phasos,

but the prescence of a partial compensatory redistribution of
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dry weight to the deepcr roots again implicates the presence
of interacting factors arising from micro-cnvironmental
effects on the roots in the dry top soil.

The prescnt experiments and similar ones performed by
other workers have clcarly been inadequate to unravel the
complexities of the situation. It would be unrecalistic to
attempt to explain the apparent anomalies betwecen the various
results in the abscnce of more precise information on the

mechanisms involved.



176

The Effects of Drought on Hutrient Uptake

This thesis has been concerned with two kinds of macro-
nutricents.

Unbound nitrate ions exist in simp.c solution and their
concentration is directly related to soil water content.

The 'bound' ions phosphate, potassium and calcium are
larzcly attached to the soil particles where they are in
dynamic equilibrium with a low concentration in solution in
the soil water. Changes in soil water content are countered

by adsorption or decsorption of ions.

The larger proportion of nutrients must move to the
root surface either by diffusion or mass flow in the trans-
piration strcam before they can be absorbed. Only a small
quantity of the soil is in direct contact with the root
surface (Wiersum, 1959).

The effectiveness of diffusion extends over short
distances, depending on ion mobility, concentration gradicnt
and cross~scctional pathway. The dimensions of the pathway
depend on soil water content.s $ince the concentration of
non-absorbed ions does likewise, the falling size of path-
way and increasing concentration gradient tend to counter-
act each other. On the other hand, ions in the exchange
complex remain at a level concentration and so their d4iff-
usion rate depends mainly on the area of the pathway. Thus
falling soil water content primarily affects the diffusion
of adsorbable ions and may havé little e¢ffcct on unbound
nitrate ions.

Mass flow in the transpiration flux is important over
much grcater gistances, and its effectiveness is proportional
to transpiration rate. It has been calculated that this
flow carries calcium, potassium and phosphorous in desccnding
ordcr of importancce (Barber, 1962).

Thus the entire nitrate pool in the soil solution is
available to the plant. Root density is unimportant. since
watcr movement takes place over relatively long distancces, and
Garwocd etal, (1967b¥ound the most efficient uptake of
nitrogen from soil depths of low root density.

Root density becomes increasingly important to the

upteke of exchangeable ions of decreasing mobility.
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Uptake may take place over a greater part of the root
length than was previously believed. Phosphorous, which
has largely been studied to date way rcguire an intact
cortex. Whon the cortex collapses, bacteriai.immobilisation
may occur (Russell,1970). HNitrogen has not lent itself to
isotopic investigation, but its greater mobility and the
manner in which the plant can accumulate it in its tissue
with little apparent selectivity suggests that an intact
cortecx may be less necessary than is the casc for phosphor-
ouse. In the present cxperiments, the seédling plants
subjected to drying were found to still possess intact
cortices and root hairs, but it scems probable that this
is fairly unusual (Russell,1970). The cortex had largely
collapsed on most older roots in mature swards. Water
uptake may be largely unimpeded through suberised and
dccorticated roots (ilcwman,1969a) and therc is the possib-
ility that I uptake may be also.

Thus the 'nitrogen unavailability' recently proposed
by Garwood et al. (1967b) hag little apparent theoretical
bagis in terms of immobility in the drying soil. The
inhibition of mineralisation of organic matter in dry soil
may, howcver, substantially reduce nitrogen supply from
dry horizons.

On the other hand, phosphorous migration to the root
gsurfacc may be substantially reduced by a decline in soil
water contentand uptake rate in a dry zone, and recal
unavailability may be considered probable. Caleium and
votassium would occupy intermediate situations. The
changing contributions of diffusion and mass flow to over-
all ion migration complicatc the issue and may account
for the wide spectrum of rcported results.

The total uptake of nutricnts may not be the best
indicator of nutricnt stress because uptake may be a
function of demand rather than supply, as Gates (19683)
showved in the casc of phosphorous. Hitrogen uptake appears
to occur irrcspective of demand up to high concentrations
(Whitchcad, 1966) and is normally the factor most limiting
growth, Uptake is unlikely to be reduced through lack of
internal demand unless translocation from the roots is
prevented, Williams (1960) found this was the case duc to
internal factors in Tlowering tillers . Garwood was work-

ing with swards in the flowocring phasec.
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The nutrient concentration in the plant tissue relative
to a watered control nay, therefore, be a better basis for
comparison of the effeccts of water stress in the soil on avail-
ability, and this mcthod of expression has been widecly used
for experimental comparisons (Jennc ct al.,1958).

Comparison of the N contents on this basis has yielded
rather variable results both in the literature and the
prescnt experiments, and here they have ranged from slightly
reduced to inereased concentration rclative to watered
controls. The nitrogen untake was generally reduced by only
a small amount inspitec of the fact that nitrogen was con-
fined to thc topsoil either by the use of subsoils poor in
humus, or in Experiment III a 'subsoil' of pcrlite, and by
surface placement of fertilizer nitrogen.

It is possible that mincralisation phenomena are
involved in »nroducing conflicting results but that vhere
they arc small, as was probably the casc here, therc is

little c¢vidence in theory or practice for nitrogen unavail-
ability.

The other clements arc thecoretically morc liable to
reduced availability in the decreasing order calcium,
potassium and phosphorous, and this is largely confirmed in
later cxpceriments wherc the appropriate analyses were
performed. The calcium and potassium content of the shoots
showed only small random variation, and since transport to
the root surfacc may be in excess for calcium (Wiersum,
1969), the tissue level may be determined more by demand
than supply. In all cases, the phosphorous concentration
was rcduced, and significantly where statistical analysis
was possible, in the drying trecatments. This has becn
predicted on theoretical considerations, but a reduced
intcrnal demand as suggested by Gatcs (1968) cannot be
precluded.

Garwood and Williams (1967b) considered that defoliated
swards could be at a disadvantage in drought conditions
because of thc absence of nutrients for recirculation, and
imply that the effeet would be less serious in uncut con-
ditions. Greenwood and Titmanis (1968) investigated the
cffcets of defoliation on nitrogen stress and its relation

to leaf nitrogen in young plants of Lolium. The reduction
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in photosynthate due to defoliation caused nitrogen stress

to be reduced to half the control levecl, cven after fovur
defoliations (stress was measured as the percentage reduction
in relative growth rate comparcd with unstressed controls).
This 1s confirmed by the results of the present experiments
wherc, on the lysimeters, the concentration of nitrogen and
phosphorous in the cut plants was greater, often considerably
so, than in the uncut plants (Table 52), cven in dry condit-
ions. The method of measuring stress adopted by Greenwood

et al., eliminates the dilution factor inherent in the
comparison of tissue nutrient concentrations where the prod-
uction of dry matter by the uncut plants is greater overall.

In conclusion, thecre are no theorctical grounds for a
relationship between soil water content and nitrogen avall-~
ability other than via mincralization phenomcna from the soil
orgenic nitrogen vpool. The experiments of Garwood c¢t al.
(1967a,b) had basic defects in the technigues they used which
appear to invalidate their conclusions. It is widely accepted
(Whitchead,1966; Henzcll,1970) that grasses arce amply supplied
with nitrogen at tissue conccentrations above 2% of the dry
matter, and further increcascs in concentration have very littlc
effect on rclative zrowth rate. The nitrogen contents of the
hcrbage produced by Garwood et al. was ncver as low as 2%.
This is not compatible with their statement that after defol-
iating a sward in dry weather,,"the depression in growth can
be attributed more to a deficicncy of plant nutrients than
to a lack of water". Indeed, the nitrogen lcvel in the
abundant growth following rewatering of the droughted plants
was no greatcer than the concentration present when growth
had ceased due fto the supposcd nitrogen deficiency.

Thus their cxperiments appcar to do no more than demon-
strate that fertilizer applied to the surface of a dry soil
remaing in this situation until washed in by rainfall. The
present experiments indicate that adversc physical factors
present in a dry top soil reduce growth by their effects on

metabolic and physiological processes in the plant.
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Plate 4.
Lysimeter Experiment IT.

Established, wet, uncut Dactylis
sward at Harvest 3

Plate 5.
Lysimeter Experiment IT

Established, dry, uncut Dactylis sward at Harvest 3
¥ote the under-storey of dying and wilted plants

dominated by relatively few large plants, still
turgid.
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Plate 6.

Lysimeter Bxperiment IT

Establighed, wet, cut Dactylis swards illustrating

pamthubiinStul ) Sttt

vigorous extension of the laminae following

defoliation.

Plate 7.

Lysinmeter Experiment IT

Established, dry, cut Dactylis swards illustrating
the failure of the existing laminae to extend and

the absence of new laminae growing from the sheaths.
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SUMMARY

PO —

Simulated swards of Dactylis glomerata S37 and Lolium perenne

523 were grown in large lysineters or vertical pipes of 15cm
diameter, both being sufficiently deep to allow largely unrestricted
root developnent.

TFlowering and non-flowcring (seedling) swards, subjected to cut
and uncut treatments, were allowed to dry the profile from 'field
capacity'! until exhaustion of available water supplies, and were
compared with watered controls.

Sequential harvests made during a drying cycle enabled the
effects of an increasing soil water deficit on the growth, water

balance and nutrient uptake to be followed.

The rate of total dry weight increase was reduced from an early
stage, but never by a large amount. The cause appeared to be
reduced leaf expansion rather than a decline in nct assimilation
rate. The root wnight was reduced more than the shoot weight, part-
icularly in Dactylis. New adventitious roots ceased elongation
immedintely the top soil dried. There was some compensatory growth
at deeper levels, suggesting that a physical/physiological impedi-
ment to root growth due to dry top soil rather than a deficiency of
assinilates caused the surface roots to cease growth and diverted
assimilates to lower levels.

"Defoliation itself sevexly retarded root growth, largely mask-
ing the effects of the drying treatment.

No conclusive explanation could be given for the much greater
drought effects on growth reported elsewhere compared with those

found here,

Leaf water potential (ﬁjL) fell during the day in all treat-
nments and controls to levels which would be expected to have critical
effects on growth processcs. The stomata rarely closed completely,
but there was evidence for some restriction in treatments and
controls at these low levels of leaf water potential. Leaf water
notential rapidly rose again in the evening to levels which might
allow a normal continuation of those growth processes not requiring
sunlight.

Defoliation greatly reduced water stress and the restriction of

stomatal aperture, but did not reduce the susceptibility to drought.
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A poor relationship between leaf water potential and stomatal
diffusion suggests that leaf water potential is not the operative
factor in stomatal control.

Dactylis showed greater sensitivity to stress in terms of leaf
wvater potential, relative turgidity and stomatal diffusion rate and
this caused an carlier onset of water economy measures compared with
Lolium. The latter species tended to transpire ranidly until the
profile was abruptly exhausted of water at an carlier point in time.
The significance of the size and the vigor of extension of the
respective root systems is discussed in relation to plant water

status and uptake in a drought.

A model was developed (after Gardner,1964; Cowan,1965) to eval-
uate the water balance of the swards. Root density was adequate to
allow the plants to absorb most of their water requirements from a
prell volune of wet soil., Drying of a horizonm had the affect of . -
shifting uptake ‘to the next lower Horizon without a cimultancous £all
in lcaf water potential until the terminal zone was being exhausted.
Thus, soll resistance to water flow was negligible compared with
that of the plant. Measured uptake rates per unit root length were
rmuch lewer than those previously used to predict high soil resis-
tance. DPlant resistance appeared to fall as transpiration rate rose,

and rise as the soil dried. Possible explanations are considered.

Criticisms are made of the techniques used by Garwood and
Willians (1967a, 1967b) to show that nitrogen shortage was respon-
sible for the cessation of grass growth in drought. No evidence
could be found for critically low tissue N levels as a result of
drought in these or Garwood's expcriments. Reduced phosphorous

uptake was detected, however.
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