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SUMMARY

In three experiments the effects of light intensity and nutrient supply (nitrate or phosphate) and

their combined effects on the growth and morphogenesis of two shade-tolerant plant species and

a non-tolerant species were studied. Nutrient supply was limited by placing the plants on a standard

nutrient solution for a limited period each day and placing them on a nitrogen-freeor phosphate-free
solution for the rest of the day. The effects of light intensity and nitrate supply on growth and

morphogenesis showed a marked interaction: low nitrate supply caused a much greater decrease

in the relative growth rate under high light intensity, because ofmuch larger changes in the dry
matter ditribution; the net assimilation rate was only slightly affected by nitrate supply. The effects

of light intensity and phosphate supply on the dry matter distribution and the net assimilation

rate both showed interaction, but the effects on the relative growth rate were independent.Low

phosphate supply caused greater changes in the dry matter distribution under high light intensity
and a greater decrease in the net assimilation rate under low light intensity; the relative growth
rate decreased to the same extent under both high and low light intensities. The experimental data

were compared with the balanced quantitativemodel for root/shoot ratios proposed by Thornley

(1972). The results were very satisfactory, but it was concluded that the model must be used in

its exact form and that the use of approximations cannot be allowed.

1. INTRODUCTION

In shaded habitats, as in unshaded habitats, the nutrient supply in the soil is

assumed to be an important factor in determining the distribution ofherbaceous

plant species (Pigott & Taylor 1964). This, combined with the existence of

major interactions between the effects of light intensity and nutrient supply on

growth raises the question of whether shade-tolerant plant species react differ-

ently than non-tolerant species to a combination of low light intensity and low

nutrient supply. This combination is typical for forests, because there most of

the available nutrientsare accumulated in the trees and in the leaf litter(Grime

1979), and there is severe competition for the nutrients from the extensive root

systems of the trees. If shade species do react differently to a combination of

low light intensity and low nutrient supply, this might contribute to their shade

tolerance.
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Much less is known about interactions between the effects of light intensity

and other nutrients. In most studies the effects showed the same type ofinterac-

tion; a greater effect of nutrient supply on growth, under high light intensity

(Blackman & Rutter 1947, phosphate and potassium in Scilla non-scripta;

Pigott 1971,phosphate in Urtica dioica). Peace & Grubb (1982) used a combi-

nationof nitrate and phosphate for Impatiens parviflora and found that it pro-

duced the same effects as I described above, so the relative importance of phos-

phate is unclear. Another type of interactionbetween the effects of light intensity

and nutrient supply, an increase in the effect of the nutrient supply under low

light intensity, also occurs (Blackman & Wilson 1951, nitrogen, phosphate

and potassium combined in Helianthusannuus). In view of the well-know inter-

actions between the effects of nitrogen supply and light intensity, nitrogen was

probably not the limiting nutrient in that experiment. The authors’ conclusion

is opposite to mine: they concludedthat the effect of nutrient supply was greater

under high light intensity, as shown by the absolute decrease in the relative

growth rate, while I am interested in relative alterationsof the relative growth

rate. From their experiments, Chan & McKenzie (1971) concluded that there

was no interaction between the effects of light intensity and ammoniumsupply

on the growth, but their experimental species (corn) grew very poorly in the

absence of nitrate. Thus the general validity of their conclusion is doubtful.

Studying these relationships between nutrients, light intensity and plant

growth is complicated by the fact that the results greatly depend on the methods

used. In most of the studies mentioned above, the nutrient supply per plant

was the same in alle light intensities, and therefore the shortage of nutrients

was felt more strongly under high light intensities, simply because of the faster

growth of the plants (Ingestad 1962). This is particularly true for mobile nu-

trients such as nitrate, and for nutrient solutions, but sometimes also for less

mobile nutrients in soil (e.g. phosphate), when the soil volume is limited. For

this reason, in my experiments I chose a method in which the problem of adjust-

Very few studies have been done to compare the reactions of differentherba-

ceous species to certain combinationsof light intensity and nutrient supply, but

many studies have dealt with the reactions ofsingle species. The combinedeffects

of light intensity and nitrate supply on agricultural grasses have been described

frequently (e.g. by Alberda 1965, Deinum 1966, Lemaire 1975, Luxmoore &

Millington1971aand 1971b). All these studies clearly showed a larger increase

in dry matter production after the additionof nitrate under high light intensity.

Robson & Parsons (1978) asserted that the increase in dry matter production
after the addition of nitrate under high light intensity is partly caused by an

increased shoot weight ratio and partly by an increased rate of photosynthesis

per unit area, whereas under low light intensity only the shoot weight ratio in-

creases. Eriksen& Whitney(1981) compared the reactions ofsix tropical forage

grasses. Under a high light intensity the dry matter production was raised 1.5

to 3 times more by high nitrogen supply than it was raised under a low light

intensity. No attempt, however, was made to explain these differences in terms

of the ecology or other characteristicsof the species.
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ing the nutrient supply according to the size of the plants was avoided: the limit-

ing nutrient was supplied in optimum concentration in a water culture for a

limited constant period each day. The use of a water culture implies, however,

free access of the nutrients to the surface of the roots. In soil this is more or

less assured for nitrate, but not for phosphate. In the case of phosphate, one

aspect of the influenceof the light intensity on the root weight ratio was ignored.
Plants with a lower root weight ratio (low light intensity plants) explore a relati-

vely smaller volume of soil and so the effects of a low phosphate supply could

be greater in these plants in the field thanin my experiments.
The results of three experiments on the effects of light intensity and nutrient

supply on sun and shade plants will be discussed in this paper. Inall three experi-

ments (9,10 and 11) the effects of light intensity and nitrate supply were studied;

in experiment 11 the effects of light intensity and phosphate supply were in-

cluded. Experiments 1 to 8 were discussed in two earlier papers (Corre 1983a

and 1983b).

2. MATERIALS AND METHODS

2.1. Plant materials

In experiment 9 the sun species Galinsoga parviflora Cav. and the shade-tolerant

Stachys sylvatica L. were used, and in experiments 10and 11 G. parviflora was

compared with the shade-tolerant Urtica dioica L. Seeds collected from plants

in their naturalhabitats were germinated in a climateroom at 20°C underfluor-

escent light (40 W.nT
2
). The experiments were started approximately two weeks

after germination, except for experiments with U. dioica, which were begun circa

three weeks after germination.

2.2. Light intensity and nutrientsupply
All three experiments were carried out in a glasshouse which had a relative light

intensity of 65% of the natural light. This light level (L3) was reduced to 30%

(L2) and to 12% (LI) of the L3 level by black plastic shade screens. Experiment
9 was donein June and the beginning of July 1980, an extremely cloudy period.

At noon on clear days, a light intensity of 200 W.nT
2

(400-700 nm) could be

measured, but on most days it did not exceed 100 W.nT
2

. Experiment 10 was

done in August and the first week of September 1980, a period with many hours

of sunshine. The maximum light intensity was circa 180 W.m 2 in the glass-
house. The red/far-red ratio was 1.1 at all light levels inboth experiments. Exper-

iment 11 was done in September and October 1980. The natural light was aug-

mented with artificial light (Philips HPIT) with an intensity of 10 W.m
2

for

16 hours per day. So at noon in full sunshine the maximum light intensity was

75 W.m
2

. The red/far-red ratio varied from 1.4 to 3.5 at all light levels, depend-

ing on the quantity of natural light (r/fr ration natural light 1.1, r/fr ratioHPIT

3.5).

Three nutrient solutions were used; the standard solution, containing 6.0

me.r
1
NO3,0.5 me.!

-1
H

2
PQ

4,
3.5 me.L

1
S0

4 “, 3.5 me.r‘K+

,
4.5 me.L

1
Ca

+ +
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and 2.0 me.r1 Mg
++

; a nitrogen-free solution, containing 0.5 me.r
1

H
2
P0

4,

5.2 me. IT
1
S0

4 “, 4.0 me.I
-1

Cl“, 3.2 me.r
1
K

+

,
4.5 me.r 1 Ca++ and 2.0 me,l 1

Mg ++
; and a phosphate-free solution containing 6.0 me.r

1
NO3, 4.0 me.r

1
S0

4 ,

3.5 me.I."
1
K

+

,

4.5 me.!
-1

Ca
++

and 2.0 me.I 1 Mg
++ . All solutions contained

as trace elements2.0 ppm Fe, 0.5 ppm B, 0.7 ppm Mn, 0.05 ppm Mo, 0.1 ppm

Zn and 0.02 ppm Cu. The solutions had a pH of 6.5, were aerated constantly

and replaced once a week. Inexperiments 9 and 10 threenitrate nutritionregimes

were established. The plants were placed on the standard solution for 1 hour

(Nl), 3 hours (N3) or 24 hours (N24) each day. After the nitrate nutrition the

roots of the Nl and N3 plants were rinsed with demineralized water and the

plants were placed on the nitrogen-free solution for the rest of the day. In experi-

ment 11, three nutritionregimes were established: 2 hours on the standard solu-

tion and the rest of the day on nitrogen-free solution (N2); half an hour on

the standard solution and the rest of the day on the phosphate-free solution

(PO.5); and 24 hours on the standard solution (N24, P24).

2.3. Growth conditions and harvest procedures
In experiment 9 the night temperature was usually circa 20°C, the day tempera-

ture was mostly between 20° and 25°C; on the few sunny days it could rise to

circa 30°C. In the shaded compartments the night temperature, and on sunny

days also the day temperature, was usually circa 2° higher than the glasshouse

temperature. The maximum relative humidity was circa 70%, the minimum circa

30%. In the shaded compartments the corresponding values were 90% and 45%

respectively. These climatic differences, however, were assumed to cause no sig-

nificanteffects on growth (Van Dobben et al. 1981). In experiment 10 the night

temperature was also mostly circa 20°C, but the day temperature frequently

exceeded 30°C. The maximum relative humidity was circa 65%, the minimum

circa 25%, in the shaded compartments the corresponding values were circa 90%
and 40%. In experiment 11 the minimum night temperature was 15°C and the

day temperature was mostly between 20° and 25°C. The maximum relative hu-

midity was circa 70%, the minimum circa 35%. In the shaded compartments

the corresponding values were circa 90% and 45% respectively.

In experiments 9 and 10, in which the influence of light intensity and nitrate

supply on the competition between sun and shadeplants was also studied (Corre
in preparation), the plants were not grownseparately, as usual, but twelve plants

were placed in an area of 0.0625 m
2
and harvested simultaneously. Of each spe-

cies, two replicates of twelve plants from each treatment were harvested 2, 3,

4 and 5 weeks after the start of the experiments. The fresh and dry weights of

leaf blades, of stems with petioles, and of roots were recorded, and leaf area

was measured. For growth analysis, the only data used were those obtained

from plants harvested before exponential growth passed into a more linear

growth as a result of mutual shading. In experiment 11 the plants were grown

separately and growth was exponential during the whole growth period of 24

days. Every 6 days, 10 plants of each species and from each treatment were

harvested, and the same variables measured as in the other experiments. In all
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experiments, the total nitrogen content of the plants of the final harvest was

measuredafter wet ashing with sulphuric acid and salicylic acid, and the nitrate-

nitrogen content was measured after extraction with demineralized water. The

organic nitrogen content was calculated by subtracting the nitrate-nitrogen con-

tent from the total nitrogen content. In addition, in experiment 11 the phosphate

content was measured after the wet ashing.

3. RESULTS

All results from growth analysis and chemical analysis are listedin table 1 (exper-
iments 9 and 10) and in table 2 (experiment 11).

3.1. Control series (N24, P24)

The reactions of the three species to light intensity confirmed the results ofexper-

iments 3 and 4 (Corre 1983a). In low light intensity the relative growth rate

fell, because the decrease in the net assimilationrate greatly exceeded the increase

in the leaf area ratio. No fundamental differences could be seen between the

species. But the data on chemicalcomposition indicated that light intensity did

produce different effects in sun and shade species. In Galinsoga parviflora, under

low light intensity the total nitrogen content tended to be higher, while the ni-

trate-nitrogen content was clearly higher and the organic nitrogen content

tended to be lower. Surprisingly, in Stachys sylvatica and in Urtica dioica the

levels of the different nitrogen compounds were hardly affected by the light in-

tensity. Even the content of free nitrate was constant, except in U. diocia in

experiment 10, where it was slightly higher in low light intenstity plants. The

phosphate content of Galinsoga parviflora was slightly higher under low light

intensity; in Urtica dioica no trend was visible.

3.2. Nitrate series (N1, N2, N3)

Under conditionsof high light intensity, limiting the nitrate supply caused a

large decrease in the relative growth rate in all species. A lower leaf area ratio

appeared to be largely responsible for this decrease; the net assimilation rate

remained unaffected (experiments 9 and 10) or decreased only slightly (experi-

ment 11). As the values of the specific leaf area show, the leaf thickness did

not appear to be influenced by the nitrate supply. Thus the decrease in the leaf

area ratio was caused by a lower leaf weight ratio. The leaf weight ratio was

indeed much lower when the nitrate supply was low, and the root weight ratio

increased greatly at the expense of both stem and leaves. Under conditions of

low light intensity, the relative growth rate was only slightly lower when the

nitrogen supply was low. Mostly this decrease was caused by a small decrease

in the netassimilation rate, while the leaf area ratio remained unaffected. The

root weight ratio was slightly higher under these conditions too, but a decrease

in the stem weight ratio was sufficient to achieve this and the leaf weight ratio

remained unaffected. Thus it was concluded that the interaction between the

effects of light intensity and nitratesupply on the relativegrowth rate was major.
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Table
1.

Data
on

growth

analysis
and

chemical

composition
of

plants
from

experiments
9

and

10.

Experiment
9

Galinsoga
parviflora

Stachys

sylvatica

LI

L2

L3

LI

L2

L3

Nl

N3

N24

Nl

N3

N24

Nl

N3

N24

Nl

N3

N24

Nl

N3

N24

Nl

N3

N24

SLAcm
2

.mg
"'

1.64

1.69

1.62

1.23

1.25

1.18

0.70

0.73

0.70

1.35

1.34

1.36

0.96

0.98

0.99

0.58

0.58

0.61

LWR

mg.mg"
1

0.54

0.55

0.55

0.47

0.53

0.60

0.41

0.51

0.60

0.57

0.62

0.61

0.54

0.59

0.64

0.46

0.55

0.61

SWR

mg.mg"
1

0.32

0.34

0.37

0.22

0.25

0.27

0.16

0.18

0.18

0.29

0.28

0.31

0.21

0.22

0.24

0.15

0.17

0.19

RWR

mg.mg"
1

0.14

0.11

0.08

0.31

0.22

0.13

0,43

0.31

0.22

0.14

0.10

0.09

0.25

0.19

0.12

0.39

0.28

0.20

LARcm
.mg"

1

0.89

0.93

0.89

0.58

0.66

0.71

0.29

0.37

0.42

0.77

0.83

0.83

0.52

0.58

0.63

0.27

0.32

0.37

(10

Of/,)

(104%)

(82%)

(93%)

(69%)

(88%)

(93%)

(100%)

(83%)

(92%)

(73%)

(86%)

N

AR

mg.cm

"
2

.day

"

1

0.12

0.12

0.13

0.38

0.35

0,35

0.87

0.78

0.81

0.12

0.12

0.12

0.30

0.29

0.31

0.66

0.62

0.66

(92%)

(92%)

(109%)

(100%)

(107%)

(96%)

(100%)

(100%)

(97%)

(94%)

(100%)

(94%)

RGR

mg.mg"
'.day

“
1

0.106

0.112

0.116

0.222

0.231

0.246

0.251

0.288

0.339

0.094

0.100

0.103

0.156

0.167

0.198

0.177

0.198

0.245

(91%)

(97%)

(90%)

(94%)

(74%)

(85%)

(91%)

(97%)

(79%)

(84%)

(72%)

(81%)

total
N

mg.mg"
1

0.029

0.040

0.041

0.021

0.024

0.042

0.015

0.023

0.026

0.019

0.028

0.038

0.014

0.017

0.037

0.016

0.018

0.038

N0
3

-N

mg.mg"
1

0.002

0.008

0.022

0.000

0.002

0,022

0.000

0.001

0.008

0.000

0.001

0.012

0.000

0.000

0.013

0.000

0.000

0.011

organic
N

mg.mg"
1

0.027

0.032

0.019

0.021

0.022

0.020

0.015

0.022

0.018

0.019

0.027

0.026

0,014

0.017

0.024

0.016

0.018

0.027

USR

mg.mg"
1

.day

"
1

0.123

0.126

0.126

0.322

0.296

0.283

0.440

0.417

0.435

0.109

0.1

11

0.113

0.208

0.206

0.225

0.290

0.275

0.306

SARmg.mg“
l

.day“
1

0.022

0,041

0.059

0.015

0.025

0.079

0.009

0.021

0.040

0.013

0.028

0.043

0.009

0.015

0.061

0.007

0.01
1

0.046

experiment
10

Galinsoga
parviflora

Urticadioica

2

1

SLA

cm

,mg

1,56

1.65

1.62

1.14

1.26

1.29

0.56

0.62

0.80

1.29

1.31

1.23

0.96

1.02

0.96

0.58

0.59

0.59

LWR

mg.mg"
1

0.52

0,52

0.52

0.50

0.51

0.53

0.45

0.47

0.54

0.65

0.64

0.66

0.60

0.64

0.68

0.57

0.59

0.68

SWR

mg.mg"
1

0.37

0.39

0.41

0.21

0.25

0.37

0.17

0.20

0.29

0.23

0.24

0.26

0.15

0.16

0.19

0.10

0.13

0.17

RWRmj>.mg"'

0.11

0.09

0.07

0.29

0.24

0.10

0.38

0.33

0.17

0.12

0.12

0.09

0.25

0.20

0.13

0.33

0.28

0.15

LARcm
.mg"
1

0.81

0.86

0.84

0.57

0.64

0.68

0.25

0.29

0.43

0.84

0.84

0.81

0.58

0.65

0.65

0.30

0.35

0.40

(97%)

(102%)

(84%)

(94%)

(58%)

(65%)

(104%)

(104%)

(89%)

(100%)

(75%)

(88%)

NAR

mg.cm"
2

.day"'

0.13

0.13

0.14

0.34

0.34

0.37

1.00

0.96

0.82

0.11

0.12

0.13

0.27

0.27

0.31

0.62

0.66

0.70

(93%)

(93%)

(92%)

(92%)

(122%)

(117%)

(85%)

(92%)

(87%)

(87%)

(89%)

(94%)

RGR

mg.mg"
1

.day

"
1

0.106

0.110

0.116

0.195

0.216

0.249

0.250

0.277

0.353

0.090

0.099

0.106

0.159

0.174

0.200

0.186

0.230

0.280

(91%)

(95%)

(78%)

(87%)

(71%)

(79%)

(82%)

(93%)

(80%)

(87%)

(70%)

(82%)

total
N

mg.mg"
1

0.023

0.034

0.046

0.016

0.019

0.034

0.009

0.018

0.025

0.031

0.034

0.043

0.021

0.025

0.039

0.018

0.023

0.038

NO,-N

mg.mg"
1

0.001

0.011

0.027

0.000

0.001

0.021

0.000

0.001

0.008

0.002

0.002

0.018

0.000

0.001

0.016

0.000

0.000

0.011

organic
N

mg.mg"
1

0.022

0.023

0.019

0.016

0.018

0.013

0.009

0.017

0.017

0.029

0.032

0.025

0.021

0.024

0.023

0.018

0.023

0.027

USR

mg.mg"
l

.day"
1

0.119

0.121

0.125

0.275

0.284

0.277

0.403

0.413

0.425

0.102

0.113

0.116

0.212

0.218

0.230

0.278

0.319

0.329

SAR

mg.mg"
l

.day“
l

0.022

0.042

0.076

0.011

0.017

0.085

0.006

0.015

0.052

0,023

0.028

0.051

0.013

0.022

0.060

0.010

0.019

0.071
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Changes in the dry matter distribution were responsible for this. Specific leaf

area and net assimilation rate did not react to low supply of nitrate or reacted

independently of the light intensity. The growth of the various species reacted

very similarly to a low supply of nitrate, but in experiment 11 Urtica dioica

showed a greater decrease in relative growth rate than did Galinsoga parviflora.
Total nitrogen content was, ofcourse, lower when the nitrate supply was limit-

ed. The free nitrate content became particularly low, although Galinsoga parvi-

flora still contained an appreciable amount of free nitrate when subjected to

a limited supply of nitrate under the lowest light intensity (except for the N1

treatment). In G. parviflora and Urtica dioica the content of organic nitrogen

Table 2. Data on growth analysis and chemical composition of plants from experiment 11

N series

Galinsogaparviflora Urtica dioica

LI L2 L3 LI L2 L3

N2 N24 N2 N24 N2 N24 N2 N24 N2 24 N2 N24

SLAcm
2

.mg
1

1.69 1.60 1.27 1.26 0.75 0.69 1.31 1.30 0.96 0.96 0.55 0.53

LWR mg.mg’
1

0.56 0.58 0.49 0.59 0.41 0.56 0.62 0.63 0.52 0.63 0.46 0.61

SWR mg.mg 1 0.30 0.34 0.18 0.26 0.16 0,26 0.22 0.25 0.19 0.22 0.20 0.20

RWR mg.mg’1 0.14 0.08 0.33 0.15 0.43 0.18 0.16 0.12 0.29 0.15 0.34 0.19

LARcm .mg 1 0.94 0.93 0.62 0.74 0.31 0.38 0.81 0.82 0.50 0.60 0.25 0.32

(101%) (84%) (82%) (99%) (83%) (78%)

NAR mg.cm
2

.day
1

0.11 0.12 0.25 0.27 0.63 0.68 0.08 0.10 0.26 0.29 0.60 0.73

(92%) (93%) (93%) (80%) (90%) 82%)

RGRmg.mg '.day 1 0.100 0.109 0.158 0.199 0.194 0.259 0.066 0,082 0,128 0.172 0.151 0.235

(92%) (79%) (75%) (84%) (74%) (64%)

total N mg .mg
1

0.044 0.062 0.033 0.061 0.027 0.064 0.047 0.061 0.030 0.055 0.033 0.054

NO-i-N mg,mg 1 0.012 0.031 0.001 0,024 0.000 0.019 0.007 0.022 0.001 0.020 0.000 0.020

organic N mg.mg’
1

0.032 0.031 0.032 0.037 0.027 0.045 0.040 0.039 0.029 0.035 0.033 0.034

USR mg.mg”
l

.day”
1

0.116 0.118 0.234 0.234 0.340 0.316 0.079 0.093 0.180 0.202 0.229 0.290

SAR mg.mg’
1 .day’ 1

0.035 0.084 0.016 0.081 0.012 0.091 0.019 0.041 0.014 0.063 0.015 0.067

P series P0.5 P24 P0.5 P24 P0.5 P24 P0.5 P24 P0.5 P24 P0.5 P24

SLA cm

2.mg 1 1.64 1.60 1.23 1.26 0.70 0.69 1.30 1.30 0.94 0.96 0.52 0.53

LWR mg.mg’ 1 0.58 0.58 0.56 0.59 0.48 0.56 0.64 0.63 0.59 0.63 0.50 0.53

SWR mg.mg’
1

0.31 0.34 0.24 0.26 0.19 0.26 0.23 0.25 0.21 0.22 0.19 0.20

RWR mg.mg ' 0.11 0.08 0.20 0.15 0.33 0.18 0.13 0.12 0.20 0.15 0.31 0.19

LARcm.mg’ 1 0.95 0.93 0.69 0.74 0.34 0.38 0.85 0.82 0.55 0.60 0.26 0.32

(102%) (93%) (89%) (104%) (92%) (81%)

NAR mg.cm

2

.day 1 0.11 0.12 0.26 0.27 0.69 0.68 0.08 0.10 0.27 0.29 0.74 0.73

(92%) (96%) (101%) (80%) (93%) (101%)

GRRGRmg.mg '.day’ 1
0.101 0.109 0.182 0.199 0.236 0.259 0.069 0.082 0.147 0.172 0.194 0.235

(93%) (91%) (91%) (84%) (85%) (83%)

PO4 mg.mg
1

0.016 0.033 0.024 0.032 0.017 0.025 0.021 0.030 0.012 0.041 0.011 0.024

USR mg.mg'.day’ 1

0,113 0.118 0.228 0.234 0.352 0.316 0.079 0.093 0.184 0.202 0.281 0.290

SAR mg.mg’
1 .day’ 1

0.015 0.047 0.022 0.043 0.012 0.041 0.011 0.020 0.006 0.047 0.007 0.030
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decreased under higher light intensities; in Stachys sylvatica it decreased under

all light intensities.

3.3. Phosphate series (P0. 5)

When little phosphate was supplied, the relative growth rate in both species
fell by exactly the same proportion under all light intensities, which suggests

that light does not affect the effects of phosphate supply. Urtica dioicawas more

sensitive to phosphate than Galinsoga parviflora. However, the data on leafarea

ratio and net assimilation rate in both species showed that there was an interac-

tion between the effects oflight intensity and phosphate supply. When the supply
of phosphate was low the leafarea ratio only decreased underhigh light intensit-

ies, but the net assimilation rate decreasedonly under low light intensities. The

reaction of the leaf area ratio was similar to that induced by a low supply of

nitrate and was also caused by changes in the dry matter distribution. The way

the net assimilation rate reacted cannot be explained by the total phosphate

content, which was not lower under the lowest light intensity than under the

highest light intensity, where the net assimilation rate remainedunchanged. The

phosphate content was lower with low phosphate supply, but it did not show

a clear relation with light intensity.

4. DISCUSSION

4.1. Growth and morphogenesis

The well-known interactionbetween theeffects of nitratesupply and light inten-

sity, i.e. an increasedeffect of nitrate supply under high light intensity, was clear-

ly supported in these experiments. Nitrate supply had major effects on morpho-

genesis (i.e. on dry matter distribution) and only minor effects on metabolism

(i.e. on net assimilation rate). Yet Hewitt & Smith (1975) and Robson & Par-

sons (1978) found that a limited nitrate supply depressed the net assimilation

rate appreciably under high light intensity but not under low light intensity.

This disaccordance, however, might have resulted from the use ofother methods

of ensuring a low nitrate supply. If the nitrate supply is not adjusted to the

size of the plant, but remains constant or even decreases over time (Robson

& Parsons treatedtheir experimental plants for 25 days with a high nitrate sup-

ply and thereafter with a constant low supply of nitrate), the nitrogen status

of the plant will decline (Ingestad 1962). A declining nitrogen status during

growth is known to produce a large decrease in the photosynthetic capacity

(Natr 1975). The effects of this on the net assimilation rate were illustrated

in an experiment done by Welbank (1962). He found that the nitrogen content

and the net assimilation rate of Impatiens parviflora declined rapidly after the

start of the experiment when the plants had to compete with Agropyron repens

for a small amount of nitrogen, supplied in one dose at the start of the experi-

ment. Without competition the nitrogen content and the net assimilation rate

did not decline until after several weeks. Under a low light intensity, light will
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generally limit photosynthesis; thus the effect of alower photosynthetic capacity

will not be as important as it is under a high light intensity. It seems logical

that plants growing under a low light intensity will require smalleradaptations

to low nitrate supply, because slow-growing plants have a lower absorption rate

on the basis of plant weight and thus they require a smaller root weight ratio

to maintain normal levels of nutrients, provided that the absorption capacity

on the basis of root weight is not affected. The actual absorption rate on the

basis of root weight may be low under low light intensity (see, for example,

Rufty et al. 1981). The very high levels of free nitrate and the almost normal

levels of organic nitrogen that I recorded in the low light intensity plants, suggest

that this lower absorption rate is probably primarily the results of the lower

growth rate and the concomitant fall in the demand for nitrogen, and not the

result of a fall in absorption capacity, or of the absorption rate being limited

by energy supply. Indeed, the absorption rates of nutrients have been found

to be lower when the energy supply of the roots is limited(Crapo & Ketellap-

per 1981, Hanisch ten Cate & Breteler 1981, Roster 1973), but in all those

experiments it was always measured in high light intensity plants in which the

energy supply of the roots was limited artificially, for example by moving the

plants into shade. And since Crapo & Ketellapper (1981) found that root

growth was restricted much more than nutrient (potassium) absorption by low

energy supply, it seems probable that these results do not apply unconditionally

for plants adapted to a low energy supply. It can be concluded that plants react

to low nitrate supply mainly by means of morphogenetic adaptations and they
maintain a reasonable organic nitrogen content. When an appreciably lower

photosynthetic rate or net assimilationrate is reported in the literature, it proba-

bly results from the fact that the method used to supply the nitrate has not

been adjusted to the size of the plants.
The fact that smaller morphogenetic adaptations are required under low light

intensity also holds true when the phosphate supply is limited, provided that

the phosphate has free access to the surface of the roots, as in experiment 11.

Thus it is not surprising that when the phosphate supply was restricted, the

leafarea ratio decreased more under high light intensity than under low light

intensity. It is, however, remarkable that with a low supply of phosphate, the

net assimilation rate decreased under low light intensity. No reason could be

found for this; the phosphate contents gave no clues for an explanation. That

no interaction was found between the effects of light intensity and phosphate

supply on the relative growth rate does not exclude the possible existence of

any interaction(for example, ifthe phosphate supply is limited more drastically).

The clear interactionsbetween the effects of light intensity and phosphate supply

on the leafarea ratio and the net assimilationrate give credence to this hypothe-

sis. Whether this interaction implies a larger decrease in the relative growth rate

under high light intensity or under low light intensity is difficult to assess. Be-

cause smaller morphogenetic adaptations are necessary under low light intensity

(provided that the phosphate has free access to the surface of the roots), it is

probable that the relative growth rate would decrease relatively more under high
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light intensity, but the effects on the assimilation rate remain unpredictable.

Although my data on relative growth rate show that light intensity and phos-

phate supply act independently on relative growth rate, the data on dry weight

suggest that there is an interactionbetween the effects of these two factors. Be-

cause the relative growth rate is an exponential term in the relation between

initial weight, final weight and time, W
2 =W, •e

RGR(t2~
t
l

),
the same percentage

decrease in the relative growth rate causes a larger relative decrease in the final

weight in faster growing (high light intensity) plants. This is illustrated in table

3. This also means that when a larger relative decrease in the final weight is

found under high light intensity, as is often cited in the literature (e.g. Pigott

1971, Pigott& Taylor 1964), a concomitantly larger relative decrease in the

relative growth rate should not be inferred. For the same reason, interactions

mentionedin the literature should be regarded with caution. It can be concluded

that the possible interactionsbetween the effects of light intensity and phosphate

supply are not yet clear and that experiments with lower supplies of phosphate

will be necessary. Also, interactions between the effects of light intensity and

other nutrients are not easy to predict. An important factor in determining the

interaction is the effect of the nutrient involved on the root/shoot ratio, and

this effect is very differentfor the various nutriens, depending on their functions

in the plant (Curtis & Clark 1950). This, and the fact that the nutrients have

different mobilities in the soil, makes it probable that the interactions are nu-

trient-specific.
The fact that the growth of Urtica dioica was hampered more by a limited

supply of phosphate than that of Galinsoga parviflora agrees with the results

obtained by Rorison (1968) (who found that U. dioica grew very poorly on

nutrient solutionswith a low phosphate concentration) and by Pigott& Tay-

lor (1964) (who found that U. dioica was especially restricted in its distribution

by its need for a high phosphate supply).

4.2. The functional equilibrium between roots and shoots

The adaptions in the dry matter distributionof the experimental plants to light

intensity and nutrient supply are expressions of a functional relationship be-

Table 3. Relative growth rate and dry matter production at two light levels and two phosphate

levels in experiment 11.

Galinsoga parviflora Urtica dioica

RGRg.g '.day 1 dry weight g RGRg.g '.day 1 dry weight g

P0.5 P24 P0.5 P24 P0.5 P24 P0.5 P24

LI 0.101 0.109 0.050 0.060 0.069 0.082 0.36 0.049

(93%) (83%) (84%) (77%)
L3 0.236 0.259 1.27 2.20 0.194 0,234 0.73 1.94

(91%) (58%) (83%) (38%)
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tween root and shoot systems (see, for example, Troughton 1960), a relation-

ship known as the functional equilibrium (Brouwer 1963). On empirical

grounds, Davidson (1969) found that the equilibrium could be expressed by
the equation:

root mass x rate
(absorption)

a leafmass x rate
(photosynthesis) (1)

This means that the root/shoot ratio reacts to changes in the activity rates that

result from changes in the functioning of the plant (e.g. caused by ageing) or

in the environment, in order to maintain a constant level of a given nutrient.

Later, Thornley (1972) described a theoretical quantitative model for root/
shoot ratios in which the content of the nutrient (nitrogen) or, more precisely,
the utilizationrate of nitrogen to carbon was also considered to be constant,

but in which pools of nitrogen and carbon were also involved.These pools were

not considered to be constant, but to depend on the rates of absorption and

photosynthesis. As these pools are relatively small compared with the total

amounts ofstructural carbonand nitrogen, Thornley believed that the equation

specific root activity x root weight ratio =

N/C ratio x specific shoot activity x shoot weight ratio (2)

was a justified approximation. This equation is essentially the same as equation

(1). Hunt & Burnett (1973) introduced another approximation of equation

(1):

root mass/shoot mass ot 1 /(specific absorption rate/ unit shoot rate) (3)

Thornley (1975) contendsthat thisis not an approximation but is also essential-

ly the same equation; thus equations (1), (2) and (3) express the same relation-

ship. Afterplotting the data, however, Hunt& Burnett concludedthat equation

(3) was not sufficient, and that the root/shoot equilibrium could be described

more satisfactorily by the equation:

mass ratio = a + b x 1/activity ratio (4)

In the Hunt& Burnett’sexperiment the model

mass ratio = —0.001 +45.0 x 1/activity ratio

was found. In that model, a was insignificantly small and thus the nutrient (po-

tassium) content was constant. Thornley’s (1975) criticism that (4) is an unde-

sirable complication of (3) therefore seems to be justified. The potassium limita-

tion in thatexperiment, however, was not severe enough to decrease the growth

rate of the experimental plants, and a constant potassium content was only to

be expected. In other experiments with a more severe stress of various nutriens
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(K, N, P), however, a was positive and significant (Hunt 1975, Hunt et al.

1975, Hunt 1976). A positive a means that the content of the nutrient is not

constant, but that it decreases as the root/shoot ratio increases; this seems more

feasible.

Itwouldbe very interesting to see what relationship wouldemergeifin Thorn-

ley’s model (equation 2) not only the structural nitrogen and carbon, but also

the pools of non-structural nitrogen and carbon were taken into account. Be-

cause the nitrogen pool is thought to be smaller when the nitrogen absorption

rate is lower or when the carbon assimilation rate is higher, the total nitrogen

content will be lower as the root/shoot ratio increases, as in Hunt & Burnett’s

model. In this case, equation (2) (which is Thornley’s equation (43)) must not

be used, but instead his equation (42), of which (43) is an approximation. This

equation (42):

k
N x fr— p x N = k(kc x fs —

p x C) (5)

can be converted(after Thornley’s equations (40) and (41)) to:

k
N

x fr — k
N

x fr x ———r— x N =A,(kc
x fs —k

c
x fs x ———r— x C)

N +
0Yg

C +
0Yg

Fig. 1. Relationship betwee- root/shoot mass ratio and shoot/rootactivity ratio, data from Thorn-

ley (1972),

data fromThomley, table 1. ff
_ 00 , 7 + 0 ,,5 £ r = 0 ,9999

fs k
N

fr k
O: data from Thornley, table 2. — = 0.035 + 0.110 . c

r = 0.9999,
fs k

N
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and further to:

r

(1

fr
,

kr C
+

©Yg
r = krL

X (6)
fs kMTi

0-—V)
N

+
0Y

o

Equation (5), and thus also equation (6), do apply for Thornley’s model plant

(Thornley 1972, tables 1 and 2). In my fig. 1, fr/fs for this model plant was

plotted against k
c/kN,

using Thornley’s data (fr/fs was recalculated after equa-

tion (6), in order to minimize rounding errors). Using the data of Thornley’s

table 1, where k
c was varied, the model

fr/fs = 0.017 + 0.115 k
c/kN (r = 0.9999; 0.017 is 99% significantly higher

than 0)

was obtained, while the data from Thornley’s table 2, where k
N was varied,

gave the model

fr/fs = 0.035 + 0.110 k
c/kN (r = 0.9999; 0.035 is 99% significantly higher

than 0.017).
Both models are exactly the same type as equation (4) and this adds credence

to Hunt & Burnett’s model. On the other hand, it does not seem to be justified

to suppose that the behaviour of the root/shoot ratio in an experiment can be

described by a single model, particularly when, for example, a high k
c/kN

ratio

can be caused by a high k
c

or by a low k
N ,

as in Hunt & Burnett’s work. That

the model has a larger a when k
N is varied than when k

c
is varied means that

the nitrogen content ofthe plant, or the N/C ratio, changes more with a changing

k
c/kN

ratio when k
N

is varied, which seems quite reasonable. Concomitant with

a larger a a varying k
N causes a smaller b. This means that variations in the

k
c/kN ratio, resulting from changes in k

N cause smallerchanges in the fr/fs ratio

than equal variations in the k
c/kN ratio, as a result of changes in k

c .

This is

logical, because ifa changing k
N causes a greater change in the nitrogen content,

a smallerchange willbe neededin the fr/fs ratio to achieve this nitrogen content.

The validity of these assertions was tested using data from experiments 9,

10 and 11, in which both light intensity (kc) and nitrogen supply (k N) were var-

ied. Because the values of k
c

and of k
N were not measured, the root/shoot ratio

was plotted against the USR/SAR ratio, which could be calculated from the

harvest data (fig. 2). According to Thornley (1975) the use of the USR/SAR

ratio is justifiable. Infig. 2 the data are fromplants that received eitheravarying

light intensity or a varying nitrogen supply. The validity of the model

fr/fs = a + bx USR/SAR
seemed to be good, r was mostly 0.999 and never below 0.998. In experiments

9 and 10, when light intensity was varied and the variation in USR was much

larger than the variation in SAR, a varied beteen0.054 and 0.060, and was 99%

significantly higher than zero in all cases. When the nitrogen supply was varied

and the SAR varied greatly, but the USR remained fairly constant, a varied
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between 0.070 and 0.101. this range of values for a was clearly higher than that

when light intensity was varied (99% significant in experiment 9 (for both spe-

cies), but not significant in experiment 10). In experiment 11, when light intensity

was varied, a lower a was found: 0.003 to 0.022, only 0.022 being significantly

higher than zero (99%). But the nitrogen supply to the plants whose data I used

was higher, and this might have influenced the model. When the nitrogen supply

was varied, a was similar to the values for a found in experiments 9 and 10

(0.103 to 0.104). Thus in experiment 11 too, a was definitely higher when the

Fig. 2. Relationship between root/shoot mass ratio and shoot/root activity ratio for different light

levels and for different nitrate levels in experiments 9, 10 and 11.
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nitrogen supply varied than when the light intensity varied, although this was

not mathematically significant because with varying nitrogen supply the regres-

sion was based on only two data.

It can be concluded that in agreement with Thornley’s model, the nitrogen

content changes more when nitrogen supply is changed than when light intensity

is changed, although these changes have the same effects on the USR/SAR ratio.

Myexperimental datafittedThornley’s model very well, but the approximations
made by Thornley himselfand by Hunt & Burnett are simplifications that are

not justified. The fact that the model fittedmy experimental datawell also means

that the prerequisites Thornley(1972) stipulated, i.e. a steady state exponential

growth with a constant dry matter distribution, net assimilation rate and specific
absorption rate, were met in my experiments. Thus, my decision to supply the

optimum amount of the nutrient for a limited period each day, appeared to

be correct and very useful. The failure of other researchers to acknowledge that

the exact model gives much better results than the approximations probably

results from the widespread use of methods of nutrient supply in which the sup-

ply is not adjusted to the size of the plants, but is constant (e.g. a: mg per plant

per day) or even decreases with time (e.g. one single dose in soil at the start

ofthe experiment); this disturbs the steady-state exponential growth. It can also

be concluded that Thornley’s assumption that in a broad rangeof light intensit-

ies and nutrient supplies the N/C ratio of the structural dry matter of the plant

remains constant and the differencesin the nitrogen content are mainly caused

by changes in the nitrogen content of the non-structuraldrymatter, is justifiable.

5. CONCLUSIONS

The effects of light intensity and nitrate supply on growth did interact in all

species tested. The interaction was apparent in the morphogenesis. With a low

supply of nitrate the leaf weight ratio decreased much more under high light

intensity than under low light intensity, while the effect on the net assimilation

rate was small and did not depend on light intensity.

No interaction was found between the effects of light intensity and phosphate

supply on the growth of both species, because the interactions between these

effects on morphogenesis (LAR) and on productivity (NAR) cancelled each

other out. With a low supply of phosphate, the leaf area ratio only decreased

under high light intensity, but the net assimilation rate only decreased under

low light intensity.

The different species reacted very similarly to light intensity and to nitrate

supply; the reaction to phosphate supply was stronger in Urtica dioica than in

Galinsoga parviflora.

The interactions between the effects of light intensity and nutrient supply did

not differ between species. Thus it is unlikely that the shade tolerance of Stachys

sylvatica and Urtica dioica is partly or wholly based on a lower sensitivity to

low nutrientsupply under low light intensity.

The method used for limiting the nutrient supply, an optimum supply during
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a limited period each day, enabled the nutrient supply to be adjusted to the

size of the plants and this allowed the results to be accurately evaluated.

ACKNOWLEDGEMENTS

Mrs. MartjeVerf is gratefully acknowledgedfor all the energy she put into experiments 9 and 10.

ABBREVIATIONS

The abbreviations and formulas for growthanalysis used conform with Hunt (1978).

Abbreviations used in chapter 4.2.

R root mass mg (1)

S shoot mass mg (1)

USR unit shoot rate mg.mg'.day 1 (1)
SAR specificabsorptionrate mg.mg'.day 1 (1)

kc specific shoot activity kgmol.m
3

s 1 (2)
C mean carbon substrate concentration kgmol.m

3

(2)

k_N specific root activity kgmol.m
3 .s ' (2)

N mean nitrogen substrate concentration kgmol.m
3

(2)

Y
c

conversion efficiency ofcarbon (2)
substrate into plant drymatter

fr root weight ratio (2)
fs shoot weight ratio (2)

0 dry matter to volume conversion factor m
3.kgmor* (2)

X atomicratio ofnitrogenatoms to carbon atoms in the plants (2)

p specific growthrate m
3
.m

3
.s ' (2)

(1) cf. Hunt& Burnett (1973), (2) cf. Thornley (1972)

REFERENCES

Alberda, T. (1965): The influence of temperature,light intensity and nitrate concentration on dry

matter production and chemical composition of Lolium perenne L. Neth. J. Agric. Sci. 13:

335-360.

Blackman,G. E. & A. J. Rutter (1947): Physiological and ecological studies in the analysis of

plant environment. II. The interaction between light intensity and mineral nutrient supply in

the growth and developmentof the bluebell (Scilla non-scripta). Ann. Bot. 11: 125-158.

—
& G. L. Wilson (1951): Physiological and ecological studies in the analysis ofplant environment.

VII. An analysis of the differential effects of light intensity on the net assimilation rate, leaf

arearatio and relative growthrate ofdifferent species. Ann. Bot. 15: 373-408.

Brouwer, R. (1963); Some aspects ofthe equilibrium between overground and undergroundplant

parts. Jaarboek IBS 1963: 31-39.

Chan, Wing-to & A. F. Mackenzie (1971): Effects of light intensity and nitrogen level and source

on growth of com (Zea mays L.) in a controlled environment. Plant and Soil 35: 173-178.

Corré, W. J. (1983a): Growth and morphogenesis of sun and shade plants. I. The influence of

light intensity. Acta Bot. Neerl. 32: 49-62.



293GROWTH AND MORPHOGENESIS OF SUN AND SHADE PLANTS 111

—, (1983b): Growth and morphogenesis of sun and shade plants. II. the influence oflight quality.
Acta Bol. Neerl. 32: 185-202.

—,
(1983c): Growth and morphogenesis of sun and shade plants. IV. Competition between sun

and shade plants in different light environments, (in preparation).

Crapo, N. L. & H. J. Ketellapper (1981): Metabolic priorities with respect to growth and mineral

uptake in roots of Hordeum,Triticum and Lycopersicon. Am. J. Bol. 68: 10-16.

Curtis, O. F. & D. G. Clark (1950): An introduction toplant physiology. McGraw-Hill, New York.

752 pp.

Davidson, R. L. (1969): Effect of root/leaf temperaturedifferentials on root/shoot ratios in some

pasture grasses and clover. Ann. Bol. 33: 561-569.

Deinum, B. (1966): Climate, nitrogenand grass. Meded. Landbouwhogeschool Wageningen 66(11):

1-91.

Dobben, W. H. van, A. van Ast& W. J. Corré(1981): The influence oflight intensity on morpholo-

gy and growthrate ofbean seedlings. Acta Bot. Neerl. 30: 33-45.

Eriksen, F. I. & A. S. Whitney (1981): Effects of light intensity on growth of some tropical forage

species. I. Interaction oflight intensity and nitrogen fertilization on six forage grasses. Agron.

J. 73:427-433.

Grime, J.P. (1979): Plant strategies and vegetationprocesses. John Wiley, London. 222 pp.

Hanisch ten Cate, C. H. & H. Breteler (1981): Role of sugars in nitrate utilization by roots

ofdwarf bean. Physiol. Plant. 52: 129-135.

Hewitt, E. J. & T. A. Smith (1975): Plant mineral nutrition. English University Press, London,

298 pp.

Hunt, R. (1975): Further observations onroot-shoot equilibriain perennialryegrass (Foliumperen-

ne L.). Ann. Bot. 39:745-755.

—, (1976): Significantrelationships in the analysis ofroot-shoot equilibria.Ann. Bot. 40; 895-897.

—,(1978): Plant growthanalysis. Studies in Biology96. Edward Arnold, London. 67 pp.

—, & J. A. Burnett (1973):The effects oflight intensityand external potassium level on root/shoot

ratio and rates of potassium uptake in perennial ryegrass (Lolium perenne L.). Ann. Bol. 37:

519-537.

—, D, P. Stribley & D. J. Read (1975): Root/shootequilibriain cranberry (Vaccinium macrocarpon

Ait.). Ann. Bot. 39: 807-810.

Ingestad,T. (1962): Macro element nutrition ofpine, spruce, and brich seedlings in nutrient solu-

tions. Meddelanden fran Statens Skogsforskningsinslitut 51(7): 1-150.

Koster, A. L. (1973): Enkele aspeclen van de relatie spruit-worlelbij de stikstofopname. Dissertatie

Rijksuniversiteit Leiden. 66 pp.

Lemaire,F. (1975): Action comparée de l’alimentation azotée sur la croissance du systèmeracinaire

et des parties aériennes des végétaux. Ann. Agron. 26: 59-74.

Luxmoore, R. J. & R. J. Millington(1971a): Growth ofperennial ryegrass (Loliumperenne L.)

in relation to water, nitrogen and light intensity. I. Effectson leaf growth and dry weight. Plant

and Soil 34: 269-281.

—, & —,
(1971b):Growth of perennialryegrass (Loliumperenne L.) in relation to water, nitrogen

and light intensity. II. Effects on dry weight production, transpiration and nitrogen uptake.

Plant and Soil 34: 561-574.

Natr, L. (1975): Influence of mineral nutrition on photosynthesis and the use of assimilates. In:

J. P. Cooper (editor): Photosynthesis and productivity in differentenvironments. Cambridge Uni-

versity Press, Cambridge,p. 537-555.

Peace, W. J. H. & P. J. Grubb (1982): Interaction of light and mineral nutrient supply in the growth

of Impatiensparviflora. New Phytol. 90: 127-150.

Pigott, C. D. (1971): Analysis of the response of Urtica dioica to phosphate. New Phytol. 70:

953-966.

—,
& K. Taylor (1964): The distribution of some woodland herbs in relation to the supply of

nitrogenand phosphorus in the soil. J. Ecol. 52(suppl.): 175-184.

Robson, M, J, & A. J, Parsons (1978); Nitrogen deficiency in small closed communities of S24

ryegrass. I. Photosynthesis, respiration, dry matter production and partition. Ann. Bot. 42:

1185-1197.



294 W. J. CORRE

Rorison, I. H. (1968): The response to phosphorus of some ecologically distinct plant species. New

Phytol.67:913-923.

Rufty, T. W. JR., C. D. Raper JR. & W. A. Jackson (1981): Nitrogen assimilation, root growth

and whole plant responses of soybean to root temperature, and to carbon dioxide and light

in the aerial environment. New Phytol. 88:607-619.

Thornley, J. H. M. (1972):A balanced quantitativemodel for root: shoot ratios in vegetativeplants.

Ann. Bol. 36:431-441.

—, (1975): Comment on a recent paper by Hunt on root: shoot ratios. Ann. Bot. 39: 1149-1150.

Troughton, A. (1960): Further studies on the relationships between shoot and root systems of

grasses. J. Brit. Grassl. Soc. 15:41-47.

Welbank, P. J. (1962): The effects of competition with Agropyron repens and of nitrogen- and

water-supplyonthe nitrogencontent of Impatiens parviflora. Ann. Bot. 26: 361-373.


