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SUMMARY

For mea*urements of the light climite in woodlands, conventional light metert have a
limited usefulness. The flat light-receiving surface result* in preferential »entitivity to radiation
incident in a direction normal to the surface; while barrier-layer cells vary in sensitivity
according to the light wavelength, and cannot at present be iccurately calibrated to charac-
terize the ipectral variation under a tree canopy.

A new type of radiation meter, designed by E. C. Wassink and C. Van der Scheer and
comprising two photocells with hemispherical coven, wa» compared with a flat meter in several
woodland environment!. It it shown to be lew sensitive than the flat meter to changes in
direction of light influx, and more sensitive to change* in light intensity due to cover type and
ground vegetation. The influence of ground vegetation on the light intensity above it is assumed
to be due to differences in light reflection by different vegetation types.

It is suggested that under a tree canopy the measurement of light influx is of more value to
the forester than an estimate of illumination at a surface, and that, when barrier-layer cells are
calibrated for use in woodlands, the emission spectrum of the ttandard light source should con-
form to the spectral curve of photosynthesis.

INTRODUCTION

r i recent years considerable attention has been devoted to the characterization
of the light climate in woodlands and data have been accumulated regarding

variations in light intensity and quality (Seybold and Egle, 1937; Evans, 1939;
Blackman and Ratter, 1946; Roussel, 1953, 1956; Inoue and Ota, 1957). In
Britain, Fairbairn (1954,1958) has described a number of instruments which have
been used for light intensity measurements and has discussed some physical
difficulties associated with their use. Certain inherent limitations in the operation
of conventional radiation meters are, however, not treated by Fairbairn, and it is
the purpose of the present paper to draw attention to them. A new type of light
meter will be briefly described and some examples given of its use in a variety of
woodland environments.

SOME LIMITATIONS OF CONVENTIONAL RADIATION METERS

The types of radiation meters used in ecological investigations are many and
varied (see, for example, Shirley, 1929; Roodenburg, 1940; Muizenburg, 1948;
Combe, 1957; Ashton, 1958; Fairbairn, 1958; Connor, 1958), but in most of
them the light-receiving surface is virtually flat. From the operation of Lambert's
cosine law (see, for example, Pleijel and Longmore, 1952) it follows that such
meters show a preference in recording radiation incident in a direction normal to
the receiving surface. Their sensitivity, in fact, varies according to the direction
of the incident radiation. Furthermore, when barrier-layer photocells are used,
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RICHARDSON—A SPHERICAL RADIATION METER 127

additional errors may be introduced by the fact that such cells deviate from the
theoretical cosine sensitivity.

The latter source of error is not serious and can be corrected by surmounting
the cell with a cover of opaline glass or perspex (Pleijel, 1949)- This, however,
merely brings about the theoretical cosine response; it does not eliminate sensi-
tivity to angle of incidence, which is a much more serious limitation, particularly
in relation to light measurement in woodlands. Thus, the sensitivity of a flat light
meter varies according to the position of the sun, the amount of cloud cover, the
position of the observer and the height of the instrument above the ground.
Consequently, measurements yield data of a somewhat arbitrary nature; in
particular, comparisons between readings obtained in the diffuse light of a
woodland environment and measurements in 'full daylight' are not valid. It can,
of course, be argued that, in a climate such as Britain's where the sky is overcast
for most of the day, the direction of the sun's rays is relatively unimportant
(Blackman and Rutter, 1946). It will be shown later in this paper, however, that
even under continuous cloud, variations in light intensity occur during the course
of the day, due to changes in the position of the sun. Such variations, furthermore,
are exaggerated by conventional photocell measurements.

Another limitation of barrier-layer cells is the fact that they are sensitive only
in a restricted spectral region and their sensitivity varies according to the wave-
length of the incident radiation. Fairbairn (1958) uses a barrier layer cell with,
according to Connor (1958), maximum response at the same wavelength as that of
the human eye. This may have some merit as far as the human physiologist is
concerned, but in studies of plant biology it is a distinct disadvantage, because
the action spectra of plant growth processes bear little relation to the inter-
national luminosity curve on which the spectral sensitivity of the human eye is
based (see, for example, Duggar, 1936). This fact is illustrated in Fig. 1 which
represents the international luminosity curve (from C.P.I.N.S.V., 1953), together
with spectral curves of photosynthesis (from Hoover, 1937), certain photoperiodic
responses (based on Parker et al., 1946), stem elongation (based on Wassink et al.,
1951), and chlorophyll b absorption (from Zscheile and Comar, 1941).

It is clear that the relative luminosity factor of a light-adapted eye (i.e. its
ability to perceive radiation) is zero at a wavelength of 400 m/x, increases with
increasing wavelength to a maximum at 555 m/x and decreases again to almost
zero at 700 m x̂. Photosynthesis, however, is minimal at around 530 mil and
reaches its maxima at 440 and 650 m/x. Furthermore, it continues beyond the
range of the human eye. Similarly, certain photoperiodic effects are maximal at
480 and 700 mil, while stem elongation is effected by radiation at 450 and 750 m/x.
Other light induced responses in plants (phototropism, photonastic movement,
&c.) have yet other action spectra.

It is, thus, apparent that physiological responses of plants to radiation are in
no way related to the action spectrum, of the human eye, and in attempts to
characterize the light climate of plant growth, the use of a photocell matched to
the sensitivity of the human eye may be misleading.

The fact that barrier-layer cells are differentially sensitive to radiation of
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128 FORESTRY

different wavelengths creates certain other difficulties in the measurement of
light in woodlands. In the first place, the spectral composition of light under a
tree canopy differs from that in the open, due to the filtering and scattering
effects of the foliage. Chlorophyll absorbs strongly in the blue wavelength
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FIG. I. Action ipectra for varioui biological procetsci compared with the International Lumi-
nosity Curve (I.L.C). For explanation, ice text.

region, but relatively poorly in the green and red (see Fig. i ) ; consequently light
reaching the forest floor is poor in blue, but rich in yellow, green, and red (see,
for example, Knuchel, 1914). Also, spectral differences will change according to
the proportions of reflected and transmitted light present, and these differences
will vary with tree species, age of crop, season of the year and other factors
(Inoue and Ota, 1957). On these grounds, too, it follows that barrier-layer cells
cannot be used for unambiguous comparisons between the light climate of wood-
lands and that of the open air. Similar considerations apply to attempts to record
the total light at a given point over a period of time. Variations in light quality
under a tree canopy are such that long-term records, with barrier-layer cells,
have a strictly limited validity; indeed, it is doubtful whether the information
they provide justifies the time and effort expended in obtaining it.

Finally, the wavelength sensitivity of barrier-layer cells leads to difficulties in
calibration. If a luminous flux is to be expressed in lux or in foot-candles, the
barrier-layer cell must be calibrated against a cell giving a direct reading in these
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A spherical radiation meter and ^-ammeter.

PLATE XVII
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RICHARDSON—A SPHERICAL RADIATION METER 129

units, and a separate calibration will be required for every light source which is to
be measured. Clearly, if light quality is not constant (as is the case under a tree
canopy), accurate calibration is not possible, and it is better to measure radiation
in terms of energy, rather than luminous flux. The barrier-layer cell used by
Fairbaim (1958) was calibrated with a high-pressure mercury vapour lamp as a
light source (Connor, 1958). Such a lamp is relatively rich in blue-violet and
weak in red radiation, while the light reaching a forest floor has opposite charac-
teristics (Atkins et al., 1937; Inoue and Ota, 1957). In our present state of know-
ledge, the magnitude of the errors resulting from these discrepancies cannot be
assessed, but it is as well that they should be recognized, particularly when com-
parisons are made with the light climate in the open, where the light quality is
different.

A SPHERICAL RADIATION METER

The light meter used in the present investigation was designed and constructed
at the Laboratory of Plant Physiological Research, Wageningen, The Nether-
lands. Its prototype has been described by Wassink and Van der Scheer (1951)
who also give some examples of its use in horticultural and ecological research.
Needless to say, it does not overcome all the objections which have been made to
the use of conventional photometers, but it does eliminate the most serious
drawback of radiation meters in which the light receiving surface is flat, i.e. the
fact that radiation incident in a direction normal to the flat surface is preferen-
tially absorbed.

The designers felt that what was needed for the characterization of the light
climate in vegetation was not a measurement of luminous flux at a surface, but an
assessment of the total influx of light into a space, such an assessment being ob-
tained by a single measurement. It was necessary, therefore, to construct a meter
which would not show a preferential sensitivity in relation to the direction of
light influx.

The meter (see Plate XVII) consists of two circular selenium barrier-layer cells,
mounted back to back on a metal ring. Each cell is covered by a slightly convex
disc of opaline glass surmounted by a hemispherical cover, also of opaline glass,
1 cm. in radius. The mounting of the cells is air-tight and the wiring is contained
in a metal cylinder 120 cm. long, which also serves as a handle for the meter.
Each hemisphere, when illuminated by a parallel beam of light normal to the
surface of the cell, yields twice the current obtained by unilateral exposure to the
same illumination. The apparatus is used in conjunction with a micro-ammeter,
which is shunted in order to achieve a low external resistance and thus minimize
the risk of damaging the photocells by high light intensities. The shunt box is such
that four circuits are available, according to the sensitivity required (100, 500,
2,000, or 10,000 /tamps full scale deflexion).

The use of a single hemisphere for the integration of multidirectional daylight
is not, of course, a new idea. As far as the writer is aware, however, Wassink's
meter represents the first attempt to design an essentially spherical meter which
is, at the same time, portable. Another advantage is that it can readily be adapted
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130 FORESTRY

for continuous recording, though this has not been done in the present
instance.

It will be realized that the type of information given by a spherical meter
differs from that obtained with a flat meter. The spherical meter measures the
influx of radiation into a space, as against illumination of a surface. This means
that units of superficial illumination (i.e. lux, foot-candles) cannot be used with
the spherical meter. Wassink proposes a unit of influx expressed in/i-watts incident
into a sphere of i sq. cm. cross-section (^i-w/sphere/cm2). For present purposes,
this suggestion has not been adopted because it is considered that the difficulties
involved in the calibration of barrier-layer cells for the measurement of radiation
in woodlands are such that it serves no useful purpose. Since photocells are wave-
length dependent, it is suggested that, until we know more about the spectral
composition of light under a tree canopy, calibrations made with artificial light
sources may be misleading; measurements in terms of direct ammeter readings
are less ambiguous.

LIGHT MEASUREMENTS IN WOODLANDS

During 1957 and 1958, measurements with the spherical meter were made in
a variety of woodland environments and light conditions. At the same time,
measurements were made with an 'Eel' photometer, equipped with suitable
neutral filters, and using the same micro-ammeter as in the case of the spherical
meter. For reasons already stated, absolute comparisons between the two meters
are not valid, but they can serve to illustrate differences in response to variations
in the light climate.

1. The effect of the position of tie sun on light intensity measurements

In Figs. 2 to 5, the time course of radiation changes in the open air and under
a mixed hardwood canopy are plotted for 2 days, one in January 1957, in condi-
tions of almost complete snow cover, and one in July 1958. On both days the sky
was lightly overcast throughout the period of the measurements. Radiation values
are expressed in terms of direct micro-ammeter readings.

It is apparent that, even when the sky is overcast, there are differences between
the meters in response to changes in the direction of the sun's rays. Thus, shortly
after sunrise, and particularly just before sunset, the proportion of the total light
recorded by the flat meter is less than in the middle of the day. It is also dear
that, under a canopy, the flat meter gives a somewhat erratic curve; a mixed
hardwood canopy reduces gross variations in light intensity as recorded by either
meter, but it increases the short-term variations in the flat meter readings. These
findings are best illustrated by a consideration of the factor required to convert
flat meter readings to spherical meter values. In Table I the daily course of this
conversion factor is shown for the measurements represented by Figs. 2 to 5, and
also for certain other conditions.

Since the information recorded by the two meters is not comparable, the
conversion factor has only a numerical interest. It can be seen, however, that
when the sun is low, even though the light is diffuse only, the sensitivity of the
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RICHARDSON—A SPHERICAL RADIATION METER 131

two meters is disproportionate. Differences are greatest in direct sunlight (col. 7,
Table I) and least under a canopy of Sitka spruce (col. 6, Table I).

TABLE I. Variation in the conversion factor {flat meter to spherical meter readings')
during the course of the day in various light climates. Cols. 2 to 5 are calculated from

data presented in Figs. 2 to $

Time of
measurement

0800
0900
1000
IIOO
1200
1300
1400
1500
1600
1630
1700
173O
1800
1900
2000
2100
2200
2300

Hardwood
canopy

January
1957

2-88
2-16
2-9:
I -6I

1-48
2-48
4-62

Open
January

1957

2-19
'•57
'•38
'•45
1-33
i-68
2-72
4-29

Hardwood
canopy

July 1958

1-64
2"55
• • 4 9

1-90
i-48
1 7 8

'•38
1-98
1-53

1-18

2-O2
I4-2O
67-80

Open
July 1958

2-14
1-44
1-50
1-42
' • '5
1-14
1-17
2-40
4-81

5-«3

22-13

SitMa
spruce
canopy

July I958

•42

'•37
•56
•52
•48
•37
•29

[•31
•38

I - 5 2

. .

Direct
sunlight

May 1937

15-31
4-62
1-94

'•47
1-44
1-42
1-46
378

14-62

1971

34-35

2. The effect of vegetation on light intensity measurement

In the course of the above measurements it was found that differences in
sensitivity of the two light meters vary according to the type of forest cover, and
according to the nature and condition of the ground vegetation. Such variation
was demonstrated in the following way. On a day when the sky was uniformly
overcast, the light intensity in a c. 150 year old mixed oak/beech wood was
measured with the flat meter. Then, in a range of cover types, stances were chosen
where the flat meter gave readings virtually identical with that of the first
measurement. At these points, measurements were recorded with the spherical
meter. In order to reduce variation due to the position of the sun, all readings
were made between 1130 and 1330 hours on the same day. The cover types
included the following, all of them on Darnaway Estate, Morayshire.

Type 1. Compt. 58
Tree cover: Oak 40 per cent.; beech 35 per cent.; birch 15 per cent. Age: uneven. Basal

area/acre: 97 sq. ft.
Ground vegetation: Luzula sylvatica; Pteridium aquilinum; Vacdnium myrtillis; Descbamp-

siaflexuosa; Hokus mollis; all frequent. Agrostis tmuis; Melampyrum pratense, rare.
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FIG. 2. Time coune of radiation changei in the open air during a day in January 1957, a» meaiured
by a flat radiation meter ( ) »nd the ipherical meter (— .).
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Fio. 3. Time coune of radiation changei under a mixtd bardaoed canopy during a day in January
1957, ai meaiured by a flat radiation meter ( ) and the spherical meter (—• ).

Type 2. Compt. H7

Tret cover: Scots pine 70 per cent.; birch 30 per cent. Age: c. 100 yean. Basal area/acre:
117 sq. ft.

Ground vegetation: Pteridivm aquilinvm and CaUuna vulgaris dominant.

Type 3. Compt. 59
Tree cover: Scots pine 73 per cent.; European larch 27 per cent. Age: 35 yean. Basal

area/acre: 144 sq. ft.
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FIG. 4. Time coune of radiation changes in the open air during a day in July 1958, as measured by
a flat radiation meter ( ) and the spherical meter (—•—. ).

12000-

Fie. 5. Time coune of radiation changes under a mixed hardwood canopy during a day in July 1958,
as measured by a flat radiation meter ( ) and the spherical meter (—.—•——).

Ground vegetation: Calluna vulgaris dominant, with occasional grasses (Antboxantbum
odoratum and Deschampsiajlexuosa).

Type 4. Compt. 62

Tree cover: Douglas fir 100 per cent., irregularly stocked. Age: 40 years. Basal area/acre:
131 sq. ft.

Ground vegetation: Epilobium angustifolium dominant, with occasional grasses (Rubus
Jruticosus and Ulex europanu).
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134 FORESTRY

Type 5. Compt. 59

Tree cover: Sitka spruce 100 per cent. Age: 33 years. Basal area/acre: 130 sq. ft.
Ground vegetation: Occasional Oxalu acetoseUa and mosses only.

Type 6. Compt. 58
As for type 1, but:
Ground vegetation: Vaccinium myrtillis, virtually pure.

Type 7, Compt. 58
As for type I, but:
Ground vegetation: Pteridium aquilinum dominant, occasional grasses (Hokus moUis and

Anthoxanthum odoratum).

Type 8. Compt. 58
As for type 1, but:
Ground vegetation: Deschampsia JUxuosa dominant, Hokus mollis and Anthoxanthum

odoratum frequent, Luzula sylvatica rare.

In all these environments the flat meter gave readings between 1,120 and 1,150
p. amps. In Table II the values recorded by the spherical meter, together with
the relevant conversion factors, are presented by cover types.

TABLE II.

Cover type

S.M. reading
(amps) .

Convenion
factor

The effect of cover type on

(0

Oak/
Bitch
mixed

1,910

1 7 0

«
Scott

pint/
Birch

Bracken/
Calluna

:,8oo

1-61

(3)

Scots
Pins/
Larch

Calluna

1,685

'•+9

the sensitivity of the spherical light

(4)

Douglas

fir
Fir ewe td

•,435

1-25

(5)

Sitka
SpTUCt

Oxalis

'.5°5

'•34

(6)

Oak/
Betcb

Vaccinium

2,090

. • 8 5

(7)

Oak/
Bcecb

Bracken

2,O75

. • 8 5

meter

(8)

Oak/
Betcb

Grasses

»,9'5

.•69

Table II demonstrates that the spherical meter can detect differences in light
climate due to variation in cover type, which escape the notice of the flat meter.
As might be expected, the two meters differ least in recording radiation under a
coniferous canopy; tinder a hardwood canopy, however, there is a marked diver-
gence between them, as can be seen by the higher values of the conversion factor.
Furthermore, the spherical meter can detect differences in light climate due to
changes in the vegetation of the forest floor, which the flat meter is, of course,
incapable of appreciating. Thus Vaccinium and bracken vegetation (types 6 and
7) gave consistently higher measurements than types I and 8. These differences
axe due, presumably, to differences in light reflection by the vegetation.

Certain other features of interest emerged from these measurements, but it
proved impossible to illustrate them quantitatively. Firstly it was observed that
the movement of tree crowns by light winds had virtually no effect on the light
climate as recorded by the spherical meter, but it frequently prevented readings
with the flat meter, due to rapid movement of the ammeter pointer. Secondly,
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RICHARDSON—A SPHERICAL RADIATION METER 135

and with reference to the influence of ground vegetation on the light climate,
differences in readings with the spherical meter were recorded in the same
vegetation type, according to whether or not the ground vegetation was wet.
Particularly in types 6 and 8, rainfall had the effect of increasing the light values
recorded.

Finally, the difficulty mentioned by Fairbaim (1958) that, under a woodland
canopy, the light recorded varies according to the height of the photocell above
the ground, was found to be virtually non-existent with the spherical meter.
Raising the flat meter brought about considerable differences in micro-ammeter
readings, which were not consistent; the spherical meter, on the other hand,
could be moved in any direction without affecting the measurement.

DISCUSSION

Measurements of light intensity in woodlands, carried out over a period of 2
years with a spherical light meter, have demonstrated that it is more effective as
a means of characterizing light climate than is a meter with a conventional flat
receiving surface. Thus, it is demonstrably less sensitive than the flat meter to
changes in the direction of light influx (Figs. 2 to 5 and Table I) and more sensi-
tive to the influence of vegetative cover (Table II). The latter difference is due to
the fact that the spherical meter measures the influx of light into a space, includ-
ing both side light and reflected light, while the flat meter records illumination at
a surface, light incident in any direction other than the normal being only par-
tially detected. For this reason, the position in which the flat meter is held
assumes great importance and it is impossible to obtain unambiguous records
with it.

The question now arises as to whether the measurement of light influx is of any
more value to the plant biologist than an estimate of superficial illumination. It
can be argued that the leaf of a plant represents a surface, and that its sensitivity
to radiation is more in accord with a flat receiving surface than with a sphere. It
is suggested, however, that this is not a valid argument when applied to light
conditions in a woodland environment. As Wassink and van der Scheer (1951)
point out, unidirectional radiation is preferentially absorbed by vegetation only
when the horizontal extension of the vegetation is markedly greater than its
vertical component. Such may well be the case for a single detached leaf, for a
film of algae, for a layer of lichen or moss, for a field of grass, or even for the sur-
face of a uniform woodland canopy. Underneath or inside a canopy, however, the
situation is quite different; the majority of the light is diffuse, much of it is prob-
ably reflected, and constant leaf movement ensures that, as far as individual
plants are concerned, they behave more in accordance with the situation charac-
terized by the spherical light meter than with that indicated by a flat receiving
surface.

It may also be queried whether, in view of our limited knowledge of plant
behaviour, the increased accuracy of the spherical meter is necessary for the
measurement of light intensity in woodlands. In the opinion of the present
writer, this question may be answered in the affirmative for two reasons. Firstly,
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it is considered that, in any biological measurements, increased accuracy is always
justified if it can be achieved without undue expenditure of time and money. In
the present case, the spherical meter is easier to use than conventional photocells,
since precautions as to the precise siting of the instrument are unnecessary; and
the cost of construction (apart from the ammeter) is about £15—a figure not
substantially higher than that of a commercially available cell.

The second reason relates to the type of information which is required from
light measurements in woodlands. Most foresters interested in light measurement
are concerned with determining the minimum light requirements for the re-
generation and establishment of tree seedlings; physiologically, this means that
they are primarily interested in finding the compensation point of photosynthesis
and respiration, and the light saturation point for seedling growth. It has been
shown elsewhere (Richardson, 1957) that, for detached leaves of tree seedlings,
light saturation is reached at a lower intensity than for most herbaceous plants,
and that, in the young stage, some tree species are able to adapt themselves to
extremely low intensities (Wassink et ai, 1956). Nevertheless, there can be no
doubt that, for entire plants, growth under a canopy is frequently light-limited
and, in many situations, the light intensity is below the compensation point (see,
for example, Pearson, 1930). Since, therefore, we are dealing with marginal condi-
tions, accuracy of measurement and sensitivity to all light sources are of para-
mount importance. It will, of course, be necessary to determine by experiment
whether plant growth conforms more closely to the light-pattern revealed by the
spherical meter than to that indicated by the flat meter.

Finally, reference must again be made to the problem of spectral sensitivity in
photocells. Clearly, since it is based on selenium barrier layer cells, the spherical
meter is as open to criticism as a flat meter on the grounds that its sensitivity is
wavelength dependent. So far, this limitation does not appear to be regarded
very seriously in measurements of light climate, in spite of recent work on light
quality variations in woodlands (Combe, 1957; Inoue and Ota, 1957)- There can
be little doubt, however, that, on present evidence, comparisons between light
measurements within and outside a canopy should be interpreted cautiously; and
that, in the majority of cases where wavelength sensitive instruments are cali-
brated for use in woodlands, the emission spectrum of the standard light-source
should conform as closely as possible to the spectral curve of photosynthesis.

ACKNOWLEDGEMENTS

The writer gratefully recognizes the help of Professor E. C. Wassink, Laboratory
for Plant Physiological Research, Wageningen, The Netherlands, in designing
and constructing the spherical meter used in these investigations.

LITERATURE REFERENCES

A»hton, P. S. (1958): 'Light Intenrity Meaiurementi in Rain Forat near Santarem, Brazfl.' J.Ecol.
xlvi (i), 65-70.

Atlrini, W. R. G., Poole, H. R , and Stanbuiy, F. A. (1937): The Measurement of the Interuity
and the Colour of the Light in Woodf by Meani of Emiuion »nd Rectifier Photoelectric
CeflV Proc. Roy. Sac. B. era. 427-50.

 at Penn State U
niversity (Paterno L

ib) on Septem
ber 15, 2016

http://forestry.oxfordjournals.org/
D

ow
nloaded from

 

http://forestry.oxfordjournals.org/


RICHARDSON—A SPHERICAL RADIATION METER 137

Blarkman, G. E., and Rutter, A. J. (1946): 'Physiological and Ecological Studies in the Analysis of
Plant Environment. I. The Light Factor and the Distribution of the Bluebell (Scilla non-
serif to) in Woodland Communities.' Ann. Bot. N J . X. 40, 361—90.

Combe, D. E. (1957): The Spectral Composition of Light in Woodlands.' J. Ecol. xlv (3), 823-30.
Connor, R. D. (1958): 'Methods of Light Intensity Measurement in Forest Stands. I. Instrumenta-

tion.' Forestry, rm' 2, 147-54.
C.P.I.N.S.V. (1953): 'Specificition of Radiant Flux and Radiant Flux Density in Irradiation of

Plant! with Artificial Light.' J. Hort. Sci. xxviii. 3, 177-84.
Duggar, B. M. (1936): Biological Effects of Radiation. McGraw-Hill, N.Y., pp. 1342.
Evans, G. C. (1939): 'Ecological Studies on the Rain Forest of Southern Nigeria. II. The Atmo-

spheric Environment Conditions.' J. Ecol. xxvii. 436-82.
Fairbairn, W. A. (1954): 'Difficulties in the Measurement of Light Intensity.' Emp. For. Rev.

xxxiii. 3, 262-9.
(1958): 'Methods of Light Intensity Measurements in Forest Stands. II. The Use of Light

Measurement Instruments in the Field.' Forestry, mm' 2, 155-62.
Hoover, H. W. (1937): The Dependence of Carbon Dioxide Assimilation in a Higher Plant on

Wavelength of Radiation.' Smithsonian Misc. Coll. xcv. 21, 1—13.
Inoue, R., and Ota, I. (1957): "Wavelength of the Sunshine in the Forest.' Rep. Hokkaido For.

Expt. Sta. viii. 128-57.
Johnston, E. S. (1934): 'Phototropic Sensitivity in Relation to Wavelength.' Smithsonian Misc.

Coll. xcii. 11, 1-17.
KnucheL, H. (1914): 'Spectrophotometrische Untersuchungen im Walde.' Mitt. Scbaeiz. Zentral.

Forst. Versuch. xi. 1—94.
Muizenburg, E. B. W. van den (1948): 'Het licht in de kas.' Medtdelingen Direcuur v. d. Tuinboua,

xi. 514-21.
Parker, M. W., Hendricks, S. B., Borthwick, H. A., and Scully, N. J. (1946): 'Action Spectrum for

the Photoperiodic Control of Floral Initiation of Short-day Plants.' Bot. Gaz. cviii. 1—26.
Pearson, G. A. (1930): 'Light and Moisture in Forestry.' Ecol. xi. 145-60.
Pleijel, G. (1949): 'Daylight Investigations.' Stat. Komm. Byggnadsforsk. xvii. 1—67.

and Longmore, J. (1952): 'A Method of Correcting the Cosine Error of Selenium Rectifier
Photocells.' J. Sci. Instruments, xxxix. 137-8.

Richardson, S. D. (1957): The Effect of Leaf Age on the Rate of Photosynthesis in Detached
Leaves of Tree Seedlings.' Acta Bot. Ncerlandica, vi. 445-57.

Roodenburg, J. W. M. (1940): 'Das Verhalten von Pflanzen in Vencheiden farbigem Licht.'
Rccutil Trav. bot. Nierlandais, xxxvii. 301-76.

Roussel, L. (1953): 'Recherches theoriques et practiques sur la repartition en quantity et en qualite
de la lumiere dans le milieu forestier, influence sur la vegetation.' Ann. Ecole Nat. des Eaux et
Forits, xiii. 2.
(1956): 'Sur quelquesrfcentej etude* dephotologie forestiere.' Rev. For.francaise, viii. 512—14.

Seybold, A., and Egle, K. (1937): 'Lichtfeld und Blattfarbstoffe.' Planta, xxvL 491-515.
Shirley, H. L. (1929): The Influence of Light Intensity and Light Quality upon the Growth of

Plants.' Am. J. Bot. xvi. 354-90.
Wanink, E. C , Richardson, S. D., and Pieters, G. A. (1956): Thotosynthetic Adaptation to Light

Intensity in Letves of Acer pseudoplatanus.' Acta Bot. Neerlandica, v. 247—56.
Stolwijk, J. A-J., and Beemster, A- B. R. (195:). 'Dependence of Formative and Photoperiodic

Reactions in Brassica Rapa var., Cosmos and Lactuca on Wavelength and Time of Irradiation.'
Proc. Kon. Ned. Akad. Wettns., Amsterdam, cliv. 4, 421—32.
and van der Scheer, C. (1951): 'A Spherical Radiation Meter.' Med. Landbovubogescbool,

Wageningen, \L 9, 175-83.
Ztcheile, F. P., and Comar, C. L. (1941): 'Influence of Preparative Procedure on the Purity of

Chlorophyll Components as shown by Absorption Spectra.' Bot. Caz. cii. 463-81.

 at Penn State U
niversity (Paterno L

ib) on Septem
ber 15, 2016

http://forestry.oxfordjournals.org/
D

ow
nloaded from

 

http://forestry.oxfordjournals.org/

