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IT is fully recognised that the amount of growth made by any crop in 
the field and the rate a t  which maturity is reached is influenced by many 
factors such as temperature, rainfall, season, sunlight, soil conditions 
and available plant food. There is, however, little definite information 
as to  the influence of each of these factors on a plant a t  various stages 
of growth nor with regard to the changes in the actual rate of growth a t  
different periods from the seedling to  the mature plant. 

It is difficult or even impossible to  gain this information from crops 
growing under normal conditions in the field, because some of the factors 
cannot even be measured with any degree of accuracy and all are so 
intimately associated that the action of one or other can hardly be 
disentangled from the rest. Simplification is therefore essential and some 
method must be adopted whereby certain of the factors are controlled 
and kept as constant as possible, thereby reducing the number of the 
variable influences to be observed. The method of water culture was 
therefore used, as i t  enables a strict control to  be placed on the food and 
water supplied, i t  permits of the roots being observed and weighed with 
far greater accuracy than in soil experiments, and its compactness 
allows of a large number of plants to be given individual treatment a t  
the same time. It is also possible to  keep a close watch on the tempera- 
ture variations to. which the plants are subjected and to observe the 
effect of these variations on a number of individuals a t  different stages 
of growth. 

ENVIRONMENTAL COND~TIONS. 

The experiments were carried out in a roof greenhouse specially 
constructed for water culture work and extended over a period of 
sixteen months from September 1915 to January 1917. As Rothamsted 
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is situated in a country district away from the fogs that are coninion to 
urban areas the light conditions were good for any given period of the 
year. This is an important point, as Gregory1, in experiments on cu- 
cumbers a t  Cheshunt, near London, has shown that with high ternpera- 
tures light becomes a limiting factor, i.e. although other conditions are 
favourable the growth is limited by the deficiency of light. Artificial 
heating was installed and the minimum temperatures were kept above 
freezing point throughout the winter months so that t.he results, so far 
as they refer to the effect of minimum temperatures, are only applicable 
in cases where the latter do not fall below 32" F. Throughout the period 
the maximum and minimum temperatures were recorded daily except 
on Sundays, but as the thermometers were read a t  9 a.m., the Monday 
readings included those for both the preceding days, t,hus insuring that 
a high maximum or low minimum on Sunday was not lost. The weekly 
numbers of hours of bright sunshine cover the seven days as they are 
taken from the daily records made a t  Rothamsted. 

For the whole period of sixteen months the prevailing conditions of 
temperature and light, as indicated by the weekly means of maximum 
and minimum temperatures (Fig. l), and the weekly hours of bright 
sunshine (Fig. 2 ) ,  are summarised in the following table: 

Standard 
Mean deviation 

C.  Mean maximum t,emprrsturc, (i(i.6' F. 11.7" F. 
D. Mean minimum temperature 43.9" P. 4 .W"  F 
fi. Houru of bright sunshine 20.3 16.6 

The mean maximum temperature is naturally greatly influenced by 
the amount of sunshine, thus partly accounting for the large standard 
deviation. The minimum is much less variable, as during the winter 
months special care was taken to keep the night temperatures a t  a 
reasonably high level by means of artificial heating. 

There is a close correlation between these three environmental con- 
ditions. The effect of each on the others depends upon the individua,l 
characteristics of the house, such as aspect and ventilation and artificial 
heating, and the extent of these effects can be measured by the corre- 
lation, as follows: 

rC!l,= t- -6284 i -0384 
*rCE = + *7560 f *0271 
rDE = + *2895 f a0595 

' 1917. Third Animal Report of ICrp,erimenta.l aiid Hcsectrcli A h t i o n .  Chcshvnt, Ifrrts, 
p. 22. 



WINJPRED E. BRENCHLEY 213 

F 1 

3001 I I I. I I 1  I 1  I l l  I l l  
Oat. 6 No". 3 Doc. 1 Jan. 5 Fob. 2 Mar. 1 Apr. 1 May 3 June 7 July 8 Aus. 2 Sept. 6Oct.4 Nor.1 Dec.6 Jan.3 
1011 1916 1017 

Muximuin - Minimum ~. - - .  - .  . 

Pig. 1. Average weekly temperatures in roof water-culture house, 
Sept. 29th, 1915-Jan. loth, 1917. 
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Fig. 2. Total hours of bright sunshine per week, Sept. 28th, 1915-Jan. 9th, 1917. 

value obtained, -7560, is remarkably high. The correlation between 
niean maximum and mean minimum temperatures is also high, as is 
naturally the case; but the correlation between bright sunshine and mean 
niiiiimurii temperature would be higher, owing to the close association 

15-2 
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of both with the mean maximum, if some contrary tendency were not 
in operation. This is brought out by the partial correlations 

ErcD = + 6534 

CrDE = - -3630 
DrCE = + -7709 

The correlation between mean maximum and mean minimum for con- 
stant sunlight is + e6534, slightly greater than before, showing that 
variations in sunlight affect these two variables in opposite directions; 
the correlation between mean maximum and sunlight for constant mean 
minimum is also greater, showing that the variations in mean niininium 
have tended to obscure this high correlation, a high mean minimum 
tending to  occur with high mean maximum but with low sunlight. The 
third partial correlation, that between mean minimum and sunlight for 
constant mean maximum is strongly negative, and explains how the 
other two correlations have been obscured. The weeks of high sunshine 
are evidently the weeks of much radiation and night cooling; this 
partially counteracts the effect of high day temperatures produced by 
sunlight. 

The small effect of sunshine on the range of mean minimum tern- 
peratures is brought out in Fig. 3, which shows that with considerable 
increase in total sunshine for a specified period (11 weeks) the highest 
mean minimum temperature is very little raised and the total range of 
weekly mean minima is little affected, a t  the same time that the highest 
mean maximum is pushed up many degrees and its total weekly range 
is greatly extended. It will be shown later that this relatively constant 
range of mean minimum temperature over prolonged periods is of great 
importance to the healthy growth of plants under these conditions of 
life, and that a comparatively slight increase above a certain level is 
very detrimental, but fortunately does not often occur. 

METHOD. 
It was necessary to select a species of plant for experiment that would 

grow under water culture conditions throughout the year and would 
not show too great a variation in the growth of individuals of the same 
age from a single sowing. Several years experience had shown that 
barley and peas are among the most satisfactory subjects for treatment 
by this method. In  many respects barley is the better of the two, as if 
a pure line is used and the seeds are graded, very even growth can be 
obtained. Unfortunately during the winter months, in the “dead” 
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season of the year, it is often impossible to  get satisfactory germination 
of barley, as root development is usually inhibited, and even if seedlings 
are obtained the young plants make very little growth. Consequently 
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Fig. 3. Graph showing relations between total growth, total hours of sunshine and the 
mnge of mean maximum and minimum temperatures for several series of pea plantfi 
grown in water culture at different times of the year. All series were grown for 11 weeks 
except 0, in which the plants died prematurely at  the end of seven weeks. 

Nutrient solutions changed weekly. 
Heavy line =total groa th. 
Dotted line =total hours of sunshine. 
Upper light line =range of maximum temperatures. 
Lower light line = range of minimum temperatures. 

peas were selected, for although the individuality of the plants is rather 
more marked, seedlings can be obtained throughout the winter, and a 
certain amount of growth can be relied on a t  whatever time the experi- 



ments are started. A dwarf variety, “ Sutton’s Harbinger,” were used 
for the majority of the tests, but as unfortunately the stock ran out and 
could not be replaced the last four tests had to  be carried out with 
Sutton’s “King of the Dwarfsl.” 

The seeds were graded and ranged betneen *25-.3 gnis. or *3-.35 gms. 
for “Harbinger,” and -3b3.5 gms. or .35--.4 gms. for ‘‘ King of theDwarfs.” 
only one range of weights being used in each test. At intervals of a few 
weeks sets of 160 pea seedlings were put into water cultures. Usually 
two parallel tests were carried out, in one of which the nutrient solution2 
was changed weekly and in the other the original solution was retained 
throughout the experiment. The same day that  the water cultures were 
set up ten extra seedlings were prepared for drying, in order to  obtain 
the initial dry weight of the plants. In  addition 10 seeds of the grade 
used were weighed, to give the relation between seed and seedling after 
germination. A t  regular weekly intervals 10 plants from each set were 
removed from their solutions and the roots carefully washed two or 
three times in clean water to  remove adherent food salts. The roots and 
shoots were separated before drying. and when the plants were in the 
fruiting stage the pods were removed, and dried and weighed separately. 
The 10 plants taken each week were selected a t  random from the whole 
group, and may be considered to  represent more or less accurately the 
average growth of any similar number of plants a t  the time. The figures 
thus obtained were graphed, and the data yield valuable information 
as to  the rate of growth of the pea plant and its relation to  certain en- 
vironmental conditions. 

A. NUTRIENT SOLUTIONS CHANGED WEEKLY 

The constant change of the nutrient solution ensured that  a plentiful 
supply of food was always available and that starvation effects did not 
manifest themselves. The supply of water was maintained by replacing 
t h a t  which was lost from the bottles by transpiration from the leaves, 
and as the tests were carried out in the greenhouse the plants were not 

* Our thanks arc dne to  Mr Martin Sutton for the gift of ail the seeds used througtioitt 

a Nutrient solution: 
thew experimentx. 

Potassium nitrate . . . . . .  1 gin. 
Magnesium sulphatc . . . . . .  .5 ,, 
(‘alrium sulphate . . . . . .  ..5 ,, 

Potassium di-hydrogrn phoq~hatc  .5 ,, 
Ferric chloride . . . . . . . . .  44 ,, 
Distilled watm to  make up I litrr. 

Sodium chloride . . . . . .  .,j ,, 



WINIFREU H. RRENCHLEY 217 

subjected to rain or wind. Under these conditions the chief variable 
factors influencing growth were probably 

(1) temperature (maximum and minimum), 
(2) bright sunshine and light intensity, 
(3) humidity of the air. 

Of these factors temperature records are available throughout. The 
sunshine figures give a very incomplete idea of the amount of available 
light or of the intensity of light but unfortunately no apparatus for 
automatically recording the changes in actual light intensity was avail- 
able, and this part of the investigation is therefore incomplete. The 
humidity was not measured as at the time the possible significance of 
change in this respect was not realised, but readings taken during 1919 
show that the range of humidity within the house is considerable. The 
results of the investigation are therefore chiefly of use in indicating the 
relationship of temperature and sunshine to  the rate of growth a t  different 
periods of the life of the plant. 

Eight series of peas were grown during these observations, the seedlings 
being placed in water cultures on the following dates: 

“ Harbinger.” 
Series B. September 28th, 1915. Series G. January 4th, 1916. 

C. October 28th, 1915. K. March loth, 1916. 
E. December 2nd, 1915. M. April 26th, 1916. 

0. July 3rd, 1916. Q. October 3rd, 1916. 
“King of the Du~arfs.” 

When seeds are germinated a loss in dry weight occurs owing to the 
fact that respiration goes on steadily from the beginning of growth, with 
a consequent loss of material by oxidation that a t  this stage is not 
balanced by the nianufacture of fresh plant material. After the seedlings 
are set up in water culture this loss continues, for the same reason, over 
a period which varies in length according to the time of year (Figs. 4 
and 5). Assimilation, which results in the building up of new substances 
from the air and the absorbed food salts cannot begin till the green leaves 
have appeared, and even then some little time elapses before the gain from 
assimilation balances the loss from respiration. Furthermore, the weights 
obtained show that the gain is a t  first very slow: as the leaf surface is 
initially small, and i t  is often several weeks before the young plant is 
again as heavy as the seedling was when first put into the culture 
solution. For the sake of convenience growth is divided into two periods 
which will be considered separately. 



Fig. 4. Siimmer Grorcth. Dry weights of 10 pea plants, series M, grown from 
April 26th-July la th ,  1916. Nutrient solutions changed weekly. 



(1) 1st period from the seedling stage till the time that the plant re- 
gains its initial weight after the loss by respiration-i.e. the time during 
which a casual observer would say that  the plant “makes no growth.” 

( 2 )  2nd period, succeeding the former, during most of which the 
plant is obviously making growth, and which continues to  the end of 
the experiment. 

1st period of growth. 
In  the division of the plant into root and shoot the remains of the 

seed are associated with the shoot. From the very first the root increases 
steadily, though slowly, in weight even while the total weight of the 
plant is diminishing. This increased root substance is therefore obtained 
a t  first a t  the expense of the shoot and must consist of material trans- 
ferred from the seed or of the earlier products of assimilation or possibly 

Fig. 5. IlSnter  G r o v t h .  Dry weights of 10 pea plants, series E,  grown from 
Dec. 2nd, 1915-bIsrch 9th,  1916. Nutrient solutions changed weekly. 

of both. As the root thus increases in weight all the time, the loss of 
weight in the whole plant is less marked than in the shoot alone, and i t  
therefore happens that  the whole plant regains the initial seedling weight 
earlier than the shoot does. The length of time taken by the shoot to 
pass through the first period of growth varied with the time of year 
according to  the prevailing temperatures as follows : 

Length of 
first period 

Experiment started: for shoot Max. weekly temp. P. Min. weekly temp. ‘ F. 
H. Sept. %th, 1915 3 weeks 70, 69, 70 42, 50, 49 

( i .  ,Jan. 4th, 1916 4 ,, 58, 58, 6 2 ,  64 48, 45, 45, 49 
K.  March loth, 1916 3 ,, 64, 62, 66 43, 48, 41 
M. April 26th, 1916 2 ,, 89, 76 47 ,45  
0. Ju ly  3rd, 1916 1 ,, 81 33 
Q. Oct. 3rd, 1916 2 ,, 74, 70 55 ,49  

C Ort. 28th, 1913 6 ,, 59, 60, 56, 54, 56, 58 48, 43. 40, 41, 37, 49 
E. Ikc.  %nd, 1915 7 ,, 58, 66,  53, 56, 58, 59, 59 49, 42, 41, 46, 48, 48, 45 



If these figures are appropriately grouped it is seen that the length of 
the first period bears a direct relationship to the range of the mean weekly 
maximum temperatures, the time decreasing with the rise of the mean 
maxima. On the other hand the range of the mean minimum temperature 
seems of little significance as the variations are very irregular and do not 
run parallel with the length of the first period of growth. 

Jkngth of 
period 
Weeks Series temp. temp. 

Rangc of Mean Max. IZange of Mean Min. 

1 0 
M 1' Q 
B i3 K 

4 G 
6 C 
7 E 

81 O F .  

75-89 
1 7 ~ 7 4  
69-70 

58-64 
54-60 
53-59 

162-66 

53 F. 

42-50 

4 5 4 9  
3 7 4 9  
41-49 

141-48 

It is thus evident that the rate a t  which assimilation is able to make 
good the loss by respiration increases directly with rise of temperature; 
a t  the lower temperatures a very small increase will reduce the period 
by a week or more, but higher up the scale a slowing off in the time 
reduction is noticed. It is probable that this is really a temperature effect 
rather than one due to light intensity, for with similar temperatures the 
same length of 1st period growth occurred a t  different times in the year, 
e.g. in series M started on April 26th the period of two weeks was the same 
as in series Q started on October 3rd, though the light intensity in the 
first case would probably be greater than in the second, while 68.2 hours 
of bright sunshine were recorded in the April period and only 42.1 hours 
in the October period. 

The initial stage of growth, therefore, is represented by a period 
during which the weight lost by respiration is made up by a gain due to 
the beginning of assimilation, the rate at which this compensation occurs 
depending on the maximum temperature. 

2nd p e k d  of growth. 
All the series behaved in a similar way during the first period except 

with regard to the length of time that this persisted. The second period, 
that of active growth, is very different, and each series presents its own 
individual characteristics. Analysis of the results obtained, however, 
show that these characteristics bear a clear relation to the variable 
factors at work, and that the plant responds definitely and not arbitrarily 
to change in the environmental conditions. 



( a )  Relation, of t o l d  growth to s u r i s h i n ~  irntl t c~mpt~rrc twp 

T'nder ordinary field conditions o f  cultivation the aniount of LViit'er 
supplied as rain and the action of wind in drying out, t,he soil and causing 
rapid alterations of temperature would influence the direct, effect of 
temperature and sunlight. Under greenhouse conditions t)he first two 
factors are eliminated and the enquiry can therefore be narrowed down. 
In order to work out the relationship of total growth t,o sunshine and 
t>emperature it, is essential that  the growth should have occurred over 
equal periods, and for this reason only t,he first elpven weeks of each 
series are considered. One series, 0, died after seven weeks, and this 
will be specially considered lat,er on. The results are most clearly demon- 
strated by Fig. 3 ,  in which are graphed for each series the total growth 
of t,he plant, the total number of hours of sunshine over t,he 11 week 
period, and the  ranges of the mean weekly maxirnuin and niinimurn 
t,kmperatures over the same period. As would naturally br expected 
the t,otal growth in summer was rnnch in advance of that  in winter. 
The three series C, E, G, started in Oct,obrr, Decelnber and January,  
show a steady increase in the total growth, G being ninre than twice as 
heavy as C. The available sunshine in all three cases was the same, but 
the range of maximum temperature was successively rather higher, 
though the greatest difference was only six degrees (6O0-f6" F.). In  the 
dead season of the year, therefore, slight differences in maximum tem- 
perature are very important in determining the amount, of growth and 
they act independently of the available sunshine. The ranges of minimum 
temperatures were similar in all three cases and therefore did not in- 
fluence the result. 

The optimum time for growth under the experimental conditions 
was spring and early summer. In the presence of an abundant and un- 
stinted food supply series K, started in March, made five times as much 
growth as G, started two months earlier. Double the amount of sunshine 
was available and the temperature ran up steadily from a rather low 
level until it almost reached the maximum weekly mean attained during 
the season. The series M, started a month lat,er, did not do quite as well, 
but  this may have been due t o  the fact tha t  though the highest mean 
temperature was the same aEi K the means for the last three weeks were 
comparatively low. 

A striking point emerged when an  attempt was made to  grow a 
series 0 a t  the beginning of July. The weather was bright and sunny 
throughout, the seedlings were started at  80" F., for onlv one weel< did 
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the mean temperature fall as low as 75”, and for three weeks the average 
maximum was above 90” F. The plants were unable to  stand the strain 
and after seven weeks growth they were dead, having made only 28 gms. 
dry matter compared with 39 gms. produced during a similar period in 
series M more than two months earlier. The mean minimum temperatures 
were comparatively high, the lowest mean being equal to  the highest 
recorded a t  any other period. Evidently constant high temperature 
combined with excessive insolation under glass are inhibitory to  growth, 
the best results being obtained with rather less sunshine a.nd a greater 
range of temperature. 

Autumn plants started in September and October resembled those 
grown in the winter, with a certain amount of extra growth due to  a 
rather more generous supply of sun and heat. 

It is thus seen that  the possible amount of growth depends directly 
upon the sunshine and temperature at all periods of the year, but that 
beyond a certain point these beneficial factors become harmful and result 
in the premature death of the plants. Usually the two factors work 
together but when one factor, sunshine, remains constant, temperature 
is able to  act independently in influencing growth. The converse of this 
may also be true but has not been demonstrated in these experiments. 

(b )  Relation of the e8ciency index to the time of year and 
the age of the plant. 

The “efficiency index” represents the rate per cent. at which fresh 
material is continuously added to  the plant over a definite period’, 
and i t  provides a very useful means of indicating the rate of growth a t  
different periods of the life of a plant. I n  Fig. 6 the efficiency indices 
are plotted for weekly periods for all the series. As has already been 
stated during germination the seedlings lose weight by respiration, so 
that a t  the very beginning they weigh less than the seeds from which 
they came, and during the early part of the first growth period a further 
loss occurs until assimilation is in full play. At these stages the efficiency 
indices are negative, but when growth has fairly set in they are always 
positive, except occasionally a t  the very end after active growth has 
ceased but respiration is still continuing. 

The curve shows a t  a glance that during the summer months, while 
growth is rapid, the efficiency indices reach a high level; in the spring 
and autumn they are medium, whereas in the depth of the winter they 
are very low and indicate that  little more growth is made than will 
provide material to keep the plant alive and progressing very slowly. 
1 Blackman, V. H. (1919). “Compound Intereat Law.” Ann. Bot. xsxm, pp. 353-360. 
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Low efficiency indices were the rule from September to April', nearly 
all being below 5. During this period practically all the maximum teni- 
peratures were below 65" F. (see Fig. 1) and although the sunshine curve 
was much less regular than that of temperature all the weekly sunshine 
totals were below 35 hours, seven being below 74 hours (see Fig. 2). 
During December the efficiency indices were very low and only varied 
within small limits, being much the same in series of different ages, 
which is not usually the case. This is evidently connected with the fact 
that during December occurred the lowest group of maximum tem- 
peratures for the whole year, and the period also embraced the largest 
group of low sunshine records. A rise in the indices began in January 
coinciding with an improvement in both temperature and sunshine. 
From March to  August2 high efficiency indices, much over 5, were 
obtained. Throughout this period the maximum temperatures were 
above 65" F. except during the first four weeks when they were slightly 
lower. Fifty per cent. of the weekly sunshine totals exceeded 35 hours, 
the excess often being considerable, six totals being 50 or more hours, 
while none ran below 7+ hours as happened earlier in the year. Thus 
broadly speaking high eficiency indices are associated with high tem- 
peratures and plenty of sun, while low indices occur in cold weather with 
deficient light. 

Within this generalisation, however, more detailed inforniation can 
be worked out. 

An examination of the curves (Fig. 6) shows that during the greater 
part of the year, from March to November, the efficiency indices rise 
to their maximum very early in the life of the plant, usually within one 
or two weeks from the close of the first period of growth. In  spring and 
autumn this maximuni efficiency index is not very great, in summer it is 
much larger, but, given a moderate or plentiful supply of heat and sun- 
shine, the impulse of the plant is to  attain its maxinium rate of growth as 
early in life as possible. This, of course, tends to  the production of larger 
plants, as rapid growth a t  the beginning provides a large leaf surface at  
an early date so that more assimilation and increase of material can take 
place. When plants are started in the winter, in December or January, 
this rapid rise to the maximum does not occur, hut the efficiency indices 
slowly climb up, taking about five weeks from the end of the first growth 
period to attain their maximum. This is associated with low maximum 
temperatures and low sunshine totals extending over the whole life of 

First scrics started 111 Septrmber, last series ended in April 
* First scries htarted in March, last serics ended 111 Aiigirst. 



the plant., so that at no time is the growth encouraged by a spell of 
greater heat or niore abundant sunshine. As soon as the rate of growth 
reaches its maximum in the spring and autunin it begins to  fall off 
slowly and irregularly but as a t  these times of the year growth was not 
completed within the period of experiment i t  is not certain what the 
behaviour would be a t  the end of growth. In  the summer the rate of 
growth tends to  fall away from the niaxiinuiii but remains very high 
for several weeks. During this period the plants probably reach their 
tiiaxinium efficiency, making the fullest use of the food supplied under 
favourable conditions of temperature and sunshine. Growth is so rapid 
that it draws to  a close towards the end of the experimental period and 
this is indicated by a sudden drop in the efficiency index, which oc- 
casionally becomes negative a t  the very end, indicating the continuance 
of respiration after assimilation has ceased, possibly combined wi th  
some degree of desiccation. The maintenance of a high rate of growth 
for several weeks during the summer conibined with a sudden later drop 
is in marked contrast to the slow steady fall in the earlier part of the 
year, and explains fully why the later sown plaiits are so much more 
weighty than the rest. The later fall in the indices is not determined by 
either temperature or sunshine, but is ii. characteristic feature in the 
physiology of the plant occurring towards the end of growth, but the 
degree in which the fall is marked does depend to some extent upon the 
environmental conditions, as it is more obvious when favourable cir- 
cumstances have kept up a rapid rate of  growth until late in the life 
of the plant. The iniportance of the rapid rise to  the iiiaxiiiiurii rate of 
growth is well shown by series I( and M, both grown in the summer 
tnonths. N reached ;I. consideixbly higher in:Lxitiiuiti efficiency index 
than K, but whereas in K the ritte of growth was a t  its maxini~ii i  within 
a week of the 1st period, in $1 three weeks elapsed before this point was 
reached. ('onseyuently, in spite of the ultitiiate rate being higher in 
M, the total growth was only 71 gins. against 9 1  gnis. in K. 

I n  the July series 0 tlie effect of the excessive heat and insolation 
was not manifest a t  first, as t,he maxirnuni rate of growth was reached 
a t  the usual time, one week after the end of the first period. The rate 
fell off steadily though not abnormally quickly for another three weeks, 
but by that  time the energy of the plants was exhausted and during the 
next fortnight the efficiency index fell rapidly until a t  the end the plantn 
were prematurely dead. 

An examination of the data by statistical methods showsa remarkable 
agrwtiicnt with the results deduced by observation during growth and 
coni1)arisoiis of the figures and c u  s for the individual series. 



Of the factors which affect the relative rate of increase of growth age, 
maximum and minimum temperatures and hours of sunshine can be 
investigated from the available data. The relation between age and rate 
of increase over the whole life is far from linear, so that the simple 
formulae of partial correlation cannot be applied, but the series of mean 
relative rates of increase may be divided into two satisfactorily linear 
series by separating the young plants (mean age up to four weeks old) from 
the old plants (mean age over four weeks). During the first period the 
mean efficiency indices rise to a maximum and during the second they 
fall from the maximum. This result bears out the observations that growth 
is divided into two distinct periods and that the tendency is for the 
maximum rate of growth to  be attained a t  the beginning of the second 
period and to fall off afterwards. 

When allowance is thus made for age the effect of environment upon 
the young and old plants must be considered separately. 

The actual correlations between relative rates of increase (efficiency 
index) and the four other variates, age and the three environmental 
measurements, are 

Young plants Old plants 
&- 

Age . . . . . . . . . . . . + %995 t .063 - .3498 -1.065 
Mean maximum temperature + .4444i.097 + .3907 t-063 
Mean minimum temperature + .3958&.104 - .0588&.072 
Bright sunshine ... ... -.0131+.123 t 5177h.056 

The quantities measure the extent to which the variables concerned 
are actually associated; growth in young plants is thus  associated with 
relatively warm days and nights but not significantly with sunshine, 
in the older plants it is associated strongly with sunshine and warin days 
but not significantly with the night temperatures. 

The combined effect of the independent variation of these four  
quantities may be expressed by regression formulae, the coeficients of 
which can be calculated from the correlations. If -4 stand for the age 
measured from a mean value of 2.5 weeks and 10 weeks for young and 
old plants respectively, C the mean maximum temperature measured 
from 67" F., D the mean minimum temperature measured from 46" F. 
and E the hours of bright sunshins in excess of 21 per week, then the 
relative rate of increase of young plants has the regression formula 

-03 + 1.95448 4- 03586C - .0190D - *155lE, 
while for the old plants it is 

2.91 - *21218 + *07515C - ~23200  + *0619E. 
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In interpreting these formulae it should be remembered that as C, U 
and E are closely associated the alteration of any one of them without 
the other in to some extent an unnatural prows?. Thus the fact that 
in both foriiiiiiae the coefficient of L) is negative, in the first to  an 
imignificmt extent but in the second significantly, shows that the 
greater growth has in general been niade with the lower night tempera- 
tures after dlowunce has been m d e  for the cooler days and less rtunebine 
which are in fact associated with cooler nights. In  the same way sun- 
hhine is detriniental to the seedlings after ullozur~nc! h a s  been rtiade for 
its beneficial effect upon the day temperatures. Once the average effect 
of the environmental conditions is ascertained it is possible to  obtain 
a truer representation of the relative rate of growth a t  different ages. 
For this purpose the average of the relative rates of increase for any 
age is corrected by means of the regression forniula to its probable value 
under standard environmental conditions. The result of so doing is 
shown by comparing Figs. 7 and 8. The falling off of growth with age is 
niore gradual after allowance has been made for changing environment; 
the points lie closer to the regression line for the older series, but the 
four first series are distinctly less linear. The whole series so corrected 
is likely to give it niuch truer picture of the normal history of the plant 
than when 110 correction is made. On the other hand, it is clear that 
irregularities are still present though they are smaller, and the three 
itieasures which have been used evidently do  not give a complete picture 
of the plant’? environmental experience during the week to which they 
refer. Among the other factors of environment tha t  cause these irregu- 
larities are probablv the distribution of the hours of sunshine over the 
day and week, the variation in the actual intensitv of light apart from 
bright siinshine and the humidity of the surrounding air. 

The abrupt rise in the relative rate of increase for the mean 9th 
period may possibly Iw mere coincidence but is more likely to  have a 
phvsiological significance. Examination of the actual curves of effi- 
ciency indictah show that soniewhere in the neighhourhood of this period 
a real or swondary maximum efficiency index occurs, and in several 
cases the data show that just a t  this time the plants were in their first 
Bush of flowering. This rise may therefore be real and connected with the 
initiation of sexual reproduction. If this be so i t  affords an interesting 
parallel to  the increase in growth occurring at the time of puberty in 
human beings’. 

Hall, ( :. S. [ 194%). Adotemtstrt P, Vnl. r, pp. 59, 84, ‘ 33 .  99. 

Ann. B i d  VI I6 
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B. NUTRIENT YOLIJTIONS NEVER CHANGED. 

1 s t  period of yrowlh. 
The series in which the solutions were never changed were set up to 

correspond in time as closely as possible with those in which the food 
was renewed. The following table shows how exactly the two sets 
correspond w i t h  regard to the length of the first period of growth. 

A 
1) 
F 
H 
I 
L 
N 
P 
K. 

Solutions never changwl 
- ~ - .  ,--- 

Ikngtli o f  
first period 
of growth 
for shoot 

Series Rtarted Weeks 
Sept. 2376, 1915 - > 
Oct. 29th 6 
Uec. 4th 7 
Jan. 5th, lYl(i 4 
Feb. 19th 4 
March 10th 3 
April 26th - 9 

July 3rd 1 
Oct. 3rd 2 

Solutions changed 
7- - 

Length ( i t  
first period 
of growth 
for shoot 

Series started Weeks 
U A'ept. 28/h, 1915 3 

( <  Oct. "8th A 
F: 1)rc. 2nd 7 
( i  Jan. 4th, I 9 l t i  1 
No corresponding set 
K March 10th 3 
M April 26th 2 
0 July 3rd I 
Q Oct. 3rd I ) 

The only instance in which the first period varied by even a weel< was 
when t,here was five days difference in the date of beginning the experi- 
ment. At  that  time of year, in Sept,enibcr, both temperature and sunlight 
were falling and the difference of nearly a week would fully account for 
the prolongation of the first period of  growth in the later started plants. 
This series is therefore left out of consideration in drawing up coni- 
prisons.  The closr correspondenc& shows tha t  during the first period o f  
t,he plant's developriitmt, under the t.xl)erirnentitl conditions the presence 
of an excess of nutrients, below toxic liniits. h;is no rffect upon growth. 
Very little mineral matter is sufficirnt to supply the needs of the seedling 
and the fresh quantity given when the solutions are changed is disregarded 
and exercises neither H beneficial nor harmful action. As a matter of fact, 
so little food salt is withdrawn f rom the solution at this time that  the 
fresh solution added w ~ t k l y  closely resembles the old, and it is probable 
that no difference is detected by the plant. 

2nd p t ~ L 0 d  of grotc:[tt. 
As the series wi th  changcd itnd irncliaiiged food solutions WCI'C 

cai~ieti  on toget tier the conditions of siinlight and tenipera.ture were 
identical in ritcli caw,  the only tiifT!.rrnt factor Iwing tha t  in one set iLI1 

rrnliniitc~d sul)I)ly of food was av;iiliible ii.ri(l in the ot8her a very liniitvrl 
qu'tntit,y wws at thr  disposa1 of thtl I h n t s .  

16-2 



( a )  &ffect of restrictc.d food sup& on total grolrifh. 

I t  was to be expectctl that  the unchanged set would tilake less gro~’t,li  
than the others, but the comparative relations of the aniormt of growth 
at different periods of the life of the plant are not altogether what were 
anticipated. As the plaut grows and st,eadilv draws on the limit,ed food 
supply, the available a mount of nutrient in the soliition correspondingly 
decreases, and i t  might have heen expected tha t  with t h i s  decrease in 
available food a gradual decrease in growth would occ,iir. giving a curve 
of t,he forni 

This, however, did not oc(:iir in aiiv case. At, all seasons of the year the 
growt,h in the earlier part of the  second period showed a steadv rise. In 
winter when growth was very slow the rise continued throughout the 
experinlent; ax the temperature and siinshinc increased t h e  tinie got 
short,er until eventually the rise reachrd its niaximuni in about three 
weeks. Then, quite abruptly, the growth changed and the curve flattened 
to  a greater or less degree, hut  when once the change had occurred steady 
increase was again made, so that in triost cases the curve took thr  form 

In the  early suinnier months growth ceased before the cnd of the 
experiment, causing a second flattening in the curve, whereas in the 
height of the suninier no further growth was made after the first rise 
and a later drop often took place on account of loss due to respiration 
and desiccation. 
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I t  is difficult to suggest an explanation as to why the abrupt changes 
followed by a period of steady growth should be the rule, instead of a 
gradual decrease in growth parallel with the gradual decrease in food. 
A comparison of these series (Pigs. 9 and lo), with the corresponding 
sets with unlimited food supply (Figs. 4 and 5), shows that except during 

0.c 4 Jan 7 Feb 4 Mar 3 

J''ig. 9. Winter Grozcth. Dry weights of 10 pea plants, series F, grown from 
Dee. 4th. 1915 -Maroh 10th. 1916. Kiitrirnt soliitionr, never chsngetl. 

Fig. 10. Stciniaer <;rowth.  Dry weight of 10 pea plants, series N,  grown from 
April 26th-July 12th. 1916. Nutrient solution.; newt changed. 

the summer period of very rapid growth the amount of dry n i a t t ~ r  
produced with limited and unlimited food supply IS much the same or 
even identical for several weeks after the end of the first period, sho\rinc 
that the gradual reduction in food material does not always irnmediatthl! 
affect growth. Eventually the well-supplied plants continue their steady 



increase but the restricted ones fall off in the manner indicated above. 
In  the summer with optimum conditions the extra food supply is 
beneficial from the first as the plants have a very high efficiency index 
and are able to utilise the nutrients to  much better advantage, but though 
the restricted plants cannot keep pace with the others they rise in weight 
quite steadily for several weeks before depression sets in. I t  is only in 
series grown inclusively from March to  June that  the changed series 
pull ahead immediately the first period closes, while during the rest of 
the year the plants either do not begin to take advantage of the full 
supply in the one case or else they do not feel the lack of the full supply 
in the other till a later date. 

The maximum amount of growth that can be made with a given 
constant supply of nutrients before growth ceases varies with the time 
of year, i.e. with the environmental conditions. Plants grown during 
May and June averaged 26 gms. dry matter and the total ranged down 
to  14 or 15 gms. in plants grown in spring or autumn. The winter grown 
plants did not reach the stage of ceasing to grow, but judging by the 
trend of the efficiency index curve it is probable that  the dry weight 
would have been below that  of the spring and autumn plants. The 
reason for this variation in dry matter produced is probably that growth 
is not only dependent upon the mineral food supplied to the root but 
also on the quantity of carbohydrates produced by assimilation. Under 
favourable conditions of temperature and sunlight when assimilation is 
greatly encouraged the formation of carbohydrate is very rapid and the 
amount of other constituents of dry matter become proportionately 
though not actually less. This is illustrated in an exaggerated form by 
those plants which store up starch or sugar, as potato and beet, but it 
holds good in other green plants as well. When conditions are less 
favourable to  assimilation less carbohydrate is produced in proportion 
to the amount of food material absorbed, and with a limited supply of 
the latter a lower total growth is produced. 

One curious discrepancy between the changed and unchanged series 
is noticeable. The maximum growth with unlimited food supply was 
made in a series grown from March to May, but in another grown from 
May to July there was a decided falling off which was attributed to less 
favourable environmental conditions. With limited food, however, the 
maximum growth was made in the second set, from May to July, so that 
apparently the environmental conditions that  are optimum for dry 
weight production in the presence of plenty of food are not necessarily 
the optimum when a restricted supply is available. 
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Dry W e q h  per plant zn grams. 
Unlimited food supply Restricted food supply 

March --May K. 9-2 I,. 1-85 
May-Ju  ly M. 7.2 N. 2.6 

( b )  Effect of restricted food supply on efiency indices. 

The generd form of the curves (Fig. 11) of the efiiciency indices for 
the various series throughout the year is much the same whether the food 
supply is abundant or restricted, showing that on the whole there is a 
similar response to the environmental conditions that are common to 
both sets. In  detail the correspondence is less close, indicating the in- 
fluence exerted by the variable factor of food. In  most cases during the 
earlier weeks the rates of growth go up or down together in both cases, 
as a t  this stage the environmental conditions of temperature and light 
common to both are more potent than the variation in food supply. 
Later on, when food begins to be much restricted in the one set, the 
efficiency index curves no longer fun together, and they become much 
more irregular and erratic in the starved series. Under the conditions 
of restricted food supply, therefore, changes in the common environ- 
mental conditions produce exaggerated effects on the rate of growth. The 
foregoing applies more particularly to the spring and autumn months, 
but matters are rather different during the period of most rapid growth 
in the summer. At this time the conditions of light and heat are so 
favourable to  growth that the plants can take advantage of a very large 
supply of food, and any restriction in this respect is felt more severely 
than when growth conditions are less good. Both sets of plants make 
the most of the available food immediately the first period of growth 
is over, and rise almost a t  once to  a maximum efficiency index. This 
greatly depletes the food store, and when no more is supplied the rate 
of growth cannot be kept up and a rapid fall occurs, in contrast to the 
prolonged period during which a high rate of growth is maintained in the 
presence of abundant nutrients. In  some cases the restricted plants 
never attain such a high efficiency index as the unrestricted, and the 
fall in the rate is less sharp. but in others the maximum index is as 
high or even higher and then an exceedingly sharp fall occurs, on one 
occasion (set P) the drop being from 11 to zero in three weeks. 

A statistical comparison of the figures relating to the “changed” and 
“ unchanged ” series bears out the results obtained from observation of 
the curves of total growth, but shows more clearly the course of events 
in the later part of the life of the plant. The mean differences between 
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Week 

1 
2 
3 
4 
5 
ti 
7 
X 
9 

I 0  
1 1  
I' 
13 
14 
15 

t .465 
t 1.700 
+ .997 

The inigniticant differences obtained in the early weeks emphasize 
the fact  that, during the first period of growth and for perhaps a short 
t,imr. longer the plant gains no benefit from the constant renewal of the 
nutrient soliitkms. probably because during this time the denlands on 
t,he external sources of nutrition are cwinparatively small, as wine supply 
is still available i n  the seed arid the iiianuf;tctiire of  fresh food by as- 
similation is not yet in full swing. When once this period is over the 
variat,ion in food supply iiiakes itself felt, at, once, and this continues 
throughout the life-history. N o  wnstatlt change in the difference of the 
rate of increase is observable. b u t  the variat'ions are irregular through- 
o u t .  This is sonirwhat contrarv to expecta.tion, its it was surriiised that  
the  drop in the efficiency indices in thc unchanged series in late life 
would be far greater than t,hat in the  changed sets where no starvation' 
efiects were rnanifest. Apparently t,he natural fall in the indices tha t  
occurs kite in life in all cases was more or less parallel to  tha.t induced in 
the semi-starved plants. 

The correlations between relative ra.t.e o f  increase (efficiency index) 
and the tlirer eiivironniental niea~siirenients for t,lie unchanged " series 
are as follows: 

Young plants Old plants 
)lean nianimum teniporat urti . . . + .47HO +.I695 

Bright siinshinr ... ... + .own + .4Pli3 
Mean niinirnunr tempwaturt. ... 4 ,4170 - . O t i l O  



When these figures are compared with those for the “changed” 
series given on page 226, i t  is seen that  with the young plants little differ- 
ence occurs, showing that in early life the amount of food supplied in 
both sets was in excess of requirements and did not therefore act as a 
limiting factor. With older plants, however, when the food solutions 
were not renewed the correlation of rate of increase with mean maximum 
temperature was very much lowered and that  with bright sunshine was 
also reduced to  a significant extent. This indicates that when scarcity 
of food is acting as a limiting factor the plants are unable to take full 
advantage of the available bright sunshine, while a t  the same time the 
beneficial influence of high maximum temperature is reduced to an even 
greater degree. 

Another interesting point can be elucidated from the comparison 
of seven pairs of changed and unchanged series, each pair being grown 
under identical conditions for the same length of time. The total 
variance1 a t  any given age, for older plants (in the second period of 
growth), may be roughly analysed into 

37 per cent. fortuitous variation (due to individual difference of 

38 per cent. known environmental factors. 
25 per cent. unknown environmental causes (irregularities of 

temperature and light not affecting the means, humidity etc.). 

The percentage of variance (38 per cent.) that  can be attributed to 
the known environmental causes of maximum and minimum temperatures 
and total sunshine is remarkably high and indicates that these are the 
most potent of the factors acting upon growth. The causes of fortuitous 
variation are less clear, and the percentage (37 per cent.) seems rather 
high considering that it is a mean figure, as under the greenhouse con- 
ditions the extremes of individual variation in a number of plants 
generally reach about the same figure, and the mean variance in the 
rate of increase might be expected to be less. The extent of individual 
variation in weight, however, regarded as a percentage difference, must 
not be confused with the variance of the efficiency index which is to be 
ascribed to various groups of causes. Further work on this point will 
be necessary, for if it could be more fully explained it would give more 
reliable information than is a t  present available as to the influence of 
the individuality of plants upon the validity of experimental results. 

seeds etc.). 

The mean square deviation of the rate of increase at  given age is used as a measure 
of the variance, and the percentage figures are calculated from this. 



GENERAL OBSERVATIONS ON GROWTH. 

(1) Cowhparzsoii of root and shoot growth. 
Inspection of the growth curves shows that a t  all stages of growth 

and a t  all seasons the dry weight of the root is less than that of the shoot. 
As the plants get older the shoot becomes rapidly heavier under favour- 
able conditions, but the increase in root weight is by no means parallel 
to that of the shoot as i t  is very much slower, with the result that  when 
very heavy growth is ultimately made by any plant the discrepancy in 
the dry weight of the root and shoot is very marked. This change in the 
relations between the two parts of the plant is well shown by the ratio 
between the dry weights of shoot and root for the weekly periods for 
which figures are available (Figs. 12 and 13). 

In the very young seedlings, a t  the stage a t  which they are put into 
the food solutions, only part of the material stored in the seed has been 
utilised and the roots are as yet very small. Since the seed is included 
with the shoot the shoot/root ratio a t  this time is very high, ranging from 
about 14-32 according to circumstances'. From this time more normal 
relations establish themselves, for the seed store becomes rapidly depleted 
and the ratio is that  between the actual shoot (stem and leaves) and the 
root. The shoot/root ratio continues to fall a t  a decreasing rate for a vary- 
ing period, the lowest ratio corresponding fairly closely with the end of 
the first period of growth, though i t  may be reached a week or two earlier 
or later. From this time onwards, when there is no deficiency of food 
(Fig. la) ,  the shoot increases more rapidly than the root in weight, and 
the shoot/root ratio goes steadily up. The more rapid the growth, the 
more marked this rise, and in the summer months under optimum 
conditions of temperature and light the low proportion of root to shoot 
is most striking. When the food supply is limited (Fig. 13) and less 
growth is made the figures do not reach such a high level, but exactly 
the same course of events is noticed, as a rise in the shoot/root ratio 
occurs from about the end of the first growth period and the largest 
ratios are obtained in the summer months. 

An explanation of this change in the proportion of shoot and root 
may be found in the different mechanical construction of the two parts. 
The two main functions of the root are the absorption of water con- 
taining dissolved food substances and the fixing of the plant in the sub- 
stratum. For the efficient performance of the first function a large atea 

ratio on the curve being that obtained after one week's growth in nutrient solution. 
For economy of space this initial high ratio is omitted from Figs. 12 and 13, the first 



capable of constant renewal is desirable in order that  the maximum pro- 
portion of root hairs, the actual absorbing organs, may be provided and 
renewed as they die o f f .  The root, with its multiplicity of long slender 

10- 

9- 

2- 
1 -  

I 

i L  , 
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Oct. 6 Nov. 3 Dec. 1 Jan. 5 Feb. 2 Mar. 1 Apr. 5 M a y  3 June 7 July 5 Aug. 2 
Fig. 12. Shoot/Root Ratios for weekly periods. Oct. 6th, 1915-Aug. 23rd. 1916. 

Nutrient solutions changed weekly. 



the prodi i (~t ion of  tjhe rootlet. In this way a great. increase in absorption 
( . i i l l  be provided f o r  \\.itti conipara.tively little increase in the dry weight. 
( ~ t  t,he root. The siitiie structure is also t,he most economical for thc 
performance of the second function of fixation, as the multitude of finc 
strands result in a very effective supporting agent. The shoot, on the 
other hand, is chiefly concerned bvith the processes of respiration, 
transpiration and assiniilation. For these a considerable bulk of tissue 
is desirable in order to  provide an adequate supply of intercellular spaces, 
chlorophyll and storage tissue and also that  a broad surface may be 
presented to  make the most effective use of sunlight in the elaboration 
of food material. I n  order to carry a great expanse of leaf stout stenis 
are necessary, and consequently a large amount of material has to be 
used in the construction of the shoot. As the plant gets older, the root 
is increasing its absorbing capacity a t  the expense of comparatively 
little new material while the shoot is using up a great deal for growth and 
mavalso be acting as a storehouse of reserves,so the relativeweights of the 
two parts tend t o  diverge niore a.nd more. The more rapid the growth. 
the more rapid the divergence, a,s is shown gra.phic,ally by the largc. 
shoot/rootj ratio attwincd under optimum conditions. 

The behaviour. of root and shoot wit,h regard to temperature is 
distinctly different. It.  has already been shown that  during the first 
period of growth. whatever the season and t,he t,eniperaturr, t,he weight 
of the shoot, falls iintl then rises again, ,whrrt.as the root increases 
sttiadily in weight. f r o t i i  the beginning. After t,t& period the tempera- 
ture factor is very Iiotent. The shoot, \veight a t  all seasons continues 
to rise, slowly with l ow mean nla.xiinum t,ernperatures, rapidly with 
high mean maxima. Iynder. no  circnnlstances with the  mean maxima 
attained in t h i s  experinient did t,he increase i n  dry weight of the shoot 
cease even for it t.itnc until the verg end w h ~ n  growth was completed. 
t1p to a certain limit,. atso, increase in the rat,? of shoot growth is corre- 
1at)ed with rise of temperature. Root growth. on the other hand, is much 
affected by low mean maximum temperatur(?s. arid prnct,ically no advance 
was made in any series, irrespec,tive of the h o d  supply, from tnid- 
Nove.mber to January. over it. period during which the mean rnaxirw 
were consistently below 60" F. Rise in temperatiire does not have the 
same relat,ive beneficial action on the root, that  it does on the shoot, as 
no sha,rp rises in root, weight could h e  detected when t,enilwratnres went. 
up. There is some indication that, whoreas the roots can grow satisfnctoril?. 
in high t,eniper:itiires when t,hixy are siihject,rtl to Iblt.nt,y of hcat froill 

HI) ('Hrly ~ ~ ~ r i o t l  of Iit't.. root. ,gro\vt.h i s  scverc.Iy vhrckd  or even stoppt~ti 
il '  ;I ~ U ~ I ~ C I I  i t . n d  IiroLongd incrci.;isc in tctnperat IIIT ocwi.s \ v h c n  thn platit 



is well developed, but this check in root increase does not necessarily 
iniply a corresponding check to  the shoot. 

Cessation of root increase is a constant plienonienon and always 
occurs some time before the shoot stops growing. In  some cases there 
is evidence that  an actual decrease in weight occurs after this period 
but as this is most ma,rked in the plants which are grown in  constantly 
changed food soltition i t  is possible that  the loss may be partly due to 
abrasion in the mechanical process of handling, t.he loss not being iiiade 
good by grokvth. Without further information it is impossible to say 
whether th i s  loss of weight in the roots is of real significance. 

(2) Shoot growth and pod fortrLatiorL. 
As the durathn of the tests was limited to  a certain nuniber of weeks 

few of the series reached the stage of pod formation. Of these, three 
received abundant food and one was  limited in this respect. As soon as 
pod formation begins the rate of growth of the stein and leaves, excluding 
the  reproductive organs, falls off ini~necliat~ely and relatively little extra 
weight is put on, though t.he increase in weight of the whole shoot is 
exceedingly rapi(l (Figs. 4 and 10). U p  to the time of flowering the 
enclrg,r!. of thc  plant is directed to building u p  a healthy body capable of 
bearing the strain of reproduction. When need forniation begins the 
energy is tliverted into this channel, and the shoot (steni and leaves) 
becomes merely the agent whereby the necessary materials for building 
up the fruit and seed are supplitvl. Consequt!ntly it is now unnecessary 
for more food to  be expended in the production of it bigger shoot, so 
little increase takes place and there is evidence tJhat a t  a later st,age st,ill 
loss of weight occurs owing t,o t h e  t,ransference of the actual substanw 
of the stern ;ind leaves to  the seed. This tlransfereiict. has lteen proved 
in the case of certain other plant,s, among which barley and uheat Itlay 

be instanced'. The most rapid increase in t h e  weight of the pods occurs 
during the  tirst, two or three weeks aft,?]. they appear, a f k r  which the 
increase slackens off till eventually a drop in weight niay occur associated 
wit,h the onset of maturation and desiccation. 

( 3 )  Rdrctioit, of nitrogen absorption I O  d r g  inattrr producrd. 
A true estimate of the amount of nitrogen ta.ken up can only be ob- 

of the plant itself, biit lahour difficidtius during t,he 
111 \vi~i. rendcwtl it inipossibl(~ to havc t l i v  nc~cwsary anal,vschs niade. 

I ( ( 1 )  Urc~ic.;ilry, W. E. atlei Hall, A\. 1.). (I!JJ$4). ~ ~ l J ~ ~ \ e ~ l ~ i ~ ~ t ~ i ~ ~ t ~ t  0 1  t h e ,  ( ; l i c i t !  o f  !!'ht*at.'' 

(I,) I~lu~iclitc~y, W. l<. (1912). ' ~ I ~ ~ v r I u p ~ i ~ ~ n t  ul tlic ( ; l a i l l  IJI I;arlt.?." . I j j / t .  /h/. \ A \ I ,  

ll1J. 'J13-'3%. 
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a few series, however, the water culture solutions were sampled iit 

intervals and t>he nitrogen present, estimated as potassiuni nitrate. Thest) 
figures indicate the amount of KNO, tha t  had disappeared from the 
solutions in a giveh tinti: and enable sonie idea to  be formed of the 
amount of  nitrate t,aken 111) and utilised by  the plant in the production 
of varying weights of d r y  niather. The. great objection to  this method of  
estimating the nitrogen absorpt.ion i s  t,hat the nmount of nitrogen that) 
is lost by decomposition or denitxificat io t i  is probably a variable un- 
known quantity f o r  which it is difficult to devise a method of determina- 
tion. Tests niacle a t  various times with solutions allowed to remain in 
the bottles for soirie days or weeks withont any p h t s  growing in them 
seem to  show a slight loss of nitrate. t.hough this is not verv considerable 
even after the lapse of  some time. The figures obtained in the present 
experiments are probably sufficient,ly accurate to give a t,rue indication 
of the trend of affairs even though the actual quantitative measure they 
represent cannot he fully accepted. 

Analyses of t,he solutions for KNO, were made a t  various times in 
the nnchanged series L and N and the changed series K and M. When 
the solutions w r s  unchanged the KNO, available throughout the life 
nf t'he plant was only 6 gm. per plant and by the time the experimentas 
were finished very little or none of this remained in the solutions. The 
results obtained i n  these cases are sumniarised in Table I, in which 
the figurvs a.T)lilv to  the unit of ten plants, grown in six litres of 
solution. 

Table I (Solntions not, c h a n p d ) .  
I)ry weights Ratio of KNO, 

After -- from 6 litre8 lwndimd in mat tc'r procluretl 
Datt. wvcrks growt,h sollition per id  o w r  whiilr pt.ri(d 

KNO, lost of  10 plants Imt to dry 

SCTIf'b L 
April 'Llst 6 
May 12th 9 
May 19th 1 0  

Uay 10th 2 
May 17th 3 
May 24th 4 
.liine 23rtl 8 

Scritas N 

grams 
n w i  I : 2.00 

14447 I : ?.ti!) 

13.:i:17 1 : 2.63 

0.359 I : 0.37 
"520 I : 1.33 
7.292 1 : ?.31 

23. I 66 I : 3.91 

The ratio column qf Table I shows cleitrly t h i t  as the pea plant gets 
older the increase in dry  niatter produced hec:ortiw less dependent upon 
the amount, of nitrate ibbsorbed b,y the roots, and that, w e n  when very 
little intake is possiblc owing to exhaustion of the food supplies sonit' 



growth can still occur by tiieans of photosynthesis. It appears that  early 
in life, before the high tide o f  assimilation is reached, the 1)lant absorbs 
a relatively large amount o f  nutrient salts hy means of the roots without 
producing a correspondingly large quantity of dry matter, but as tirile 
goes on increasing amounts of drv matter are forrned for the same aruount 
of absorbed nitrate. The more favourable t h e  st'ason for assimilation tlie 
greater the amount of drv matter ultiniiitelv produced per tinit o f  KNO,, 
as is seen from the fact that for every grim a ) f  KXO, 3-91 gtw. o f  (try 
matter were produced in series N in the siirtiiiier niontlis against 2.6:2 gals. 
in series L in late spring. 

In  the changed series K and M a fresh supp1.v of nitrate was added 
every week and the results give the measure of absorpt.ion and growth 
for weekly periods, instead of extending over the whole life of the plant 
to date as in the former case. Under these circunistances it is to be 
expected that greater irregularity will occur in the figures, as the con- 
stant changes in environmental conditions will only be averaged up for 
a week instead of for the whole time of growth. Even so, however, there 
is some indication. especially in series M (Table 11). that as the plant gets 
older relatively less nitrate is utilised in the production of dry matter, 
though the evidence is less couclusive than where semi-starvation occurs. 

These results bring out the fact of the relative greater. iniportance 
of assimilation a t  the tirne of heavy growth, when triore efficient use is 
iiiade by the plant of the food rriat,erial absorhed hv the roots. For fu l l  
information on this point it would be necessary to liavc a series of 
analyses of the plant and t tie nutrient solution a t  regular intervals iii 

order that  the various factors introduced by loss, absoq)tion and as- 
similation might be exanlined arid correlated. 

Table I1 (Solutions chimged). 

Date 
Series K 

April 14th 
,, 21st 

May 12th 
,, 19th 
,, 26th 

May 10th ,. 17th 
., 24th 

June 23rd 

Series M 

A t  t w l  of 
- week 

5th 
6th 
9th 

10th 
11th 

2nd 
3rd 

8th 
4th 

KNO, lo& in Dry weight# 
the week o f  10 plmta 

froin 6 l i trep produced in 
solution thr nerhk 

grams prams 
2.34 3.176 
1.65 5.738 
3.72 6650 
4.14 20.984 
3.52 5.847 

Ratio of KNO, 
lost to dry 

mRtter produced 
in the week 

1 : 1.36 
1 : 3.48 
1 : 1.79 
1 : 5.07 
I : 1.66 

1 : 0.57 
I : 1.27 
I : 1.14 
I : 3.72 
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SUMMARY. 

1. Growth may be divided conveniently into t w o  well-marked periods. 
(a) 1st period, from the seedling stage till the time that the plant 

regains its initial weight after the loss by respiration, i . r .  the time during 
which a casual ohserver would say the plant “makes no growth.” 

2nd yrriod, succeeding the former, dnring which the plant is 
obviously making growth, and which continues till the latter ceases and 
desiccation sets in. 

2. The length of the first period varies inversely with t h e  mean 
masimum temperature, as the rate a t  which assimilation is able to 
make good the loss by respiration increases directly with rise of tem- 
perature, up to  a certain limit. 

3. The possible amount of growth as measured by the dry matter 
produced depends directly upon the bright sunshine and temperature 
when the food supply is adequate, but when the latter is limited the 
total growth is much less owing to  the lack of material for building up 
t.he tissues. Beyond a certain limit, however, the beneficial factors of 
heat and bright sunshine become harmful and result in the premature 
death of the plant. 

4. During the first period the rate of growth as shown by the 
efficiency index was associated with relatively warm days and nights, 
bright sunshine having little significant effect; the light, however, was 
good throughout for the season of the year. During the second period 
the rate was associated strongly wit,h sunshine and warm days, but not 
significantly with the night temperatures, which did not fall below 32” F. 

5. During the greater part of the year the maximum rate of growth 
(highest efficiency index) is reached early in life, very soon after the 
second period begins. Under favourable environmental conditions a 
high rate of increase is then maintained for several weeks, but in less 
favourable circumstances the efficiency index rapidly falls. In  winter, 
when temperatures rule low and there is little bright sunshine, the maxi- 
mum rate of growth is not reached till several weeks after the beginning 
of the second period, and even then the efficiency index is not very great. 

6. Plants with a restricted food supply make less total growth than 
those with abundant food. The falling off in the amount of dry matter 
produced does not seem to  be gradual but  is marked by definite periods 
of which the incidence varies a t  different seasons. 

7 .  Broadly speaking the response of plants to  thc environtncntal 
conditions is similar whether the food supply is abundant or rwt’ricted, 

Ann. Biol. VI 17 
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though the mean rate of growth is lower when food is scarce. During 
the first period the excess of food has no significant effect upon the rate 
of growth', but during the second period the mean differences in the 
rate of increase in the presence of abundance and of scarcity of food 
are strongly significant in favour of the well supplied plants. 

8. During the early weeks, corresponding approximately to  the 
first period of growth, the shoot/root ratio falls, owing to the steady 
increase in root weight which is associated a t  first with a decrease and 
later with an increase in shoot weight. During the second period of 
active growth the shoot increases in weight far more rapidly than the 
root, and thus the shoot/root ratio rises steadily. Increase in shoot 
growth is closely associated with rise in temperature, though the lowest 
mean maximum attained in the experiments did not cause a cessation 
of growth. Root growth is much affected by low mean maximum tem- 
peratures and practically ceased, under the experimental conditions, 
when they were consistently below 60" F. Rise in maximum temperature 
had much less beneficial action upon the roots than upon the shoots. 

9. I n  early stages of growth the amount of nitrate absorbed by the 
plant is relatively large in comparison with the dry matter produced, but 
later on more dry matter is formed in proportion to the same amount 
of nitrate, owing to  the accumulation of the products of assimilation. 

I n  conclusion I wish to  express my indebtedness to  Mr R. A. Fisher, 
who has examined the figures and has furnished me with the statistical 
information embodied in this paper. 

NOTE. 

SOME FACTORS IN PIJANT COMPETITION 

(THIS d()f'R1%'~4I,, VOL. VI, NOS. 0 AND 3, 1919.) 

By an oversight the weights of the barley and mustard seeds, used in tho calculation 
of the efficiency indices, were omitted. 

Mustard. Tables 1-11, pp. 145-147. Average wt. per seed .007 gm. 
Barley. Tables 111-VI, pp. 149-150. ,, ,055 ,, 
Barley. Tables IX-XVI, pp. 162-167. ,, -065 ,, 

In each case the efficiency indices are per cent. per day. 




