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STELLINGEN

I

In tegenstelling tot de gebruikelijke opvatting blijken matige
voedingsgebreken, althans van fosfor en zwavel, wel invloed op
de assimilatiesnelheid per eenheid bladoppervlakte te hebben.

Dit proefschrift,

D.J. Watson, The physiological
basis of variation in yield.
Adv.Agron.4:101-45, 1952.

1I

Het bepalen van de voedingstoestand van de plant deor het
meten van verschillen in groei of in metabolische processen
veroorzaakt door bepaalde behandelingen, heeft het voordeel dat
de gevonden verbanden gewoonlijk causaal zijn. In principe zou
dit een meer positieve diagnose mogelijk maken dan bij methoden
die berusten op correlatieve betrekkingen.

Dit proefschrift,
III

De stikstofbemesting van Citrus hangt enerzijds af van de be-
boefte aan dit element voor het handhaven van groei en op-
brengst en anderzijds van de nadelige invloed van stikstof op
de kwaliteit wvan de vrucht, Welke van deze twee invloeden
doorzlaggevend wordt geacht hangt tot op grote hoogte van eco-

nomische factoren af.
: D. Bouma, A factorial experi-

ment with Citrus.
J. Hort.Sci.38:175-98, 1963.

v

Aangezien het nadelige effect van stikstof op de kwaliteit wvan
de vrucht gewoonlijk pas tot stand komt gedurende de laatste
fase van haar ontwikkeling is het van belang de stikstoftoe-
stand van de boom =zodanig te regelen dat in het begin van het
groeiseizoen een beperkte doch voldoende hoeveclheid stikstof
aanwezig is, teneinde een overmaat in het laatste stadium te
voorkomen.

D. Bouma, The development of

the fruit of the Washington

Navel Orange.

Aust.J.Agr .Res.10:804-17, 1959.




v

De ontwikkeling wvan de landbouw in Australié wordt voorlopig
niet zozeer beperkt door de beschikbare hoevéelheid water, dan
wel door een veelal nog ondoelmatig gebruik van het water in
gebieden met een gunstige regenval.

VI

Twee Dbelangrijke factoren die het doelmatig gebruik van de

regenval heperken zijn:

(a) De veelal grotere beperkingen van de plantengroei door
voedingsgebreken.

(b) Het ondoelmatig gebruik van de graslandproduktie door het
vee waar voedingsgebreken niet of niet meer bestaan.

Vil

Een grotere schapenbezetting in gebieden met winterweiden kan
bereikt worden doer een gelimiteerde beweiding in de winter,
teneinde de vegetatie beter in staat te stellen de door lage
temperaturen en geringe lichtenergie beperkte groeimogelijkhe-
den te benutten.

J.C. Cotsell, Sheep manegement

and pasture use.

Agr.Gaz.N.S. W, 69:169-77, 1958.

VIII

Ondanks een hoog zwavelgehalte van de wol zijn de hoeveelheden
zwavel die daardoor aan de weide worden onttrokken van betrek-
kelijk gering belang bij het ontstaan van zwavelgebrek in het
weidegewas,

IX

Een bezwaar van zeer veel proeven, waarin de opneembaarheid
wordt vastgesteld van aan bladeren toegediende voedingselemen-
ten, is dat te weinig aandacht wordt besteed aan de kwantita-
tieve betekenis van de gevonden opname voor de groei van de
plant.

D. BOUMA
WAGENINGEN, MEI 1965.




Aan de berinnering van mijn vader,
aan mijn moeder
Aan miin vrouw en kinderen
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1. INTRODUCTION

Since Liebig developed his theories on the mineral nutri-
tion of plants, the determination of +the nutrient requirement
of crops has been an important subject of physiological and
agricultural research. This subject has been reviewed and dis—
cussed by several authors, for example by Goodall and Gregory
(1947), and by Wallace {1961}, The techniques that have been
developed for the assessment of the nutrient status or the nu-
trient requirements of crop plants are briefly as follows:

(a) The diagnosis of nutrient deficiencies in plants based

on the recognition of symptoms.

(b) Pot experiments with soil to determine the effects of
addition or omission of nutrients on plant performance

(¢) Chemical analysis of the moil or soil extracts to es-
timate the nutrient supply in the rcotzone.

(d) Chemical analysis of plants or parts of plants to de-
termine the nutrient status.

(e) The observation of plant responses, usually the disap-
pearance of deficiency symptoms, after spraying or in-
jection with mineral nutrients.

(f) The measurement of plant responses after the additien
of nutrients in field experiments.

Some techniques have been more useful than others, but all
have been applied in the assessment of the nutrient status or
the nutrient requirement of plants.

Specific symptoms are usually not apparent under moderate
deficiency conditions and this restricts the usefulness of me-
thod (a). There are also cases (Wallace 1961) where symptoms
produced by pests and diseases, or by weather conditions, may
be indistinguishable from mineral deficiency symptoms. Pot ex-
periments with soil {method b) have often been found useful in
the identification of likely deficiencies. Although plant res-
ponses to nutritional treatments in pots do not necessarily
apply to field conditions, they can often provide useful leads
for field experimentation. Methods (¢} and (d) are in general
based on the relationship between the content of certain nu-
trient elements in the soil or in plant extracts and the yield
responses resulting from nutrient applications. These rela-
tionships are usually established on the basis of field expe-
rimentation. The success of plant or soil analysis techniques
depends on the agreement between the forecast and the yield
increases obtained after fertilizer additions., The crops for
which these methods have been developed to a satisfactory de-
gree are usually grown under intensive ccnditions. These crops
include certain fruits, vegetables and others whose economic
importance has oftenr led to a considerable bank of basic in-
formation and knowledge of their mineral nutrition essential
to the development of a diagnostic technique.

Only methods (e) and (f) are direct in the sense that they

are based on the response of the actual crop plant, Injection




and spray techniques {(e) involve visual observation of the
disappearance of deficiency symptoms following the applica-
tion of solutions containing one or more nutrient elements
(Roach 1938). For deficiencies in fruit trees of certain mi-
nor elements such as zinc and iron, which often preduce fair-
ly well defined symptoms, these methods have been employed
with some success. Although the field experiment (f) is the
ultimate test to which any diagnostic method must be submit-
ted, there are a number of disadvantages associated with
field experiments as a diagnostic technique. Apart from their
cost, responses to fertilizers applied to the seil are often
slow, particularly when applied as a topdressing to pastures.
In addition, only relatively gross differences can be measu-
red.

Fertilizer practices for pastures in souwthern Australia
have largely been based on the results of pot and field expe-—
riments, and on local experience gained over the years. Defi-
ciency symptoms are often not apparent or easily recognizable
as such. The deficiencies that do occur are usually caused by
suboptimal supplies, often in the marginal range, of the ele-
ments nitrogen, phoesphorus, sulphur, or potassium, and some-—
times by the minor elements molybdenum, boron, and others.
Soil and leaf analysis techniques have ot been used to any
extent. This has been due, at least partly, to the lack of
basie¢ correlative information applicable to the wide range of
soil and other environmental conditions in the pastoral areas
of southern Australia.

In attempting to overcome the disadvantages of the field
experiment as a diagnostic technigue, a research project was
initiated in the Division of Plant Industry, C.S.I.R.0., Can-
berra, Australia, which aimed firstly at obtaining a more ra-
pid removal of putritional stresses than is normally achieved
by the application of mineral nutrients to the surface of the
s0il, and secondly at a more sensitive index of the induced
plant responses than dry weight. Such an approach, if suc-
cessful, would retain the outstanding virtue of the field ex-
periment, in that it would make use of the response of the
living plant to the removal of a nutritional stress.

In preliminary experiments the foliar spray method (e)
{Roach 1938) was tried as a means of achieving a more rapid
removal of a nutritional stress. Subterranean clover (var.
Mt. Barker) was used as a teat plant in these and all subse-
quent experiments because of its importance to the Australian
pastoral industry. In these experiments plants were sprayed
with different phosphorus compounds, with and without wetting
agents, and at several frequencies. Although some treatments
were more effective than others, +the general response to fo-
liar applications was small compared with that of phosphorus
supplied via the roots. In a typical experiment plants were
raised 1in sand cultures at a low level of phosphorus
(4 p-p-m.). Daily sprays over a period of 25 days gave the

following result:



Sprayed on leaves In nutrient
golution
Compound H3P04 NH4H2PU4 KH2P04 KH2P04

Concentration (%) 0.1 0.3]0.1 0.3 |o.1 0,3 4 20 p.p.m.

Dry wt. of tops(mg) |225 260 ) 167 219 |159 198 | 134 920

(P<0.05 = 85 mg)

Only the dry weights of the plants sprayed with phesphoric
acid or with ammoniumphosphate at the 0.3 per cent. concentra-
tion were significantly above that of the controle without
phosphorus. Although other workers (Wittwer and Teubner 1959)
have shown that phosphorus from foliar sprays can move freely
through the plant, it appears that the plants 1in the present
experiments were not able to obtain sufficient phosphorus te
meet their requirements. In view of the scorching which occur—
red on some of the leaves sprayed with the 0.3 per cent. con-
centrations, it seems unlikely that higher concentrations
would have given further growth responses. It is possible that
different results would have been obtained with deficiencies
of trace elements. In view of the comparatively small amounts
of these elements needed, the plant may be able to take up
sufficient from foliar applicatiens +to¢ meet its requirements.

Subsequent experimental work was intended to form the ba-
sis for a different approach in the assessment of the nutrient
status of plants. In this approach use was made of the diffe-
rential growth changes induced by transfer of plants to appro-
priate nutrient solutions. These solutions included complete
nutrient selutions and other solutions eaeh lacking a diffe-
rent element. The experiments described in Section 3.1 were
designed to provide information on the relationships between
the nutrient status of a plant and the changes in leal area
induced in this manner. It will be shown that over short peri-
ods these changes may be related, at least gualitatively and
for some clements possibly also quantitatively, +to the nu-
trient status of the plant at the time of tranafer.

The approach developed in Section 3.1 for the indentifica-
tion of nutritional stresses in plants rests essentially on
the early growth changes, and particularly on those in leaf
area, induced by the removal of these stresses. The experi
ments were usually designed so that the concepts and functions
of growth analysis (Watson 1952) could be applied to charaec-
terize the early adjustment from stress conditions and the
differences in this respect between the nutrient elements un-—
der consideration. Because the analysis of growth covered the
more theoretical aspects of the experiments,. they are presen-
ted separately in the second part of this paper in Section
3.2.The emphasis was placed on a comparison between the ele-
ments nitrogen, phosphorus, and sulphur. A further series of
experiments was carried out to enable a more detailed examina-—




tion of the time tremds in the growth changes during the reco-
very from stresses caused by these three elements. These chan-
ges are considered in relation to the accompanying changes in
nutrient composition of the plant and its parts.




2. METHODS3

2.1 General.

In the experiments reported here,subterranean clover seeds
{(Trifolium subterraneum L. var. Mt. Barker) were germinated in
freely draining secedling filats filled with riversand. The
seedlings were watered when required with excess digtilled wa-
ter, but at least once daily.

Seven days after sowing, when the tweo cotelydons were
nearly fully expanded and the unifeliate leafl juast vigible,
the seedlings were carefully removed from the sand and placed
in the appropriate pretreatuent nutrient solutions in order to
obtain plants of +the desired pnutrient status. The seedlings
usually had a tapreot of 8-10 cm and only a few small or no
lateral roots. In all experiments only seedlings of uniform
size were used,

The nutrient solutions were contained in seedling flats
lined inside with clear polythene sheeting and having a volume
of 15 1. Hardboard squares, in which 1.25 cm holes were dril-
led to accomodate the plants, were fitted on the boxes. Squa-
rea of green polythene sheeting of the same size were glued on
the 4ops. Slits were cut in the polythene covering to act as
support for the plants {(Fig. 1). There were 11 rows of B holes
in each cover, so that there were 88 plants in each box.

Hardboard top with holes of
1.25 cm diameter-and co-
vered with green
polythene X\
sheeting.

Seedling flat
lined inside with
polythene sheeting.

Figure 1.- Container and support used to grow plants in culture
solutions during pretreatment.




The growth of the plants was good under these conditi-
ons, No aeration was found necessary. This arrangement made
it possible to raise uniform plants and also enabled easy
culling of plants outside the average for the particular
pretreatment. The composition of the basal nutrient solu-
tions for optimum growth was as follows (m—equiv./l):
nitrogen 10, phosphorus 0.4, sulphur 2, calcium 8, potas-

sium 5, magnesium 4, and ammonium 2. Minor elements were
suppiied as chliorides in the following concentrations
(p.p.m.): boron 0.1, manganese 0.5, zinc 0.05, copper

0.02, molybdenum 0.01, and iron 1. The pH of the solutions
varied between 5.1 and 5.5.

At the end of the pretreatment period +the plants were
transferred to appropriate test solutions, which, depending
on the experiment, included a complete solution and one or
more others each lacking one different element. These solu-~
tions are referred to as complete, without nitrogen, with-
out phosphorus, etc. The solutions were contained in fruit-
cans lined inside with polythene bags and having a volume
¢f 360 ml. There were two plants per container in all expe-
riments. The experiments were carried out in a glasshouse
kept at a temperature of approximately 24  C during the day
and 17 € at night (6 p.m. - 8 a.m.).

To avoid ambiguity in subsequent Sections, the experi-
mental procedure is summarized here. All glasshouse experi-
ments consisted of three periods. During the first period
seedlings were raised in riversand to which only distilled
water was applied. This period lasted seven days from sow-
ing. During the second period plants were raised at differ-
ent nutrient levels in culture solutions to obtain plants
of the desired nutrient status. This period lasted, depend-
ing on the experiment, 14 - 20 days. The treatments during
this period will be referred to as pretreatments and the
solutions as pretreatment solutions. The third period com-
menced on the day of transfer from pretreaiment solutions
to complete solutions and to one or more other solutions
each lacking a different element.These solutions will be
referred to as test solutions. The test periods lasted se-—
ven days, the day of commencement being referred to as day
0 and the last day as day 7.

2.2 Growth measurement.

Growth changes over a period of seven days after trans-
fer from pretreatments to the appropriate test solutions
were described by estimates of +total 1leaf area per plant
and by dry weight at the heginning (day 0) and at the end
(day 7) of the test period.

Leaf area estimates were obtained by visual comparisen
of individual leaves with a set of photographic standards
prepared for subterranean clover leaves by Williams, Evans,

and Ludwig (1964). Drawings of the standards are presented
in PFig. 2.
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Figure 2.~ Leaf area standards. The figures represent the ra-
tings. The relation between rating and2 leaf a-
rea is: rating = 10 » logl0 x leaf area (em™).



The method is a rating procedure, d&dnd the rating scale is ba-
sed on the formula:

rating = 10 x logl0A

in which A is the leaf area in square centimetres. A full des-
eription of the procedure was given by Williams (1964) for to-
mato leaves.

The first estimate was made on the day of transfer from
pretreatments to the wvarious test solutions (day 0). Leaf
areas on subsequent occasions were corrected for initial vari-
ation on day 0 by regression analysis as outlined by Mclntyre
and Williams (1949). An example of this procedure is given be-
low. This was taken from the experiment presented in Section
3.1.1.1, in which plants were raised at five phosphorus pre-
treatment levels and then transferred +to complete solutions
and to solutions without phosphorus. This particular example
applies to the plants raised at the P, level.

3
Leaf area on day 0 Leaf area on day 7
Replicates Complete Soln. Complete Soln.
Soln. without P soln. without P
i 12.64 11.61 30.08 20.81
2 10.20 11.11 26.30 16.93
3 11.59 12.06 29.28 21.51
4 11.00 12.78 27.856 23.09
5 9,92 12.57 26.35 20.88
6 10.33 11.51 25.13 18.66
7 14.32 13.19 30.03 22.03
8 11.85 11.30 28.48 18.80
9 10.59 12.50 27.48 20.13
10 12.31 10.90 27.80 19.76
Total 114.75 119.53 278.78 202.59
Mean 11.48 11.95 27.88 20.26
General mean 11.71
Deviations (dev.)
+0.23 -0.24
Regression of leaf area day 7 (Y) on leaf area day 0 (X)
Pretreat4, nsterred tof I x2 Ixy| L y2 N deul ¥
ment day 0

Complete soln. |16.666]16.910]24.350(1.015};+0.23 [28.1
Py Soln.without P| 5.485] 9.793{29,.449]1.792:-0.43 |19.8

The adjusted leaf areas om day 7 (?7) were obtained by ad-
ding the correction factor (b x deviation of leaf area on day

0 from the gemeral mean on day 0) to the experimentally deter-
mined leaf area on day 7. For the P3 plants transferred to the

complete solution §; was therefore 27.88+(+0.23%1.015) =28.11
em2, Similarly, §q7 for the plants transferred from Pg to solu-
tions without phosphorus was 20.26+(-0.24X 1.792) = 19.83 cm?.

At harvest, plants were wusually separateq into tops and




roots. Dry weights were obtained after drying in a forced
draught oven at 75-80 C. Dry weights of plants harveasted on
day 7 were also adjusted for initial variation on day 0. The
procedure was similar to that for leaf area, except that it
was based on the regression of the dry weight on day 7 on the
leaf area of the same plants on day O.

In most experiments a harvest was also taken from each
pretreatment on the day of transfer to the test solutions
{day 0). From the dry weight and leaf area of the harvested
plants the regression coefficient (b) within ecach pretreatment
was calculated. With the product of the regression coefficient
and the difference between the mean leaf area on day 0 of the
plants transferred to the +test solutions and that of the
plants harvested on day 0 from the same pretreatment, it was
possible to obtain an estimate of the dry weight on day 0 of
the plants that were transferred to test solutions. In the ex-
ample quoted above from +the experiment presented in Section
3.1.1.1, the leaf area on day 0 of the plants that were trans-
ferred to the test solutions was 11.71 cm? and that of the
plants h%rvested on day 0 from the same Py pretreatment was
11.95 cm“, a difference of -0.24 cm?, The mean dry weight of
the harvested plants with leaf area 11.95 cm? was 83.80 mg.
The regression coefficient (b) of dry weight on leaf area for
these harvested plants was 7.893 mg/cm2. As the harvested
plants and the plants transferred +to the test solutions with
and without phosphore#us were obtained from the same Py pre-
treatment, the dry weight on day 0 for the plants transferred
to the two solutions was estimated as: 83.80+(-0.24 x 7.803)=
81.91 mg.

2.3 Growth analysis,

The concepts and functions of the analysis of plant growth
have been applied to the present examination of the early
growth changes induced by the removal of nutritional stresses
in subterranean clover. The subject of growth analysis, inclu-
ding the derivation of the growth functions has been reviewed
by Williams (1946), by Watson (1952), and by Blackman (1960}).
Only a brief summary is given here of the symbols and formulae
used in calculating the various growth indices.

Symbols: Rw - Relative growth rate (increase in weight
per umit weight per unit time)
RA - Relative leaf growth rate (leaf area in-
crease per unit area per unit time)
E, - Net assimilation rate (increase in weight

per unit leaf area per unit time)

A - Leaf area

W -~ Dry weight




A - Leaf area ratio (ratio of leaf area to the
W dry weight per plant)

Growth indices:

The value of the relative growth rate R, at any instant is

. W
given by
1,d¥W dlog W
W dt dt
Integration of +this function over the interval t2 - tl gives
an average value of RW (Fisher 1920):
t
2
1 jf dlog Wd1;= loge W2 - loge Wl
t2 - t1 / dt t2 - tl
1 log A, - log A
. . . e 2 e 1
Similarly R, is given by:
A t2 - tl
The net assimilation rate at any instant is given by:
1, dW
= =% =
EA A dt
Williams (1946) pointed out that the mean wvalue of EA over the
interval t, - t '
2 1
t
1 1, 4%
t, - © fodtdt
2 13
1

can be calculated if the relation between W and A is linear.
This conditien is wusually met over short intervals (7-14
days), particularly for young plants. The mean value for EA

over the interval t2 - tl 1s then calculated as
W, - Wlx 1oge Ay - logB Al
A - A t, - t

2 1 2 1

For some of the experiments in the present work harvests
were available on day 3 and day 5 in addition to these at the
beginning {day 0} and the end (day 7) of the test period. The
relation between W and A in these experiments was linear with
correlation coefficients of 0.79 — 0.94, depending on the ex-
periment.

The relative growth rate Ry is the product of the net as-
similation rate EA and the leal area ratio A, ag follows:

10



2.4 Chemical analysis,

Total nitrogen was determined by a modified miecro-Kjeldahl
method. Total phosphorus was estimated 1in the nitriec-per-
chloric acid digest by the molyhdenum blue method of Trueg and
Meyer (1929). Total sulphur was determined in an aliquet of
the same ash solution according to the method of Johnson and
Nishita (1952).

11



3. EXPERIMENTAL RESULTS

3.1 The effect of the nutrient status of the plant on the
growth changes following the transfer to nutrient solu-
tions.

d3.1.1 The effect of different nutrient 1levels on the leaf
area changes induced by the subsequent transfer of
plants to solutions with and without the varied element.

In six separate experiments, one week old subterranean
clover seedlings were placed in pretreatment solutions con-
taining five levels of the elements phosphorus, sulphur, po-
tassium, calcium, boron, or nitrogen. At the end of the pre-
treatment period plants from each of the five nutrient levels
were transferred to complete solutions and to corresponding
solutions lacking the element that had previously been varied
Changes in leaf area were followed over a period of seven
days after transfer to the test soluticens.

The results of the six experiments are presented in Sec-
tiona 3.1.1.1 -.6. The experiment with five nitrogen levels
is presented last (3.1.1.6), because symbiotic nitrogen fixa-
tion introduced effects which complicated those of the ap-
plied nitrogen levels.

d.1.1.1 The effect of phosphorus levels.

In this and the following five Sections the first graph
shows the effects of nutrient levels on leaf areas and dry
weights of plant tops at the end of the pretreatment peried,
which was also the day of transfer (day 0) te the test solu-
tions. The leaf area changes during the 7 day period after
transfer to the test solutions are shown in the second graph
of each Section. In each of these graphs the leaf areas on
day 0 are the logarithms of the areas shown in the preceding
response curve. The nutrient levels (Pl, P_, ...ete.) shown
with the log leaf area value on day 0 also refer to the le-—
vels of the response curve.

A comparison of the leaf areas and the dry weights of the
tops of plants at the conclusion of a period of 14 days at
five phosphorus pretreatment levels is shown in Fig. 3. The
phosphorus levels during this period were 0.25, 0.5, 1, 2,
and 4 p.p.m. phosphorus, and they are referred to as P_, P2,
P, P, and P_ respectively. 1

3 Iﬁcreases in phosphorus supply at the lower levels had a
relatively greater effect on leaf area than on dry weight.The
increases in leaf area with successive increments in phospho-
rus supply were 84, 47, 14, and 11 per cent., and for dry
weight they were 65, 24, 15, and 10 per cent. respectively,

The changes in leaf area induced by the trunsfer of
plants from each of the five phosphorus levels to complete
solutions and to solutions without phosphorus are shown in

Figure 4.
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Figure 3.- Leaf areas and estimated dry weights of the tops of
plants at the end of a pretreatment period of 14
days at five phosphorus levels. The levels were
0.25, 0.5, 1, 2, and 4 p.p.m. phosphorus and are

referred to in the text and in Figure 4 as P Pﬁ,

r

o

]
PS’ P, P., respectively. The scales in this érap
and in the corresponding graphs for the other ele-
ments, have been arranged so that the points for
dry weight and leaf area at the lowest level coin-

cide.

It will be apparent that the rate of leaf area increase o-
ver the 7 day period after transfer to complete solutions was
not greatly dependent on the phosphorus status of the plants
at the time of transfer. However, leaf area increases after
transfer to solutions without phosphorns were greater the
higher the phosphorus status of the plantas at the time of
transfer. For plants raised at the P_ level there were no sig-
nificant differences in leaf area be%ween the complete and the
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Figure 4.- Changes in leaf area during a period of seven days
after transfer to test solutions with-and without
phosphorus of the plants for which the leaf areas
and the estimated top dry weights are shown in Fi-
gure 3. The day of +transfer to the two teat solu-
tions {day 0) was the end of the pretreatment peri-
od. The leaf areas shown on day 0 are the common
logarithms of the areas in Figure 3, and the phos-
phorus levels P., P, P_, P4, P5, refer to the pre-~
treatment levels given 1In Figure 3. The results of
the experiments in which the supply of other ele-
ments was varied during pretreatment were 7plotted
in a gimilar manner (Figures 5 - 15). The verticel
lines on day 5 and day 7 represent the minimum dif-
ferences for significance at 5 and 1 per cent. le-
vels,

3.1.1.2 The effect of sulphur levels,.
Figure & ashows the effect of five sulphur levels on leaf

areas and dry weights of +tops at the end of a pretreatment
period of 19 days. The levels were 0,125, 0.25, 0.8, 1, and 4

14



p-p-m. sulphur, and are referred to as Sy, So, 33, S4, and §

respectively. Sulphur levels had a relatively greater effec%
on leaf area than on dry weight, particularly at the interme-
diate levels. The increases in leaf area between succeasive
sulphur levels were 19, 48, 31, and 8 per cent., and those for
dry weight were 14, 34, 12, and 2 per cent. respectively.
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Figure 5.- Leaf areas and estimated dry weights of the tops
of plants at the end of a pretreatment period of
19 days at five sulphur levels. The levels were
0.125, 0.25, 0.5, 1, and 4 p.p.m. sulphur, and are
referred to in the text and in Figure 6 as Sl’ 32,

SS’ S4, S5, respectively.

The leaf area changes during the 7 day peried after trans-
fer of plants from each of the five sulphur levels to complete
solutions and to solutions without sulphur are shown in Figure
6. The relative increases in leaf area induced by the transfer
to complete solutions were neot greatly affected by pretreat-
ment levels. The leaf area increases of the plants transferred
from the 8 , S2, S,, and 85, pretreatments to solutions without
sulphur we}e consiﬁerahly smaller than for the corresponding
plants transferred to the complete solutions. In contrast with
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the results for phosphorus of the previous Section, there was
no evidence that the relative differences in leaf area follo-
wing the transfer of plants from the sulphur deficient soluti-
ons to complete and no-sulphur solutions could be related to
the degree of the sulphur stress at the time of transfer.
There were no differences in leaf area when plants raised at
the S5 level were transferred to complete and to no-sulphur
solutions.
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Figure 6.- Changes in leaf area during a pericd of seven days
after transfer to test solutions with and without
sulphur of the plants for which the leaf areas and
the estimated top dry weights are shown in Figure &

3.1.1.3 The effect of potassium levels.

The effects of five potassium levels on leaf areas and dry
weights of the plant tops at the end of a pretreatment period
of 15 days are shown in Pigure 7. The 1levels were 2.4, 7.2,
21.7, 65, and 195 p.p.m. petassium, and they are referred to
as K_, K2, K., K4, and K_ respectively. Increases in leaf area
and &ry weiggt were grea%est between K. and K,, and the effect
on leaf area was relatively greater than on dry weight.
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The changes in leaf area over a period of seven days after
transfer of plants from each of the five potassium levels to
complete solutions and to corresponding soclutions without pa-
tassium are shown in Figure 8. The relative increases in leaf
area after transfer of the five groups of plants to complete
solutions were similar., For the plants transferred to solu-
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Figure 7.- Leaf areas and estimated dry weights of the tops of
plants at the end of a pretreatment period of 15
days at five potassium levels. The levels were 2.4,
7.2, 21.7, 65, and 195 p.p.m. potassium, and are
referred to in the text and in Figure & as Kl’ K2,

KB’ K4, K5, respectively.

tions without potassium, the increases in leaf area over the 7
day period were greater the higher the potassium 1level before
transfer. These results were similar to these for phogphorus
shown in Section 3.1.1.1, where it was also found that the re-
lative differences in leaf area on day 7 between the complete
solutions and the corresponding solutions without the varied
element were greater the higher the nutrient stress on the day
of transfer. In view of the small effect of the K5 level on
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plant size on day 0 (Pig. 7), and the small differences in
lenf area after transfer of the K; plunts to complete and no-
potassgium solutions, it appears that the K4 level, or perhaps
a slightly higher level, would have been adequate for sa-
tisfactory growth.
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Figure 8.- Changes in leaf area during a period of seven days
after transfer to test solutionrs with and without
potassium of the plants for which the leaf areas
and the estimated top dry weights are shown in Fi-
gure 7.

3.1.1.4 The effect of calcium levels.

It was difficult to obtain a response curve for subterra-
nean clover in water cultures to levels of caleium supply.Ini-
tially there were five pretreatwment levels, 0.6, 1.25, 5, 40,
and 160 p.p.m. calcium respectively. Within six days after the
application of these levels, the plants of the Iowest two le-
vels showed symptoms typical for calcium deficiency. These
consisted at first of malformations of the second +trifeliate
leaf, and later a shrivelling up of the central growing point
of the plants at the lowest level. Most of the latter plants

18
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died during the 14 days of pretreatment. Figure 9 shows the
effect of the remaining four calcium levels on leaf areas and
dry weight of the tops at the end of the pretreatment period
(day 0).
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Figure 5.- Leaf areas and estimated dry weights of the tops of
plants at the end of a pretreatment period of 14
days at four calcium levels. The levels were 1.25,
5, 40, and 160 p.p.m. calcium, and are referred to
in the text and in Figure 10 as Ca Ca Ca,, Ca
. 1’ 22 3 4
respectively.

These levels are referred to as Ca_, Ca,, Ca,, and Ca, respec-
tively. Calcium levels had only a small“effec¢t on dry weights.
The smaller leaf areas of the plants at the lowest calcium
level were mainly due to dead leaves, which were excluded from
the leaf area ratings, but not from the dry weights. The ef-
fects of higher calcium levels on leaf area were also small.
The changes in leaf area after transfer of these four
groups of plants to complete selutions and to solutions with-
out calcium are shown in Figure 10. The acuteness of the cal-
cium deficiency at the Ca level was apparent in the fact
that in the complete solution the leaf area continued to de-
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cline for another three days after transfer, due to the death
of more leaves. The response after day 3 was solely due to the
appearance of new leaves. The Ca plants transferred to the
solutions without calcium were vir%ually dead on day 7.
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Figure 10.- Changes in leaf area during a period of seven days
after transfer to test solutions with and without
calcium of the plants for which the leaf areas and

the estimated top dry weights are shown in Figure
9.

The plants transferred from the Ca, pretreatment showed no
differences in leaf area between the solutions with and with-
out calcium till day 3. The sudden drop in leaf area of the
plants in the no-calcium solution after day 3 was caused by a
collapse of petioles and subsequent death of the leaves atta-
ched to them. These leaves were not included in the area esti-
mates. The collapse of petioles only occurred on the older
leaves, and was always very sudden.

As the calcium status of the plants at the time of trans-
fer increased, leaf area expansion in the +two solutions pro-
ceeded at nearly the same rate till day 5. Thereafter a col-

lapse of petioles also occurred in the plants of both the Ca3
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and the Ca, pretreatment levels, but it was less severe for
the plants transferred from the highest pretreatment level.

3.1.1.5 The effect of boron levels.

Figure 11 shows the dry weights and leaf areas of plants
after a period of 14 days at +the following boron levels:
0.002, 0.004, 0.008, 0.016, and 0.064 p.p.m. boron. These le-
vels are referred to as By, Bg, Ba, B4, and By respectively.
Increasing the horon level from By to Bg caused an increase in
dry weight of approximately 20 per cent., and an increase in
leaf area of over 40 per cent, The greatest increase in leaf
prea occurred from B, to B,. The anomalous value for +the B
level was probably caused Ey variability, Deficiency symptoms,
which consisted of a purple bhlueish discoloration of the lea-
ves, were only apparent at the lowest boron level.
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Figure 11.- Leaf areas and estimated dry weights of the tops
of plants at the end of a pretreatment period of
14 days at five boron levels. The levels were
0.002, 0.004, 0.008, 0.016, and 0.064 p.p.m. boren,
and are referred te in the text and in Figure 12
as Bl’ B2, B3, B4, B5 respectively.
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The changes in leaf area over a period of seven days after
transfer of these plants to solutions with and without boron
are shown in Figure 12,
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Figure 12.- Changes in leaf area during a period of seven days
after transfer to test solutions with and without
boron of the plants for which the 1leaf areas and
the estimated top dry weights are shown in Figure
11.

There were no differences bhetween plants transferred to the
two solutions from the B, and B, levels. This also suggests
that the response curves of Figure 11 were those represented
by the full lines and that the low value for dry weight and
leaf area at B, was an anomaly caused by plant variability. It
appears that tﬁe B, level was nearly adequate.

A small difference in leaf area was apparent on day 7 for
the plants transferred from the B, level. As the pretreatment
ievel decreased the differences became relatively greater. The
relative inereases in leaf area for plants in the complete so-
lutions were similar at all pretreatment levels, although
somewhat lower for the B, plants. In the solutions without bo-
ron the rate of leaf area increase was smaller the lower the
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boron status of the plant at the time of transfer. At the B
level, where the plants showed marked deficiency asymptoms a%
the time of transfer, the leaf area pep plant in the no-boron
solutiof increased from 7.8 to0 11.0 cm™ between day O and day
7. These results show that the onset of boron deficiency, or
the aggravation of a boron deficiency, had a gradual effect on
plant growth, in contrast to calcium where the effects were
sudden and drastiec.

3.1.1.6 The effect of nitrogen levels.

This section presents the results of two experiments
with plants raised at different nitrogen levels. The first
experiment was primarily intended +to evaluate the effect
of the nitrogen status of the plant on the leaf area differen-
ces induced by transfer to test solutions with and without ni-
trogen. Nodulation effects had not occurred in the experiments
of the preceding Sections because the amounts of cowmbined ni-
trogen in the culture solutions were adequate for plant growth,
and high enough to suppress nodulation almost entirely. In the
present experiment, which included much lower nitrogen levels,
the pattern of leaf area changes induced by the transfer to
the test solutions strongly indicated an effect of symbiotic
nitrogen fixation as a result of nodulation during pretreat-—
ment. This aspect was further investigated in the second expe-
riment.

The results of the first experiment are shown in Figures
13 and 14, Figure 13 gives the comparison of leaf areas and
dry weights of the tops of plants at the end of a period of
17 days at five niirogen pretreatment levels. The levels were
1.25, 2.5, 5, 10, and 40 p.p.m. nitrogen. They are referred to
as N, N,, N3, N,, and N_ respectively.
1n tﬁe lower 'range of the response curves the increases
in leaf area were relatively greater than these in dry weight.
Between N, and N, leaf area and dry weight increased by 55
and 45 pe% cent,, and between N_, and N, by 21 and 16 per cent.
respectively., At the higher nitrogen evels the differences
were small. The increase in nitrogen supply from N  to N_ re-
sulted in a leaf area increase of 21 per cent. an3 in an in-
crease in dry weight of the tops of 24 per cent. There was
also a pretreatment in which plants were grown from seced in-
oculated with the appropriate Rhizobium strain, but without
combined nitrogen. This pretreatment is referred to as N .
For greater clarity in the response curves in Figure 13, 1leaf
area and dry weight of the N plants have been omitted. These
plants were similar in size fo the N plants, which is evi-
dent from the following comparison:

Leaf area (cmz) Dry weight tops (mg)
N1 5.1 24.2
N 5.5 26.0
Q
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Figure 13.- Leaf areas and estimated dry weights of +the tops
of plants at the end of a pretreatment period of
17 days at five nitrogen levels. The levels were
1.25, 2.5, 5, 10, and 40 p.p.m. nitrogen, and are
referred to in the text and in Figure 14 as Nl’

N2, N3, N4, N5 respectively.

The leaf area changes induced by the transfer of plants
from each of the six pretreatments to solutions with and with-
out nitrogen are shown in Figure 14. The differences in leaf
area after transfer of plants raised at N or N, were small
till day 3, but tended to increase therea¥ter die to a some—
what faster growth rate in the complete solutions. The trans-
fer of N2, N3, and N, plants resulted in leaf area differences
which weFe greater tﬁe higher the nitrogen level had been du-
ring pretreatment. Even for the plants transferred from the N
level +the leaf area differences were considerable, althougg
smaller than for the N, plants.

The results of this experiment differed in two respects
from those of the preceding Sections for plants raised at se-
veral levels of phosphorus, sulphur, potassium, or boron.
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Figure 14.- Changes in leaf area during a period of seven days
after transfer to test solutions with and without
nitrogen of the plants for which leaf areas and
estimated top dry weights are shown in Figure 13.
The plants shown as No had received no combined
nitrogen during the 17 day pretreatment period,
but were raised from inoculated zeed. Nodules alse
occurred on the roots of the N plants, probably
as a result of spontaneous nodﬁlation, and to some
extend on the roots of the N2 plants (see text).

In these experiments it was shown that the leaf area differen-
ces induced by the transfer to test solutions with and without
the element concerned, depended on the nutrient status of the
plant with respect to these elements at the time of transfer.
The leaf area differences during the 7 day period after trans-
fer were non-significant for plants raised at optimim levels
of these elements, but guite pronounced for plants deficient
in one of these elements. An assessment of the nutrient status
of the plant with respect to these elements, at 1least in a
qualitative sense, appeared therefore feasible. The evidence
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of the present experiment (Figure 14) indicated that leaf area
differences induced by the transfer to test solutions with and
without nitrogen were not greatly dependent on the nitrogen
status of the plant at the time of transfer. This procedure,
therefore, does not appear to be a promising approach to the
assessment of the nitrogen status of plants.

Another aspecti, which could have an important bearing on
the marked differences of these results compared with those of
the previous experiments, is the possible effect of nodulation
during pretreatment on the leaf area differences after the
transfer to the two test solutions.

On the day of transfer to the test solutions (day 0) the
roots of the plants from the different pretreatments were exa-
mined for the occurrence of nodules. Many healthy nodules were
apparent not only on the roots of +the inoculated N plants,
but also on those of the N, plants. The experimeni was not
carried out under sterile conditions, and it 1is likely that
spontaneous nodulation had occurred. Nodules on the roots of
the plants from the other pretreatments decreased in size and
numbers as the nitrogen level that had heen applied before
transfer increased. There were only a few small nodules on the
roots of plants from the N_ level. Whilst a great deal of sig-
nificance cannet be attached to these ohservations, they could
nevertheless provide a reasonably satisfactory explanation for
the pattern of leaf area changes induced by the transfer of
plants from the different pretreatments to the test asolutions.

Figure 14 showed that the differences in leaf area indu-
ced by the transfer to the two test solutions were small for
the plants from No and N,. For the plants transferred from the
pretreatments below N_, %he differences 1in leaf area were
greater the higher the nitrogen level had been in the culture
solution bhefore transfer. The relative rates of leaf area ex-
pansion (R,) over the 7 day period after transfer of plants
from the different pretreatments to the complete sclutions
were less dependent on pretreatuent levels than those for the
corresponding plants transferred to the solutions without ni-
trogen. This is evident from +the following comparison of RA
(em2/cm2/day) over the 7 day period after transfer to the two
test solutions,

Pretreatments
Transferred to NO N1 N2 N3 N4 N5
Complete 0.131|0.112{0.1207|0.100|[0.114|0.128
solution
Selution 2 2
without N 0.10710.09010.082]0.07010.06310.079 cu”/en”/day

Although there was a decrease in R, for the plants transferred
from the lower nitrogen pretreatments to the complete soluti-
ons, it appears that the greater leaf area differences hetween
the two test solutions, as a result of the increase in nitro-
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gen pretreatment levels from N, or N, to N, ,was largely attri-
butable to a decrease in R, in the solutions without nitrogen.
The reason for the increase in R, for plants transferred from
N_ to solutions without nitrogen, conpared with those trans-
férred from N,, was probably the four times greater nitrogen
supply in the 'N_ pretreatment.

In view of %he suppression of the nodulation observed on
the day of transfer, which was mentioned earlier, it appears
likely that the supply of symbiotic nitrogen after transfer to
the solutions without nitrogen also decreased the higher the
nitrogen pretreatment level before transfer. In other words,
the difference in the nitrogen supplied to the plant by nitro-
gen fixation in the sqlutions without nitrogen, and the nitro-
gen supplied in combined form +to the corresponding plants in
the complete solutions, became greater the higher the nitrogen
pretreatment level hefore transfer. It is suggested that this
was the main reason for the decrease in in the solutions
without nitrogen, and therefore also for tﬁe increase in the
leaf area differences between +the two test solutioms shown
above.

If +this explanation is correct, then the comparison of
leaf area differences induced by transfer of plants te com-
plete solutions and to solutions without nitrogen could con-
ceivably be used to assess, at least qualitatively, whether
nitrogen fixation before transfer was sufficient for plant
growth. To investigate this possibility further a second ex-
periment was carried out in which plants raised with combined
nitrogen were compared with well nodulated plants of a similar
stage of development.

The pretreatments and nitrogen levels applied were as fol-
lows:

Pretreatment Description of pretreatment Pretreatment
number nitrogen level

1 Plants in solutions for 25 2 p.p.m. N
days, nitrogen applied on
11th day

2 As for no. 1 8 p.p.m. N
As for no. 1 64 p.p.m, N

4 Inoculated, plants in so- 0

lutions for 25 days

5 Inoculated, plants in so- 16 p.p.m. N
lutions for 25 days, ni-
trogen applied on 11th day

6 Sown seven days later than 64 p.p.m. N
for pretreatments 1 - 5,
Plants in solutions fer 18 days,
nitrogen applied on 4th day
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To prevent spontaneous nodulation as much as possible the sand
in which the seeds for pretreatments 1, 2, 3,and 6 were germi-
nated was sterilized. The seeds for pretreatments 4 and 5 were
inoculated, and a Rhizobium suspension was added to the pre-
treatment solutions. Nitrogen applications to pretreatments 1,
2, 3, and 5 were delayed for 11 days in order to allow suffi-
cient time for nitrogen fixation in the inoculated pretreat-
ments to commence. In previous experiments it had been found
that 7-10 days were required for nodulated plants to become
green and to commence growing at a satisfactory rate. Seeds
for pretreatments 1-5 were sown at the same time. Seeds for
pretreatment 6 were sown 7 days later 1in order +to make sure
that at least one group of plants raised with combined nitro-
gen would be at similar stage of development +to the nodulated
plants.

The changes in leaf area over a period of seven days after
transfer of plants from each of the six pretreatments to com—
plete sclutions and to solutions without nitrogen are shown in
Figure 15. The numbers 1-6 on day 0 in the graph refer to the
pretreatuent numbers given above. The differences in leaf area
on day 7 between the two test solutions for the plants of pre-
treatments 1, 2, 3, and 6 were considerable. By contrast,
plants raised from inoculated seed in pretreatments 4 and 5
showed little difference hetween the two test solutions. Even
on day 7 the differences were small and of doubtful signifi-
cance.
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Figure 15.- Changes in leaf area during a period of seven days
after transfer of plants raised with different ni-
trogen pretreatments to solutions with and without
nitrogen. The pretreatments are shown as Nos. 1,
2, 3, 4, 5, and 8 on day 0 in the graph. The des-—
eription of the pretreatments is given in the text
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These results confirm those of the first experiment. Even
for plants raised at a high level of combined nitrogen, which
in the second experiment was 64 p.p.m. compared with 40 p.p.m.
nitrogen in the first experiment, leaf area differences be-
tween the two test solutions were considerable. On the other
hand, inoculated and nodulated plants were apparently fixing
sufficient nitrogen after transfer to solutions without ni-
trogen to cause a leaf area expansion which approached that
of plants transferred to solutions with combined nitrogen.

It can be concluded +that{ the present approach offers ne
prospects as a means of assessing the nitrogen status of
plants. However, the results presented do suggest the feasibi-
lity of assessing the adequacy of the syubiotic nitrogen supp-
ly for plant growth. This conclusion is justified in view of
the small advantage nodulated plants derived from combined ni-
trogen after transfer to complete solutions, compared with
corresponding plants in solutions without nitrogen, at least
over the short test period of seven days. That this may also
apply to field conditions was shown in an experiment in which
plants with healthy nodules sampled in a vigorously growing
pasture were transferred +to complete solutions and to solu-
tions without nitroge&. 8ix days after transfer the leaf areas
were 17.1 and 15.8 cm for the two solugions respectively
(minimum difference for significance 1.5 cm”, P&{0.05).

It can be argued that this approach would give the wrong
answer in cases where nitrogen fixation oceurs at a reduced
rate because of a suboptimal supply of a nutrient element. Mo-—
lybdenum, for example, is known to affect nitrogen fixation
(Anderson and Thomas 1946). When plants with a symbiotic ni-
trogen supply limited by molybdenum deficiency are transferred
to solutions without nitrogen, the presence of molybdenum in
these solutions could conceivably result in a leaf area expan-
sion approaching that of corresponding plants tranaferred to
complete solutions. Further work would have to be done to in-
vestigate this point. However, it appears doubtful that an im-
paired gymbiotic system could show such a rdapid recovery that
the rate at which it is ahle to provide nitrogen for plant
growth would approach that resulting from the uptake of com-
bined nitrogen in complete solutions. The results of Figure 14
for the plants raised at N, and N_,, which had nodules of rea-
sonable size on the day of transfer, appear to support this.
Leaf area expansion in the solutions without nitrogen was sig-—
nificantly less in than the complete solutions. '

3.1.2 The effect of a low nutrient level on the growth changes

induced by the subsequent transfer of plants to complete
nutrient solutions and to solutions lacking a different
element.

In the experiments reported here subterranean clover

plants were raised with a suboptimal supply of phosphorus,
sulphur, potassium, calcium, or boron. When they were three
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weeks old the plants of each of these five pretreatments were
then transferred to a complete nutrient solution, and to solu-
tions from which phosphorus, sulphur, potassium, calcium, or
boron had been omitted. OUn the day of transfer (day 0) plants
were harvested in each pretreatment and their dry matter yield
compared with plants that had been raised in full nutrient so-
lutions, To facilitate comparisons the yield differences ,on
day O were expressed as the ratio of the dry weight per plant
in each of the pretreatments to that in the complete solution.
These ratioa were: 0.53, 0.84, 0,78, 0.84, and 0.86 for the
phospherus, sulphur, potassium, calcium, and horon pretreat-
ment respectively.

The changes in leaf area over a period of seven days after
transfer of plants from each of the five pretreatments to the
test solutions mentioned are shown in Figure 16. It will be
clear that for each of the pretreatments the rate of leaf area
expansion was smallest in the solution lacking the element of
which the supply before transfer had been low. In most cases
the absence of one of the other elements did not sigmificantly
affect the rate of leaf area expansion over the seven day test
period, compared with the corresponding plants transferred to
the complete solutions.

PRETREATMENTS:

LOwW P LOW S LOW K

")

LOG LEAF AREA(C

# COMPLETE SOLN.
o=-P ‘
X =5 a-Ca
+ =K -B

§—3F7 &Y 5853 53 53

DAYS AFTER TRANSFER

LOG LEAF AREA (le)

Figure 16.- Changes in leaf area after transfer of plants rai-
sed at a low level of phosphorus, sulphur, potas—
sium, calcium, or boron t¢ complete solutions (‘),
and to solutions without phosphorus (o), sulphur
(!), potassium (-), calcium ('), or boron (@) res-
pectively.

30



For the low potassium and low boron pretreatments leaf
areas on day 7 in the solutions without phosphorus, or without
calcium, tended to be lower than in the complete solution.
However, the effects of omitting potassium in the case of the
low potasgium pretreatment, or of omitting boron for the low
boron pretreatment were clear cut. The 1leaf areas on day 7
were considerably belaw any of the others. )

For the low calcium pretreatment leaf areas in the soluti-
on without calcium were plotted excluding +the leaves of which
the petioles had collapsed, and this is +the reason for the
marked drop of the lower broken line, The nupper broken line
represents an estimate of +the area per plant including the
leaves with collapsed petioles. In either case the differences
between this treatment and other treatments was highly signi=
ficant, As the leaves of which the petioles had collapsed usu-
ally died and shrivelled up within 24 hours, the exclusion of
these leaves 1s probably more realistic.

It is concluded that the changes in leaf area after trans-
fer to scolutions, each without a different nutrient element,
were mainly determined by +the element in shortest supply at
the time of transfer. For tane elements studied differences in
leaf area between plants transferred to complete mnutrient so-
lutions and corresponding plants transferred to solutions
without a different element, were small when the supply of the
element concerned before transfer had been adequate. When the
supply before transfer had been subeptimal, the causal element
was identifiable because the expansion in leaf area of plants
in the solutions lacking this element was smaller than that of
corresponding plants in complete solutions or in solutions
from which other elements had been omitted.

The possible application of these results for diagnoatic
purposes is discussed further in Section 4.1.

3.1.3 The interaction between nutrient elements.

In the experiments reported 1in the preceding Sections
the supply of only one element at a +time was varied, while
most of +the other elements were applied at near optimum
levels. In practice it often occurs that more than one element
is in short supply and it was therefore essential to¢ determine
to what extent this would medify the coenclusions of the pre-
vious Sections.

This Section reports the results of three factorial expe-
riments. The first experiment involved three levels of nitro-
gen times three levels of phosphorus, the second experiment
three levels of nitrogen times three levels of sulphur, and
the third experiment three levels of phosphorus times three
levels of aulphur. The nutrient levels applied during pre-
treatment were based on the previous experiments, and were in-
tended to give low, mediuvm, and optimua supply of the varied
elements. The levels are shown in Figures 17, 18, and 19.
Other experimental details were the same as for the previous
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experiments.
3.1.3.1 The interaciion between nitrogen and phosphoras.

In the top portion of Figure 17 are shown the leaf areas
on the day of transfer to test solutions at the end of 14 days
pretreatment with three nitrogen +times three phosphorus
levels. The levels are referred to from lowest to highest
respectively as N_, N2, N, or P,, P,, P,, or as their nine
possible combinatiofis. Pre%reatments are referred to in a si-
milar manner in the next two Sections when the other interac-
tions are considered. The trends are those usually found when
more than one factor limits plant growth, Only small effects
of phosphorus occurred at the N, and N, levels,and vice versa,
only small effects of nitrogen at the B and P, levels. Seeds
in this experiment had not been inDcu}ated, but spontaneouns
nodulation occurred at the N, level, particularly in the N P
pretreatment. As in the experiments involving levels of nitro-
gen reported in Section 3.1.1.6, few nodules were apparent on
the roots of N_ and N3 plants. Figure 17 also shows the chan-
ges in leaf area over a period of seven days after plants of
the nine pretreatments had been tranaferred to complete solu-
tions, to solutions without nitrogen, and to solutions without
phosphorus.

Considering the effect of <the three phosphorus pretreat—
ments first, it is apparent that the plants +transferred from
P, and P, showed a considerably smaller leaf area increase in
t&e solu%ions without phosphorus than in the complete solu-
tions, The relative differences were greater for the P, plants
than for those transferred from P,. This occurred for all ni-
trogen pretreatment levels. Differences for plants raised at
P, were amall. However, the evidence indicates that the rela-
tive differences in leaf area for plants transferred from P
or P, to solutions with and without phosphorus became greater
the %igher the nitrogen status of the plants at the time of
transfer. This will be clear from the following comparison,
which gives the ratios of leaf areas on day 7 in the solutions
without phosphorus teo that in the complete solutions for the
following pretreatment combinations:

Nl N2 NS
P1 0.72 0.71 0.60
P2 0.86 0.84 0.756

For each phospharus pretreatment the decrease in the ratio was
greatest between N2 and N3. The relative rates of leaf area
increase (RA) over the 7 day period after transfer to complete
solutions varied comparatively 1little with nitrogen or phos-
phorus pretreatment levels (range 0.0900 - 0.110 cm2/cm2/day).
After transfer of plants from Py or Py to test delutions with-—
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Figure 17.- Leaf areas at the end of a pretreatment period of
14 days at three nitrogen +times +three phosphorus
levels (top). The nitrogen levels were 2, 8, and
64 p.p.m., and the phosphorus levels 1, 2, and 4
p-p.m. Below the leaf areas at the end of the pre-
treatment period are shown the » subsequent changes
in leaf area during a period of =seven days after
transfer of plants from each of the nine pretreat-
ments to complete selutions ( ), to soclutions
without nitrogen ( ----- ), and to sclutions without
phosphorus (..... ). Nitrogen pretreatments are
shown thus:o N_, ®N_,® N_.The leaf area changes
for the plants transferred from Py are shown on
the left, for those from Pg in the centre, and for
the plants transferred from P3 on the right of the

graph.
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