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ABSTRACT

The spectral composition of natural daylight was
examined using horizontal planar receptor surfaces.
During the day, incident spectra were remarkably
uniform. Particular attention was paid to
physiologically important variables. The mean 660:730 nm
photon fluence ratio (R:FR) was 1.15, corresponding to a
phytochrome photoequilibrium of 0.53, but in late winter
R:FR was lower than in late summer (ca. 1.0 and 1.25
respectively). The mean blue : red ratio (0.86) was
strongly affected by cloud cover. The light environment
of shade habitats was also examined. Under cloudy
conditions in an oak woodland, R:FR fell to ca. 0.55
during the leafy phase, but higher values (ca. 0.8) were
recorded in late summer as a result of the seasonal
trend in incident R:FR. Reflectance and transmittance
spectra and pigment content of the leaves and the
transmittance of the canopy were measured. Beneath a
dense sugar beet canopy, R:FR was well-correlated with
canopy transmittance and fell to very low levels (ca.
0.06). However, even this would not sustain a classical
"high irradiance response", so it is unlikely to be
important under natural conditions.

In all three habitats, R:FR was lower and the
blue : red ratio higher during twilight than during the
day, but the latter was much less affected by the
canopies. However, fluence rate was much more reliable
as potential source of photoperiedic time signals. The
involvement of phytochrome and other photoreceptors is
discussed.

Leaf and stomatal morphogenesis in Chenopodium
album L. was studied using a high irradiance growth
cabinet. Reduced fluence rates of white or blue light
produced larger leaves but had no effect on stomatal
index (SI) while supplementary far-red reduced SI but
had no effect on leaf area. Thus, both factors affect
stomatal density. However, no differences in gas
exchange characteristics were detected,

A flexible computer graphics program for data
plotting is also described.
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SECTION 1

Natural daylight



1.1 general

INTRODUCTION AND LITERATURE REVIEW

General

The development in plants of a capacity to absorb
light and harmness its energy anabolically was a fundamen-
tal event in natural history. This process of photosynthe-
sis transformed the telluric atmosphere from a reducing to
an oxidising one, and established an ozone layer in the
upper atmosphere (ca. 1 x 109 years ago) which shielded
the organisms from damaging high energy solar radiation.

Efficient utilisation of light has obvious selective
advantages for phototrophs. Eac' species is differently
adapted and genetically fairly plastic, but there 1is
always an additional element of elasticity, allowing each
individual to acclime to its own environment. Acclimation
allows metabolism to proceed in a much wider variety of
niches than could possibly be tolerated otherwise, and it
18 part of the gamut of responses which maintain
homeostasis (in its broadest sense).

Any system can be controlled by monitoring its
output and relating its appropriate variable features to
this. A "negative feedback" scheme of this sort can
ideally maintain a constant output, irrespective of the
input. However, any time delay in the loop results in
chronic system instability, and furthermore, even if the
output is affected by more than one variable, the system
always responds in the same way; thus only very crude
responses to complex dynamic environmental factors can
occur. There are advantages in transferring at least e
part of the sensory capacity from the system output itself
to separate, independent receptors. In a complex homeo~
static system, control loops assocliated with various
receptors and sophisticated interpreters act at
appropriate points to evoke an effective array of
responses.

Such a theoretical approach to a biological system
is relevant because most organisms have been found to be
remarkably tolerant of environmental change or, in other
words, their niche parameters are very wide. In the
literature, many factors are dismissed as "non-limiting",
although very few "limited" resources can be wa sted
simply to allow the organism to become independent of
them, especially in the face of constant competition from
others, The various phenomena grouped together as




1.1 general

photomorphogenesis ("a non-directional developmental
response to a non—-directional, non-periodic light
stimulus" - Smith [1975]) and phototropism ("a directional
growth response to a directional light stimulus" - ibid.)
serve primarily to regulate the absorption of 1light
required for photosynthesis, although they may have other
important functions. In the context of homeostasis, when
plants are grown at a ramnge of 1light levels similar to
those of their native habitat, photomorphogenic control
can buffer their growth rate (for example, Blackman and
Rutter, 1948; Warrington and Mitchell, 1976). The factor
limiting growth in the higher fluence rate treatments was
not, for instance, leaf area since the leaves were able to
grow larger in the other treatment; larger leaves might
Lhave allowed a higher rate of total photosynthesis, but,
for whatever reason, this did not occur. It might be said
that light was non-limiting; alternatively, one might
advocate that growth was held constant by the
photomorphogenic responses.

Apart from chlorophyll, which has an ill-defined and
often forgotten photomorphogenic role (see Bjorkman,
1981), the existence in green plants of two receptor
plgments has been established. Sensitive to light in the
far-violet to blue region of the spectrum (300 - 500 nm),
"cryptochrome” 1is active in phototropism and several
photomorphogenic responses. "Phytochrome'" on the other
hand 1s sensitive to red and far-red 1light (600 - 800 nm)
and is involved in photomorphogenesis and photoperiodism
("a non-directional developmental response to a non-
directional, periodic light stimulus" = Smith [1975]).

There is evidence that these receptors have evolved
to provide useful information about the natural 1light
environment (see Smith, 1982). However, remarkably little
meteorological information 1s available in a suitable form
to define natural daylight, whereas most of the physiolo-
gical research has been carried out with scant regard to
the natural situation. It was the purpose of this research
to provide suitable definitive information about the
characteristics of daylight in several habitats, and to
investigate the photomorphogenic control of the
fundamental process of gas exchange (see Section 2).

It would seem appropriate, therefore, to review the
literature concerning daylight phenomena in relation to
plant photobiology and vice versa. Distinct categories of
"daytime" and “"twilight" were recognised.




1.1 daytime

Daytime

Environmental Phenomena

The physical literature on daylight has been
reviewed by Robinson [1966], Henderson [1977] and Gates
[1980], while Smith [1982] has considered those factors
pertinent to plant development.

At the mean orbital distance of the Earth, the Sun
generates a total electromagnetic irradiance of about
1.36 Kw m—z, with a photon emission maximum at about
600 nm. The perfect "black-body" spectral distribution is
somewhat distorted by atomic absorption and emission in
the photosphere, but as the radiation penetrates the
telluric atmosphere, a number of other processes are
active. Molecular oxygen, nitrogen and ozone absorb most
of those wavelengths below about 350 nm, while water
vapour, oxygen and carbon dioxide absorb strongly above
1 pm; between these lies the atmospheric "window" through
which 1ight penetrates. Even within this, light 1s
scattered from the direct solar beam, causing the sky to
appear luminous instead of dark; indeed, skylight
contributes at least 10% of the radiation reci ved at
ground level. Small molecular particles (<100 nm diameter)
scatter light in proportion to XfA(Strutt, 1871), while
much larger particles or droplets (>20 um diameter) cause
wavelength~independent scattering. Scattering by particles
of intermediate size is problematical, but approximately
proportional to %:1'3 (Gates, 1980).

Hence, at sea level a very clear unpolluted
atmosphere gives rise to a deep blue sky, but as smoke and
other particulate contamination increases, longer wave-
lengths become included, and the sky colour becomes paler.
Clouds scatter light almost non-spectrally and therefore
appear white or grey. Under most circumstances, the
relative depletion of the direct beam correlates with
enrichment of the scattered skylight, and so, although the
quantity of direct and scattered daylight is different,
the overall incident spectral distribution should scarcely
be affected by scattering processes. Accordingly, very
little difference has been reported between spectra under
clear and overcast conditions (Taylor and Kerr, 1941;
Hull, 1954; Vezina and Boulter, 1966; Robertson, 1966;
Federer and Tanner, 1966; Holmes and Smith, 19/7a;
Goldberg and Klein, 1977). However, Hadfield [1974]
reported relative increases in blue and red light under
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overcast skies, and Guttman [1968] found that thin cirrus
clouds tended to transmit longer wavelengths better than
shorter ones. In contrast, cloud cover has very large
effects upon the total fluence rate; dense storm clouds
may transmit less than 5% of full daylight.

On a sloping site, daylight is affected by the
aspect in relation to the solar track. Recordings may be
taken with the sensor either horizontal or parallel to the
slope, but the orientation will affect the relative
contributions of direct and scattered light to the overall
spectral photon distribution (SPD). No investigations of
this problem have been reported in the literature, but
Pope and Lloyd [1975] found a strong correlation between
fluence rate integrated over a period and the aspect of
the slope when detectors were mounted horizontally at
ground level. Such a situation is equivalent to shading by
an opaque object.

When spectral radiation is measured beneath a leafy
canopy however, large differences in spectral quality
accompany changes in fluence rate (see Holmes, 1981).
Zederbaur [1908] was the first to measure the latter,
while Salisbury [1916] identified the biphasic character
of shadelight during the canopy cycle in deciduous
woodland; this phenomenon was further quantified by
Atkins, Poole, and Stanbury [1937]. However, these and
other studies upto the late 1950s were severely limited by
technical difficulties. Development of a leafy canopy 1is
associated with reduced transmission of all wavelengths,
but particularly those in the blue and red spectral
regions. Transmission is usually somewhat greater in the
green and very much greater in the far-red region above
700 nm. The spectral effect is less marked wunder
coniferous canopies (Morgan and Smith, 1981; also
Zavitovski, 1982). These findings are predictable from the
optical characteristics of chlorophyll-bearing leaves
(Rabideau, French, and Holt, 1946; Woolley, 1971).

Tasker and Smith [1977] investigated the SPD in
several deciduous woodlands during their canopy cycle. The
initial burst of leaf emergence in spring was associated
with a large drop in the red : far-red ratio. This
subsequently increased, for some obscure reason. The ratio
declined again in the beech wood, possibly owing to a
secondary burst of leaf growth, whereas the oak canopy
merely stabilised., However, these changes in the canopy
were not apparent from the fluence rate data, which showed
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large daily variations. Similarly, Hutchinson and Matt
[1977] recorded no significant changes during the leafy
phase of Liriodendron tulipifera.

The effect of a leafy canopy is complicated by gaps
between leaves through which light can penetrate directly.
Under overcast conditions these have no spectral effect
per se, and merely increase the overall transmission. When
the direct solar beam is present, however, transmission is
strongly bimodal over a period of time because local
sunflecks are formed when the solar disc aligns with a gap
in the foliage. In light wind, leaf flutter causes
coruscating sunflecks which exist for as little as 0.01 s
(Norman and Tanner, 1969), but in still conditions the
ma jority of even the smallest sunflecks have a 1lifetime of
at least two minutes. The minimum diameter of a sunf leck
1s given by 2h.tan(d_ /2), where d; is the angular diameter
of the sun (ca. 0.5&3 and h is the distance from the gap
to the plane on which the solar image is projected. The
fluence rate within the sunfleck 1s constant up to its
edge and is proportional to the size of the gap. However,
as the gap increases in size, the fluence rate falls more
gradually towards the edge and, hence, the 1image becomes
indistinct. When the gap size equals dg;, the entire direct
solar beam 1is able to penetrate to the plane of
projection; a further increase merely expands this area
and has relatively little effect on the fluence rate
within 1t.

Although it is the radiation available to plants
which 18 of ecological significance, the optical
properties of the canopy itself are of interest. When
measured beneath an absorbing layer, light from an
extended source such as the sky tends to be transmitted
predominantly from the region overhead, because the path
length increases rapidly towards the horizon; this simple
model is to some extent applicable to vegetation canopiles
under overcast conditions (Evans, 1966)., However, under
clear skie® transmittance ( = transmitted / dincident
fluence rates) becomes bimodal; however, 1if the solar
track covers a representative band of the canopy, the mean
transmittance should be similar on clear and cloudy days,
unless the optical properties of the canopy actually
change because of wilting or heliotropism, for instance.
Sunflecks are associated with very high transmittance, 8o
this must be compensated for by low transmittance at other
times. A similar reciprocity will apply to the light
quality beneath a leafy canopy on sunny days. Because of
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their transient nature, however, sunflecks are often
avoided when recording shade SPDs under clear skies. The
sampling bias thus introduced probably explains the
apparently different spectral quality of light beneath a
canopy under clear and cloudy conditions (Holmes and
Smith, 1977b); i{f 1light quality 1s measured
representatively, the difference vanishes (Jordan, 1969).
A further prediction 1is that 1f gaps are absent,
transmittance should be independent of cloud cover.

Further difficulties arise in studying canopy
transmittance because the fluence rate of the incident
light is subject to large and rapid change (measurements
at night using stable artificfal 1light sources have not
been reported). The SPD should, ideally, be measured
simultaneously inside and outside the canopy in order to
calculate the transmittance spectrum, but this has not
been reported hitherto. When working on crop canoples, it
is possible to measure the incident and shade SPDs in
rapid succession (Yocum, Allen, and Lemon, 1964;
Kasperbauer, 1971; McCartney, 1975) while, in a woodland,
Goodfellow and Barkham [1974] were obliged to choose a
single day with exceptionally constant atmospheric
conditions, and check the SPD outside the wood
occasionally. Unfortunately, no study has attempted to
relate the changing optical properties of the canopy to
the optical properties, abundance, or pigment content of
the constituent leaves. Shell, Lane, and Lang [1976]
reported that leaf heliotropism might reduce mean canopy
transmittance appreciably.

Light in aquatic environments (see Spence, 1981) is
additionally modified by surface reflection suspended
particles, phytoplankton and dissolved organic matter in
the water, and the scattering and transmittance properties
of water itself.

In gfrrestrial environments, light is able to
penetrate}to a depth of upto about 10 mm (Woolley and
Stroller, 1978)., Frankland [1981] and Smith [1982]
reported that the attenuation in fine soil is not neutral,
but somewhat greater at shorter wavelengths. There seem to
have been no reports of the optical properties of natural
undisturbed soils in the literature.

At this point it is appropriate to caution the
treatment of a plant as a horizontal plane which absorbs
1ight (see 2.2), Even at the microscopic level, shading




1.1 daytime

occurs and consequently the local light environment of
each photoreceptor molecule will be affected by its
position. Fukshanski [1981] recently reviewed developments
in the area of light propagation within leaves.

In summary, the SPD of incident light is a function
of incoming solar radiation, and the optical properties of
gases, small particles and clouds 1in the Earth’s
atmosphere. Local factors such as slope and aspect, opaque
and leafy shade, soil composition, and water transparency
may be active too. Of these, only extra—-terrestrial solar
radiation can be regarded as constant (but see Henderson,
1977) and only cloud cover, opaque shade and slope can
have a non-spectral effect. Jl.eafy shade has the most
marked effect on spectral distribution, especially in the
blue and red regions.

Physiological responses

The physiological responses shown by plants to a
changing aspect of their environment are most precisely
studied in the laboratory where other factors can be held
constant. The tacit philosophy 1is that individual
responses are independent and additive. In photobiology,
very little is known about specific interactions between
variables and our understanding of the various systems 1is
therefore much less complete than we might like to think.
The reason 18 simple; even in 1solation, the
photoresponses have proved to be remarkably complex
physiologically. Some of the more important of these in
the life-cycle of higher plants are considered below.

Seeds

The photocontrol of seed germination has been
reviewed recently by Frankland [1981], and Morgan and
Smith [198L]. It was in germinating seeds that the
definitive phytochrome-mediated response was first
discovered. In the 1930s, Flint and McAlister found that
lettuce achenes (Lactuca sativa cv. Grand Rapids)
germinate poorly when imbibed in darkness, but most can be
induced to do so by a few minutes irradiation with white
or red light; far-red has the opposite effect.
Subsequently it was found that the most effective
wavelengths for induction and inhibition were 660 nm and
730 nm (Borthwick, Hendricks, Toole and Toole, 1954)
However, i1f an inductive pulse is followed by a pulse of
far-red light, )¢ germination occurs., The sequence can be
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repeated many times with the same response to the terminal
1ight pulse (Borthwick, Hendricks, Parker, Toole and
Toole, 1952)., This "red / far-red reversibility of
induction"” is considered to be a unique action of
phytochrome.

Phytochrome is thought to be involved in the control
of germination of many species. A far-red absorbing form
(Pfr) is generated under red light and is associated with
germination; conversely, a red absorbing form (Pr) is
generated when Pfr absorbs far-red light, under which
conditions germination is inhibited. Following a red
pulse, the time required for the response to escape from
reversibility varies and probably reflects the period over
which ?fr is required to initiate the subsequent metabolic
events. In some species Pfr tends to revert to Pr and so a
single brief red pulse 1is insufficient to cause
germination. Conversely, in species where germination in
- darkness can occur, the inhibitory effect of far-red light
18 not permanent, implying that Pfr i1s present from the
start of imbibition and that it reappears after
photoconversion to Pr (so-called inverse reversion).

It is generally thought that the concentration of
Pfr is the important variable factor in these responses
and that Pr is inactive (see Mohr, 1972), but Smith
[1981a]) suggested that it is the ratio of Pfr to Pr or
total phytochrome which is significant. As the total
amount of phytochrome in dormant imbibed seeds remains
constant for prolonged periods, these two possibilities
cannot be distinguished in the photoblastic response. In a
homeostatic system, Smith’s hypothesis might be preferable
because the photoequilibrium (usually designated as ¢ =
[Pfr] / [Pfr + Pr]) established would be unrelated to
phytochrome concentration and, hence, more reliable.
However, the "Pfr as active form" hypothesis would seem to
be more feasible mechanistically. Unfortunately, very
little is known about the metabolic consequences of
phytochrome photoconversion.

It has been suggested that the red / far-red
antagonism seen in seeds is an adaptive feature, allowing
the detection of leafy canopies (via their large relative
attenuation of red light) and overlying soil (via its
attenuation of all wavelengths) as both can have large
effects on the Pfr level. This physiological behaviour is
often associated with species which form persistent seed
banks in the soil which await conditions favourable to
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their opportunistic life-style (Gorski, Gorska and Nowick,
1977; Grime, 1981). Even photoreversibility can be
considered adaptive, as it allows the seed to recover from
induction resulting from the high level of red light in a
transient sunfleck. Hence, phytochrome seems admirably
suited to this putative role. Fenner [1980] found that
when seeds are imbibed in daylight beneath a leafy canopy,
dark germination is reduced relative to unirradiated
controls. It has, furthermore, been suggested that the
initial light requirement is mediated by phytochrome in
the developing seed (McCullough and Shropshire, 1970;
Creswell and Grime, 1981).

In some species, high fluence rates of white light
inhibit germination (see Smith, 1975; Frankland, 1981;
Bartley and Frankland, 1982). One explanation for this is
that under conditions of rapid "cycling" (interconversion
of Pr and Pfr), metastable intermediates accumulate and
[Pfr] declines. This hypothesis can also explain "inverse
dark reversion" as a slow appearance of Pfr from an
intermediate rather than Pr itself. Another hypothesis
(Hartmann, 1966) implicates Pfr destruction, but this has
never been shown conclusively to occur in seeds.

Etiolated seedlings

When seeds germinate in darkness, as do those of
most grasses and cultivated species, the morphogenesis of
the seedlings is unusual until they are irradiated with
light. Such etiolated seedlings synthesise very little
chlorophyll and show extreme photo- and geotropic
sensitivity. In dicotyledons the leaves are also reduced
in size and hyponastic; the internodes extend rapidly
while the initiation of leaf primordia 1is inhibited
(Barsch-Gollnau, Ritterbusch and Mohr, 1980). It is
thought to be an adaptive response to allow seedlings to
grow up through the soil into daylight. It is associated
with a massive de novo synthesis of Pr; Pfr formed
photochemically from this is unstable and rapidly
destroyed, in contrast to seed phytochrome which appears
to be stable in either form (Kendrick, Spruit and
Frankland, 1969). Reversion of Pfr to Pr was once thought
to be important (Butler, Lane and Siegelman, 1963) but it
has since become apparent that it is absent in etiolated
seedlings of many species (Hopkins and Hillman, 1965;
Kendrick and Hillman, 1971)

Because of its relatively high concentration, the
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properties of seedling phytochrome have been extensively
studied in vivo and in vitro. Pfr and Pr absorb most
strongly at 730 nm and 660 nm respectively; both have
secondary absorbance peaks in the blue region. A
considerable overlap occurs in the red, and consequently
the maximum achievable value of ¢ is about 80% (Butler,
Hendricks and Siegelman, 1964; Pratt, 1978).

Although a light pulse induces some of the responses
of dark grown seedlings, prolonged irradiation is often
far more effective (Mohr, 1957, 1972). Action maxima arise
in the far-red and blue regions, and often red light has a
persistent effect (for example, Jose and Vince-Prue, 1977;
Holmes and Schdfer, 1981). However, Hartmann’s [1967]
action spectrum for the inhibition of lettuce hypocotyl
elongation by prolonged irradiation shows little activity
in the red region, but this is simply because red light
elicits opposing responses in different regions of the
hypocotyl (HYcker, Hartmann and Mohr, 1964)., A distinct
feature of these responses is that they do not saturate
until much higher fluence rates are reached; hence they
are the so-called high irradiance responses (HIR) (Mohr,
1972).

There is no doubt that a separate photoreceptor for
blue light exists in most etiolated seedlings. The best
known response is that of phototropic curvature which
shows a complex fluence rate dependent action in the far-
violet to blue region (see Dennison, 1979). It has been
shown on a number of occasions (see Thomas, 1981;
Cosgrove, 1981) that several of the photomorphogenic
responses to blue light are distinct from those to red and
far-red. The photoreceptor involved has been named
"eryptochrome", but little is known about its chemical
nature (see Senger, 1980) other than that it seems able to
photoreduce b-type cytochromes, at least in vitro.

In some systems (such as anthocyanin synthesis in
Sinapis alba) however, the blue light response seems to be
closely associated with the HIR to far-red (Wilderman,
Drumm, Sch&fer and Mohr, 1978). Consequently, as
phytochrome in vitro is known to absorb in both thesc
spectral regions, numerous attempts have been made to
explain the HIR wholly in terms of phytochrome action (see
Mancinelli, 1980). The most important of these are
summarised below.

Hartmann [1966) proposed that HIR action reflected a
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conflicting need for Pfr despite its constant destruction
(and the consequent gradual depletion of total
phytochrome). It was suggested that the optimal response
in the long term corresponded to maximal [Pfr] x time. In
an elegant experiment, he deduced that the optimal ¢
was 3% in the lettuce hypocotyl, and predicted the action
spectrum of the response from in vitro absorbance data.
This was similar to experimental data (Hartmann, 1967) but
this was probably fortuitous as HYcker, Hartmann and Mohr
[1964] had found previously that different regions of the
hypocotyl showed opposing responses to red light, thus
nullifying its overall effect. In addition, the simple
model fails to predict the fundamental fluence rate
dependence of the HIR. Hartmann suggested that an excited
form of Pfr was formed initially which was more potent
than the relaxed form into which it fell, and that more
rapid photoconversion increased the relative proportion of
the excited form. Unfortunately, there is no evidence for
this hypothesis. Borthwick, Hendricks, and Schneider
[1969] suggested an alternative, in which a bound form of
Pfr was itself capable of photoconversion by far-red
light, as some responses in this region appeared to be
independent of phytochrome action per se. There is no
further evidence in support of this suggestion, however.

In 1974, Schlifer and Mohr analysed mathematically
the kinetics of phytochrome photoconversion, synthesis,
and destruction. They successfully predicted the changes
in Pfr concentration following 1light pulses, but
unexpectedly demonstrated that under prolonged irradiation
1t was Pr] which varied with wavelength and fluence rate,
contradicting the idea of "Pfr as active form". Schlfer
[1975] subsequently developed a model involving twelve
simultaneous rate equations which predicted the required
changes in concentration of various forms of Pfr.
Unfortunately, this model relies upon rate constants of
the pelletability effect (see Quail, Marme and Schifer,
1973), now thought to be artifactual (see Watson and
Smith, 1982).

A number of characteristics of phytochrome action
imply that it is associated with membranes (see Raven,
1981; Hendricks and Borthwick, 1967); these form the basis
of radically different models 4in which phytochrome
destruction has no part. Smith [1970] suggested a
conceptual model involving the action of phytochrome as a
photochromic permease. As it 1s not a predictive scheme,
it 1s difficult to devise critical experiments to test its
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validity, but it is reasonable to assume that: fluence
rate dependence would vary under different conditions,
explaining the induction and HIR responses; Pr would have
an active role, in close agreement with the prediction of
Schd4fer and Mohr [1972]; the response to many light
treatments would increase with increasing numbers of
permease molecules, that is, phytochrome concentration.
Although Smith [1980] did not consider the latter to be a
feature of his model, it has been found that the HIR
declines when the phytochrome concentration 1is lowered
(Mohr, Drumm, Schmidt and Steinitz, 1979; Beggs, Holmes,
Jabben and Schifer, 1980). However, this correlation does
not prove causality.

Johnson and Tasker [1979] developed a somewhat
cimilar model involving the transport and binding of
substrate to Pfr, which predicts a strong fluence rate
dependence in both the far~red and red regions yia their
effects on the Pr-Pfr cycling rate (Johnson, 1980). Wagner
and Mohr [1966] reported such dependence to be absent from
the HIR of Sinapis alba in the red region. Johnson [1980]
confirmed this result, but concluded that the behaviour
may have been due to the induction of chlorophyll
accumulation. The fluence rate dependence in blue but not
far-red light should also have been affected, but this
possibility was not considered. In contrast, Holmes, Beggs
and Schlfer [1982] found fluence rate dependence at all
photoequilibria established by wavelengths from 640 to
740 nm, with chlorophyll tending merely to reduce the
effectiveness of red light. However, although phytochrome
cycling is maximal at about ¢ = 50%, there was no sign of
a response peak in this region. Instead, the authors
suggested that fluence rate dependence might result from
the true photoequilibrium not being achieved at low
fluence rates. In Chenopodium rubrum, hypocotyl elongation
was independent of cycling rate in the red region, and was
not related to chlorophyll synthesis (Ritter, Wagner and
Holmes, 1981).

Bearing in mind that our knowledge of phytochrome
relates almost exclusively to etiolated material, Smith
[1981a] proposed that the variety of responses might arice
from differences in the metabolic "perception" of the
photoequilibrium itself, as there is no good reason for
assuming Pr to be inactive. A mechanism which permits
responses to photoequilibrium alone would have advantages
in homeostatic control, but how such a dynamic ratio could
act independently of the active phytochrome concantration
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seems obscure; even Smith’s [1970] model seems to imply
some dependence on phytochrome concentratione.
Interestingly, it would then predict that responses would
be dependent on both ¢ and Pfr concentration.

None of the models of phytochrome action fits all
the available experimental data. Smith [1970, 1975, 198la]
has argued that the simple concept of Pfr being the active
form is untenable because of the sometimes paradoxical
(Chon and Briggs, 1966; Hillman, 1966a; Fox and Hillman,
1967; Hillman, 1967; Klein, Edwards and Shropshire, 1967;
Hopkins, 1971; Hillman, 1972; Smith, 1981b) and generally
variable relationship between Pfr concentration and the
known HIRs of higher plants. (Mohr [1972] documents both
threshold and proportional responses to Pfr
concentration). Even in 1965, Butler and Lane raised
similar doubts and proposed that two different populations
of phytochrome might exist, one associated with induction
and the other with the HIR. This proposal has received
support on several occasions as a possible explanation of
various paradoxical phenomena (Wagner and Mohr, 1966;
Hillman, 1967; Kendrick et al., 1969; Wetherell and
Koukkari, 1970; Smith, 1975; Jose and Vince-Prue, 1977a;
Mohr et al., 1979; Beggs et al.,1980).

De=etiolation

Photomorphogenesis in etiolated seedings 1is
physiologically complex and considerably different from
that in seeds, largely as a result of a distinct HIR. This
disappears quickly after irradiation with red or white
light as the seedlings deetiolate and synthesise
chlorophyll. Beggs et al. [1980] studied this behaviour in
detail, These workers first derived a normal HIR action
spectrum for the inhibition of hypocotyl extension i1in
Sinapis alba, showing peaks in the far-red, blue, and red
regions. They then investigated the effect of lowering the
concentration of phytochrome by pre-irradiating with red
light and allowing some Pfr destruction to occur before
giving an effective reversal pulse of far-red. Such
pretreatments led to a massive and simultaneous drop in
the effectiveness of blue and far-red 1light, while that of
red remained constant., Pretreatment with continuous light
banished the blue and far~red effects completely, while
chlorophyll accumulation was shown to be responsible for a
shift 1in the action maximum from 660 nm to 640 nm. They
concluded that the typical HIR action spectrum seen in
etiolated seedlings had two components. The action of blue
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and far-red light was associated with the form of
phytochrome synthesised during etiolation (probably
involving labile Pfr in the manner of Hartmann's [1966]
hypothesis), while in the red region a response to
multiple induction occurred, seemingly independent of
etiolation. Mohr et al [1979] reported similar results for
anthocyanin synthesis and phenyl ammonia lyase activity,
except that the effectiveness of red light was enhanced by
‘the pretreatments. Thus Butler and Lane’s [1965]
hypothesis may be correct in that the HIR phytochrome
seems to be restricted to etiolated tissue. Results from
lettuce hypocotyls (for example, Turner and Vince, 1969;
Hartmann, 1967) are in conflict with this notion only
because of the peculiar effects of red light on this
system (see Hicker et al., 1964).

Mature plants

The action of light in modulating the growth of
green plants has received remarkably little attention
despite its obvious importance. Research in this area is
technically difficult because the fluence rate of natural
daylight is high compared to that which can be easily
generated in the laboratory (see 2.2). Although most
species can grow at these lower fluence rates they are
often morphologically and physiologically remote from
their natural habit. It would be strange indeed if this
had no effect on their photoresponses. It is difficult,
therefore, to compare results from different laboratories,
and the fashionable extrapolation to "the field" is
unjustified in most cases.

In fact, only during the last decade has it becone
possible to predict relative rates of photosynthesis from
simple measurements of fluence rate, and hence to balance
assimilation rates under different spectral regimes.
McCree [1972b] showed that when plants were grown under
equal quantum fluence rates in the region between 400 and
700 nm, their rates of biomass accumulation were
relatively independent of the spectral composition of the
light source; this definition of photosynthetically active
radiation (PAR) has been generally accepted, as other
definitions appeared to be biased against shorter
wavelengths., Only if the spectral distribution of the
light source and the spectral quantum sensitivity of the
photodetector is known, can unbiased estimates of relative
photosynthetic rates be made. Stolwijk reached a similar
conclusion in 1954, Gaastra [1959] provided tables of
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conversion factors for various 1light sources and
photodetectors, while McCartney [1975] found that for
natural daylight the dirradiance (v m “) as measured by
tube solarimeters could be converted to pmol m “s ° by the
multiplication factor 4.56. Differential photosynthetic
rates can confound most other 1light effects (for example
in the otherwise excellent work of van der Veen and Mei jer

[1959]).

Morgan and Smith [198la] recently reviewed the
literature on photomorphogenesis in green plants. Most
studies have concentrated on the promotive effect of far-
red 1light on stem elongation. Roodenburg [1940] was
probably the first to suggest that far-red was important,
and in 1957, Downs, Hendricks, and Borthwick demonstrated
that phytochrome controlled the end-of-day photostimula-
tion of internode elongation. In Fuchsia, a far-red pulse
given immediately after the end of the photoperiod was
more effective than at any other time during the night;
the later the pulse was given, the smaller was the
response. Also, when an end-of-day dichromatic pulse
comprising various proportions of red and far-red 1light
was given, internode extension was closely correlated with
the fluence ratio (Vince~Prue, 1977).

Although these were not "daytime" responses, the
results are of great significance in understanding the
photocontrol of development and growth in green plants;
they imply that the Pfr level established during the
period of irradiation continues to exert an effect
throughout the dark period. Such an inductive response is
only consistent with stable photochromicity, and is in
accord with the results of Beggs et al. [1980], in that
the HIR per se seems to be associated with the labile Pfr
of etiolated seedlings and is absent from green plants.
Unfortunately, it is impossible to measure the
concentrations of Pfr and Pr in green plants because the
routine spectrophotometric procedures are useless in the
presence of chlorophyll fluorescence, so it is not yet
possible to verify these conclusions. Pratt [1982] has
reviewed the recent encouraging development of alternative
radioimmunoassays.

Vince=Prue [1977] also showed an essentially linear
relationship between internode extension and the end-of-
day phytochrome photoequilibrium as measured in etiolated
tissue. However, far~red light is also effective during
the photoperiod itself (Fitter and Ashmore, 1974; Holues
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and Smith, 1975, 1977c; Krizek and Ormrod, 1980). In
Chenopodium album, the relationship between stem extension
and photoequilibrium during the photoperiod was also
linear (Morgan and Smith, 1978a). The latter workers
questioned the relevance of end-of-day light treatments to
events in the natural environment after finding that such
regimes were much less effective than treatments applied
throughout the photoperiod. They have also reported that
the response is species-dependent, being very pronounced
in ruderal sun plants, but almost absent in shade tolerant
species (Morgan and Smith, 1979).

Supplementary far-red light given during the
photoperiod has rapid effects on stem extension (Morgan
and Smith, 1978b; Lecharney and Jacques, 1982) and 1is
antagonised by red 1light (Morgan, O0’Brien and Smith,
1980). Moreover, fluence rate does not seem to have any
specific effect on the almost linear relationship which
exists between stem extension and photoequilibrium
(Morgan, Child and Smith, 1981), strongly implying that
phytochrome is not acting in its HIR mode, but in a manner
analogous to the induction response. More importantly, it
indicates that phytochrome 1s able to sense the red : far=
red ratio in a manner which is irradiance compensated.

Several other responses are thought to be mediated
by phytochrome in green plants of certain species.
Swplementary far-red light increased the ratios of leaf
area to plant biomass, leaf area to leaf biomass, and leaf
biomass to stem biomass (Young, 1975; Frankland and
Letandre, 1978). The leaf morphology of the aquatic plant
Hippuris vulgaris seems to be extraordinarily sensitive to
far-red light (Bodkin, Spence and Weeks, 1980). Apical
dominance is also affected (Tucker and Mansfield, 1972).

The good correlation between photoequilibrium and
response generally observed in green plants requires that
if [Pfr] alone is responsible for the action of
phytochrome, [Pfr + Pr] must be constant in the different
light treatments. Although spectrophotometric assay 1is
impossible in green tissue, chlorophyll accumulation can
be prevented by the herbicide norfluorazon and normal
assays can be carried out., The phytochrome system of
plants grown under such conditions is thought to resemble
that of normal etiolated material (Jabben and Deitzer,
1979)., Norfluorazon treated plants can be grown
heterotrophically under normal lighting conditions. Using
such techniques, i1t was found that after growth in
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continuous light for several days, the phytochrome
concentration increased substantially during a 24 hour
dark period (Jabben and Deitzer, 1980). In a similar
manner, Smith [1981b] investigated Pfr and Pr
concentration changes in bleached maize plants grown under
continuous low fluence rate white light with various
levels of supplementary far-red. [Pfr + Pr] was mnot
constant but was linearly correlated with ¢, while Pfr
became independent of ¢. Moreover, a good correlation
between photoresponse (leaf length) and ¢ was apparent.
Thus it would appear that while ¢, [Pr] or [Pr + Pfr]
could control the response, [Pfr] could not. Although
these controversial results accord with the original
predictions of Schifer and Mohr [1974], it is still
generally accepted that Pfr is the active form.

It is. becoming increasingly recognised that these
responses are of adaptive value (see Smith, 1982). As the
incident spectrum is remarkably constant (Goldberg and
Klein, 1977), changes in the red : far-red ratio of
natural daylight light are almost entirely a product of
leafy canopies. The symbol ¥ (zeta) has been suggested to
represent the fluence ratio at the absorption maxima of

phytochrome (660 and 730 nm) (Sinclair and Lemon, 1973;
Monteith, 1976). This and similar ratios have been shown
to be closely correlated with leaf area index (Jordan,
1969; Kasperbauer, 1971; Holmes and Smith, 1977b).

Smith and Holmes [1977] showed that the photoequilib-
rium established in etiolated tissue was closely
correlated with ¥, but it has been pointed out that the
screening effect of chlorophyll is likely to shift the
action peak from 660 nm to shorter wavelengths
(Borthwick, Hendricks and Parker, 1948b; Kasperbauer,
1971; Jose and Schlifer, 1979). There is little doubt that
the red : far-red ratio is physiologically significant for
many ruderal species adapted to rapidly exploiting exposed
sites. After germination, such plants respond vigorously
to shading from nearby competitors, whereas in contrast,
understorey species which are tolerant of shade seem to be
indifferent to the red : far-red ratio (Fitter and
Ashmore, 1974; Morgan and Smith, 1979).

A more sophisticated approach was developed by
Tasker [1978]. Hartmann [1966] showed that the
photoequilibrium of phytochrome under dichromatic
irradiation could be predicted on theoretical grounds from
the actinic wavelengths and relative fluence rates, the
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absorbance spectra of Pr and Pfr, and the quantum
efficiency ratio for photoconversion. Of course,
wavelengths other than those involved in the calculation
of % can be used. Tasker expanded Hartmann’s equation to
account for polychromatic irradiation, so that $ could be
calculated for any light source. The procedures take no
account of possible differences between in vivo and in
vitro absorbance, or of pigment screening effects.

Nonetheless, such correlations are scarcely an
adequate basis for an eco-physiological theory of
phytochrome function. We:  have no knowledge of Pfr levels
or photoequilibria in green tissue, and the molecule
itself may be different from that extracted from etiolated
material (see Pratt, 1982). For instance, it is difficult
to explain the effectiveness of different far-red regimes
(Morgan and Smith, 1980a) on the basis of simple propor=-
tionality to [Pfr] x time; indeed, the ratio of leaf to
stem bliomass appears proportional to the dose of far-red
given.

There have been innumerable reports describing
photomorphogenic responses to fluence rate, but very few
distinguish between the effects of a separate
photoreceptor (such as cryptochrome) and those of
photosynthesis. In light grown seedlings there 1is 1little
doubt that cryptochrome is active (Meijer, 1968; Black and
Shuttleworth, 1972; Gaba and Black, 1979; Thomas and
Dickenson, 1979). In whol 1y phototrophic plants, it is
difficult to stimulate cryptochrome without affecting
photosynthesis; the only possibility is to change the
proportion of blue light relative to green, as these
wavebands have fairly similar activity in photosynthesis
(McCree, 1972a); variations in the red region would affect
phytochrome too. Such treatments are technically difficult
to arrange, especially at high fluence rates comparable to
those in nature, and there are no reports of such work in
the literature. Other reports of responses to blue light
(Popp, 1926; Meijer, 1959; van der Veen and Mei jer, 1959)
are therefore confounded by photosynthetic effects, but it
seems likely from their data that cryptochrome is active
in light grown plants. Morgan and Smith [1981b] observed
that in Chenopodium album, PAR and 9 interacted strongly
in their effects on stem extension rate and leaf to stem
biomass ratio. A further problem is the possibility that
cryptochrome may itself be photochromic in the red and
blue regions (LBser and Schifer, 1980). Shuttleworth and
Black [1977] found that blue and red light act
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synergistically 1in phototropic bending in deetiolated
Helianthus seedlings.

In summary, the principal known photomorphogenic
responses of higher plants are evoked by changes in the
relative proportions of red and far-red light. Often, the
response 1s not instantaneous, and none occurs 1if the
status quo 1s restored within a few minutes. The largest
spectral changes seen in nature (those associated with
leafy shade) are precisely those which elicit the
photoresponses mediated by phytochrome. The general
function of phytochrome may be to detect leafy shade.
Probably, a fluence rate dependent response to far-red
1ight is confined to etiolated seedlings, whereas a
response of this type to blue light 1is generally
distributed, even though it is little understood.

Unfortunately, the published data on the daytime SPD
do not exclude the possibility that other environmental
factors confuse the detection of leafy shade. Hence,
during this project it was intended further ¢to
characterise the spectrum of natural daylight in order to
answer the following questions:

1) What variation exists in the daytime spectrum at
unshaded locations?

2) How does the spectral transmittance of a canopy vary
during its leafy phase?

3) Do changes in the optical properties and pigment
content of the constituent leaves have a significant

effect upon the transmittance spectrum?

4) 1s T a good indicator of leafy interception over a
prolonged period?
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Twilight

Environmental Phenomena

In marked contrast to daytime, conspicuous changes
in fluence rate and spectral distribution occur during
twilight when the sun 1is near the horizon. Rozenburg
[1966] provided the most recent extensive survey of the
phenomena associated with twilight.

The maximum fluence rate of PAR at noon under a
cloudless sky is typically 2 mmol m~ s-1 in temperate
latitudes, but cloud cover can reduce this to perhaps
50 pmol m “s”~, although the mean is about 500 pmol m s 1
At aight, the brightest moonlight and starlight give
values for PAR of around 2 pmol mn2s”! and 2 fmol m™“s”",
respectively; cloud cover might reduce these by an order

of magnitude.

Hence, during twilight, fluence rate changes by
about nine orders of magnitude in as little as two hours;
during this period the rate of change is almost exactly
exponential. The time at which a given fluence rate is
reached during the progress of twilight consequently
varies by less than 15 minutes as a result of cloud cover,
whereas the equivalent seasonal change is around 4.5 hours
in temperate latitudes; Holmes and Smith [1977a] were
presumably referring to earlier events when they concluded
that cloud cover had an overwhelming effect. Cloud cover
has more significant effects upon the spectral nature of
the changes. Unfortunately, much of the literature on this
aspect of twilight concerns the colour of different
reglions of the sky, rather than their integral
contribution to the spectral photon distribution of
incident light. The sequence of events at dusk 1is
described below (it is reversed at dawn).

In the late afternoon, under a clear sky, the
fluence rate begins to drop rapidly at the start of "civil
twilight" when the sun subtends an angle of about +7° to
the horizon; this phase ends after sunset when the angle
reaches -6° Human visual ac uity is retained during most
of this period, but during the subsequent "nautical
twilight", only large objects remain visible., This phase
corresponds to solar angles of = © to =129, and fluence
rates of about 50 and 0.5 pmol m “s” ', respectively. The
period of exponential decline runs approximately from
sunset to the point when the solar angle reaches -129;
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thereafter, during "astronomical twilight", the fluence
rate stabilises at its night-time level, usually at about
an angle of -189,

Towards sunset, the fluence rate becomes
increasingly unrelated to the direct solar beam as a
result of the rapidly increasing path length through the
atmosphere and the decreasing angle of incidence to a
horizontal surface. The sun and adjacent sky appear red
during this period as a result of the spectral absorbance
characteristics of the lower atmosphere and not, as has
often been claimed, increased scattering (Rozenburg,
1966). The contribution of the direct beam is negligible
at sunset, and consequently the event is imperceptible
from a horizontal surface. Apparent sunset occurs at least
two minutes later than geometrical or true sunset, because
the atmosphere refracts the direct beam by about 0.5%,
According to Rozenburg [1966], and contrary to Morgan and
Smith [1981], the spectral effect of refraction is
negligible.

After sunset, the halo of red light remains,
separated by a white band (and sometimes, high in the sky,
a purple patch) from the rest of the sky. The blue of the
sky overhead starts to become enhanced at this stage by
two factors. Firstly, the increasing path length through
the ozone layer leads to lower transmittance in the green
and red spectral regions, where the Chappuis absorbance
band lies. Secondly, the scattering profile (the frequency
distribution of scattering events versus altitude) shifts
to higher altitudes, where particle scattering 1is
relatively much less common than molecular scattering. At
the horizon opposite to the sun, the dull shadow of the
Earth, surrounded by a red glow known as the "Belt of
Venus", appears. As the shadow rises, it rapidly becomes
indistinct as the projected edge occupies more of the sky.

During the exponential phase of twilight the red
area above the solar horizon slowly disappears. The
scattering profile moves into increasingly unpolluted air
in the upper atmosphere, accentuating the blue colour of
the sky, as the lower, denser regions of the atmosphere
come within the Earth’s shadow. As the density of air
declines exponentially with height, and scattering is
proportional to density, the fluence rate at the Earth’s
surface declines exponentially too.

Multiple scattering in the lower layers gradually
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gains in importance relative to that of simple scattering
in the tenuous stratosphere. This phase corresponds to the
end of nautical twilight, when the exponential decline
ends. The high order relationship between wavelength and
the probability of multiple scattering renders the sky
deep blue, while the somewhat lighter blue of the singly
scattered light becomes restricted to the solar horizon.
This finally disappears at a solar angle of about -19°
when true night begins.

Even under clear skies, this orderly progression of
events 1s disturbed. In the absence of Chappuis
absorption, the shorter wavelengths within the visible
region would tend to increase relative to longer ones as
twilight progresses. However, increasing absorbance in the
ozone layer often leads to the opposite effect in the red
and far-red regions during much of the twilight period
(Goldberg and Klein, 1971; Sinclair and Lemon, 1973;
Holmes and McCartney, 1976). However, Shropshire [1973]
observed a transient drop in the red : far-red ratio soon
after dawn. Holmes and McCartney [1976] and Johnson,
Salisbury and Connor [1967] reported analogous events in
the same region and the blue and red regions, respective-
ly. The transient '"reversal effect”" has long been known in
meteorology and is thought to result from a shift in the
relative positions of the scattering profile and the ozone
layer (Rozenburg, 1966). The effect varies from day to day
in both extent and timing; seasonal and longer term trends
may also exist.

Clouds are largely restricted to the lower regions
of the atmosphere and so have important spectral effects
only around sunrise and sunset, when they attenuate the
scattered light from the upper atmosphere, and reflect
downwards red light from the direct solar beam. These
effects are highly variable. Similarly, particle
scattering in other parts of the atmosphere can introduce
further complexity to the spectral phenomena.

Unfortunately, much of this information is of little
direct relevance to photobiology because it principally
documents changes in the visible spectrum and fails to
provide quantitative information about the changes in
irradiation to which plants respond. Direct measurement of
the SPD incident upon a planar surface during the twilight
period 1s difficult, because of the rapidly declining
fluence rate. Salisbury [1981a, 1981b] included a series
of spectral energy distributions recorded around the time
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of sunset. These indicated a drop in orange light relative
to both blue and far-red, as twilight proceeded. The red :
far-red ratios reported were much higher than those
commonly encountered (Smith, 1982). The apparatus used
required a prolonged period (10 minutes) to scan the
entire spectrum, and the change in fluence rate during
this was corrected for arithmetically, assuming a linear
rather than logarithmic fall in fluence rate. Goldberg and
Klein [1977] showed similar trends during twilight at a
number of geographical locations.

In summary, whereas the changes in fluence rate
associated with twilight are generally large and quite
consistznt, the spectral changes are small, rather
variable and poorly documented. It was considered a vital
aspect of this project to remedy this deficiency and
provide adequate information about the crepuscular change
in light quality and quantity occurring in natural
daylight. .

Physiological Responses

In the 1920s, daylength was found to have a potent
effect on flowering in a number of species; some were
induced to flower by short days and others by long dayse
Such a response requires the participation of both a
photoreceptor and a timer. Hamner and Bonner [1938]
concluded from their work on Xanthium strumarium that the
length of the night, rather than the day, was the critical
factor since a brief pulse of light between two dark
periods (a night break) inhibited flowering just as
strongly as if a full day had separated them. Thus, much
effort has been expended in attempting to reveal a
"darkness timing" mechanism. Unfortunately, it is now
known that both day and night length are important in the
response., Indeed, the complex {interactions of the
photoreceptor and timer have confounded the majority of
physiological investigations of photoperiodic control. The
most recent reviews of the field are those of Vince-Prue
%1975]. Evans [1975], Vince-Prue [1979], and Salisbury

1981b].

The perception of dawn and dusk has been studied in
several species both in the field (Takimoto and Ikeda,
1960, 1961; Katayama, 1964) and the laboratory (see
Salisbury, 1981b), The threshold fluence rate (below which
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no distinction is made between the light and total
darkness) at dusk and at dawn, and the critical night
length (that which induces 50% of maximum flowering) all
seem to show great variability even within a single
species., The genetics of this aspect have not been
studied, although it seems likely that complex
polymorphisms maintained by natural selection pressure may
be responsible.

The role of phytochrome

Many attempts have been made to characterise the
photoreceptor involved, but the variability of the
material and the complexity of the photoperiodic system as
a whole have led to numerous misconceptions. Red seems to
be the most active spectral region controlling flowering.
Using a spectrograph, Borthwick and co-workers identified
precisely the wavelengths involved, by giving four species
pulses of monochromatic 1ight after twelve hours of a
sixteen hour dark period, when the sensitivity was
greatest. The consequent light dose versus flowering
response curves were used to construct the four actlion
spectra (see Shropshire, 1972) still regarded as
definitive of the photoperiodic response. In the short day
flowering Glycine max (Parker, Hendricks, Borthwick and
Scully, 1945) and in the long day flowering Hordeum
vulgare (Borthwick, Hendricks and Parker, 1948a) and
Hyoscyamus niger (Parker, Hendricks and Borthwick, 1950),
the peak of sensitivlity lay at 610 - 620 nm, while that
for Xanthium strumarium (Parker, Hendricks, Borthwick and
Scully, 1946) was about 20 nm higher. The sensitivity in
the red region for all four species was quite similar, but
large differences were apparent in the less effective blue
region. This variation has been largely ignored but may be
an important clue to the photoreceptor involved 1in the
sensing of daylength. Using Xanthium, the involvement of
phytochrome was demonstrated by the complete reversibility
of the effects of a red pulse by a far-red one (Borthwick,
Hendricks and Parker, 1952).

Any light source establishes an equilibrium between
the two forms of phytochrome which is largely dependent
upon its spectral distribution and the absorption spectra
of Pr and Pfr. The plant responds phystiologically to the
level of Pfr; this would be relatively high in daylight,
but much lower under monochromatic far-red light.
Moreover, 1in darkness any Pfr present might slowly
disappear non-photochemically, and this might be the
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origin of the photoperiodic response (Borthwick, Hendricks
and Parker, 1952). Subsequently, it was found that the Pr
absorbance maximum in vitro lay at 660 nm (Butler,
Hendricks and Siegelman, 1964), but discrepancies between
this and the observed action maximum have been
satisfactorily explained by the absorbance of much of the
1ight in this region by chlorophyll (Borthwick, Hendricks

and Parker, 1948b; Cathey and Borthwick, 1964).

It 1s largely on the basis of these results that
many workers have concluded that phytochrome alone
controls photoperiodic phenomena. Indeed, Borthwick,
Hendricks and Parker [1952] suggested that a slow loss of
relatively unstable Pfr during the dark period could
constitute the timing mechanism itself (in the manner of
sand draining from an hour glass). This opinion is now
untenable as it has been shown that night breaks do not
simply reset the dark timing system. A much more likely
explanation of the timing mechanism is that of Bunning
[1936] which envisages an oscillating metabolic system as
a timing standard (in the manner of a clock’s pendulum).
The crucial evidence for this is that when the periodicity
of 1light - dark cycles is experimentally increased beyond
24 hours, the timing system often resonates again at
approximate multiples of 24 hours (Nanda and Hamner, 1958;
Pittendrigh, 1980). So what, then, is the role of
phytochrome?

Close examination of flowering responses has
revealed an intricate system which is far from understood.
In Chenopodium rubrum, a short day flowering species,
Kasperbauer, Borthwick and Hendricks [1963] investigated
phytochrome involvement dintensively. They concluded that
inhibition of flowering occurred when the Pfr level
remained above a certain low threshold for at least one
hour. The effectiveness of a red pulse was thought to be
because Pfr was thereby raised to a high level and the
rate of its "decay" was sufficiently slow to allow the
process of inhibition to begin. Although a far-red pulse
could reverse the effects of red light, far-red 1l1ght
itself could inhibit flowering if maintained for a
sufficient period. The inference was that the threshold
Pfr level was even lower than that established by far-red
1ight. The authors were cautious in their interpretation

of the data, and recognised that other factors could be
involved.

The effect of temperature on the minimum night
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length required for flowering supports the tentative
hypothesis described above. The rate of Pfr destruction in
etiolated seedlings is temperature dependent (Kendrick,
Spruit and Frankland, 1969), whereas one of the principal
features of the metabolic timer is its capacity to
compensate for thermal change, homeostasis being an
essential characteristic of circadian timing (Pittendrigh
and Caldarola, 1973). Thus one might predict on the basis
of the hypothesis of Kasperbauer et al. [1963] that only
the initial period (of Pfr "decay") in the timing process
would be temperature sensitive; this was found to be the

case in Xanthium (Salisbury, 1963).

Attractive though the scheme appears, complications
and objections remain. The fairly straighforward,
phytochrome mediated response corresponds to the period of
maximum sensitivity to white or red 1ight given as a night
break. However, this belies the situation during the rest
of the night. In plants of Pharbitis nil (a short day
flowering species) grown 1in daylight, the period of
hypersensitivity to red light is transient (Takimoto and
Ikeda, 1960). Moreover, Cumming, Hendricks and Borthwick
[1965] showed that, in Chenopodium rubrum plants grown in
continuous light, periods of hypersensitivity to red light
recurred at circadian intervals during a 72 hour dark
period. This is easily explained by a rhythmical change in
sensitivity to Pfr; what is difficult to explain 1is why
the sensitivity to far-red light showed no such
rhythmicity in either system. Takimoto and Hamner [1965b]
obtained similar results using Pharbitis.

A further weakness is that we have no knowledge of
phytochrome transformations in green plants and, as very
few plants have ever been induced to flower while in the
etiolated state, any conclusions drawn by extrapolation
from the physiology of such tissue to green plants is, at
best, premature. Vince-Prue (in preparation) has shown
that in Pharbitis nil a series of closely spaced red

pulses extending the photoperiod are not far-red
reversible. Thus, outside the night break phenomenon, the
involvement of phytochrome in photoperiodism is largely
hypothetical,

To avoid the problem of detecting Pfr in green
tissue, Cumming et al. [1965] developed a subtle technique
to investigate the dinvolvement of Pfr in the timing
systems Other factors remaining equal, the proportion of
phytochrome molecules in the Pfr form can be controlled,
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within limits, by varying the proportions of red and far-
red given during a saturating dichromatic light pulse.
Hence, a fixed proportion of Pfr can be set-up by
providing a certain proportion of red light in the pulse.
If changes 1in the proportion of Pfr control the
physiological response, then it should be possible to
monitor them by finding at intervals the proportion of red
light which does not disturb the system. These so-called
"sull methods" have ylelded strange results, wusually
implying an ijnitial decline in Pfr, often followed by its
apparent reappearance in darkness (Cumming et al., 1965;
Evans and King, 1969; King and Cumming, 1972). Recently it
has been suggested that the quantum efficiency of
phytochrome photoconversion may vary rhythmically in
addition to the 1light = dark rhythm itself (King,
Schifer, Thomas and Vince-Prue, 1982). If this 1s true,
many experiments, including those using null methods, may
have been carried out below saturating fluence rates.

Care should be taken not to interpret these findings
as if they related to other systems such as etiolated
seedlings where, although the physiology of phytochrome is
better understood, it may be totally different. In green
plants there is no apparent reason why Pfr should not be
stable or appear during darkness; both have analogues 1in
seed phytochrome where Pfr is stable (Kendrick et al.,
1969) and can appear in darkness (Boissard, Spruit and
Rollin, 1968). On the other hand, the null technique 18
only informative 1f 1light effects are solely mediated by
Pfr concentration; this is itself hypothetical., Indeed, it
has been suggested that cycling between Pr and Pfr may
have a specific role (Jose and Vince-Prue, 1978).

1f the involvement of phytochrome in short day
flowering species 1is paradoxical, further complications
are introduced when long day flowering specles are
considered: firstly, the well defined period of
hypersensitivity to red 1light is uncommon in these
species; secondly, the promotion of flowering is usually
proportional to the fluence rate and duration of the
nocturnal pulse; and thirdly, reversibility is the
exception rather than the rule (Vince-Prue, 1975).
Moreover, not only does far-red fall to reverse the effect
of a red pulse, it actually enhances it when long pulse
lengths are used or if the treatment 18 given close to the
end of the photoperiod. Under these conditions, the
maximal spectral response shifts to a narrow peak at
710 nm (Schneider, Borthwick and Hendricks, 1967), even in

28




1.1 twilight

the presence of a background of red light (Borthwick et
al., 1969). This has variously been interpreted as a
TYesult of absorbance by a bound form of phytochrome
(ibid.), an effect of cyclic photophosphorylation
(gchneider and -Stimson, 1971; 1972; Ginkel and Hammans,
1980a, 1980b), or even a specific effect of cycling
(Vince-Prue, 1975; Jose and Vince-Prue, 1978), but there
is very little evidence to support any of these notions.
Although the response 1is similar to the HIR of
photomorphogenesis, there 1s evidence that the latter is
confined to etiolated seedlings. According to null
experiments, the level of Pfr declined gradually during
darkness in the long day flowering Lolium temulentum
(Evans, 1976).

It seems that, until Pfr can be assayed in green
plants, little progress beyond the work of King, Vince-
Prue and Quail [1978] is likely in this area. They carried
out null experiments on Pharbitis nil in parallel with
spectrophotometric assays using photobleached, hetero-
trophic plants. Both implied that a continuous loss of Pfr
occurred, but the rates indicated were different.

Despite the contradictions, it 1is possible to reach
some general conclusions about the physiology of light /
dark timing. Part of the confusion may result from
ambiguous signals being given to the timing system by
apparently simple light treatments. A brief pulse of red
light given during a dark period (a typical night break
treatment) seems to be interpreted as "dawn", but a
subsequent red pulse (for example, Takimoto and Hamner,
1965a) as "dusk", even though there has been no
intervening photoperiod (hence, the term skeleton
photoperiod). When the second pulse 1is replaced bxdthe
true photoperiod, the "dusk" signal occurs when ™ ends.
1f the "dawn" signal is given as a pulse, the end of the
pulse is not seen as "dusk", and furthermore, a subsequent
"dawn" signal is ignored., However, substitution of the
night break by prolonged irradiation is perceived as a
photoperiod (that is, "dawn" and "dusk"); the system has
apparently become reset.

Hoshizaki and Hamner [1969] suggested that separate
circadian oscillators are entrained by "dawn'" and "dusk"
signals, and that it is the phasing of these oscillators
that determines the response. This internal coincidence
model does not, however, account for how both signals seem
to be ignored under certain circumstances. A more wvidely
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held view is that the effect of a light treatment depends
on its relationship to an endogenous rhythm (that 1is,
whether the system is in a "photophile" or "skotophile"
phase). In order to explain entralnment, this external
coincidence model has an accessory feature which allows
prolonged irradiation to re-phase the rhythm. Although
neither model is satisfactory in its present form, they
suggest that many peculiar photoperiodic effects may be
quite simple manifestations of Nanda-Hamner resonances
(Nanda + HowA?) 152),

Over and above th@se problems is the unknown action of
the photoreceptor. Does a simple "Pfr threshold" hour-
glass system actually exist alongside the clock itself?
Perhaps attempts to understand both photoreceptor and
timer simultaneously are over—ambitious.

In the context of the natural radiation environment,
1t is interesting that the 1light received during the
photoperiod itself has distinct effects on photoperiodlsm
(Vince-Prue, 1975, 1979, 1981; Evans, 1975; Kadman=-Zahvi
and Ephrat, 1976; Salisbury, 198la, 1981b). @%otosynthetic
rate differences do not seem to be important (Takimoto and
Naito, 1962) and itgﬁgv enerally thought that phytochrome
is 1nvolved.) Thesé have been termed "dynamic mode"
responses to distinguish them from "static mode" or
induction responses such as those to night breaks (Jose

and Vince-Prue, 1978).

The red : far-red ratio seems to become inhibitory
to flowering when much above unity in several species,
although lower ratios have little effect (Lane, Cathey and
Evans, 1965). Conversely, flowering in Lolium temulentum
seems to be inhibited by ratios both above and below unity
(Evans, Borthwick and Hendricks, 1965). Indeed, it 1is
thought that long day flowering species are generally more
sensitive to light quality during the photoperiod (Vince~-
Prue, 1975). However, this is not the case 1n short and
long day flowering grasses, both of which are stimulated
to flower by far-red 1ight (Kadman-Zahvi and Ephrat,
1976).

The end of day Pfr level seems to affect the start
of dark timing in several specles (Borthwick et al.,
1952b; Al-Hattab, 1968; Holland and Vince, 1971), but the
evidence 1is equivocal (Salisbury, 198la, 1981b).
Rhythmical changes in sensitivity to red : far-red ratios
may have an adaptive value in allowing the system to
ignore the effects of leafy shade during the day.
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Nonetheless, Holmes and Wagner (1980) have argued on
theoretical grounds that such a change in the red : far-
red ratio (and hence Pfr) is a more likely "zeitgeber"
(cue) than fluence rate change alone. The idea of a change
in Pfr being effective rather than its actual level 1is
consistent with most published data. Under continuous
light interupted only by an inductive dark period, a
suppli mentary far-red light pulse can either inhibit or
stimulate flowering in short day species, depending upon
the interval between the pulse and the start of the dark
period (King, 1974), Deitzer, Hayes and Jabben [1979]
found that plants of Hordeum vulgare (cve "Wintex") grown
under 12 hour photoperiods flowered after a long inductive
period of uninterrupted light. During this, suplementary
far-red pulses alternately stimulated and 1inhibited
flowering with a persistent circadian rhythm; sensitivity
minima coincided with the times when the photoperiod would

have occurred.

Other photoreceptors

In addition to these effects related exclusively to
red and far-red light, presumably mediated by phytochrome,
there 1s good evidence implicating other wavelengths and
indeed other photoreceptors.

There have been numerous reports of the effects of
blue 1light on flowering. Often 1t is relatively 1lmpotent,
but, for example, 1in Hyoscyamus niger, long days
consisting of red light alone do not induce flowering,
whereas blue light has the same effect as white or red
plus far-red light 1in inducing flowering (Stolwiijk and
Zeevaart, 1955)., Blue light was also more effective than
red in Salvia occidentalis; both far-red and blue were
antagonised by red light (Mei jer, 1959). In similar
experiments on the short day flowering Pharbitis nil,
seedlings grown in blue or far-red light for 2 days falled
to flower after a long inductive night, but 1if red or
white light was used, most plants flowered. Again, red
antagonised far-red and blue, but the effects of these two
wavelengths were digtinct; a terminal red pulse lead to
flowering only after the far-red treatment (Takimoto and
Naito, 1962), whereas in Lemna perpusilla the colour of
the 1ight given during the photoperiod greatly affected
the reversibility of red night breaks (Hillman, 1966b). In
some species sensitivity to blue light iz even greater
than that to far-red when given at the end of the
photoperiod. These include Callistephus chinensis (Wi-hrow
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and Benedict, 1936), Lolium temulentum (Evans, Borthwick
and Hendricks, 1965), Chenopodium rubrum (Sawnhey, 1977a,
1977b, 1977¢c) and many members of the Cruciferae (Funke,
1948; Stolwijk, 1954; Hanke, Hartmann and Mohr, 1969;
Brown and Klein, 1971).

Blue light seems to be active in night break
phenomena. In Pharbitis nil at least, the responses to
blue, red or far-red night break pulses seem independent
(Takimoto and Ikeda, 1960; Takimoto and Hamner, 1965b). In
Salvia occidentalis blue light has been shown to be as
effective as far-red in reversing the effect of a red
night break (Mei jer, 1959), while far-red and blue night
breaks were equally effective in Hyoscyamus niger

(Schneider, Borthwick and Hendricks, 1967). The original
action spectra for night breaks derived by Borthwick and
co-workers demonstrated a consistent high sensitivity in
the red reglon, but the effectiveness of blue light varied
considerably between species.

From the absorbance spectra of phytochrome in vitro,
Hartmann [1966] calculated that ¢ in blue, red and far-red
11ght would be about 407%, 80% and <27%, respectively. If
the absorbance 1in vivo is similar, according to most
hypotheses the activity of blue and red light should be
similar, but this is not found. Instead the effect of blue
11ght 1s usually similar to that of far-red light, as in
the HIR., However, this analogy 1s uunhelpful because the
HIR 1s itself the subject of controversy. Some of the
variation 1n the effectiveness of blue light is undoubted-
1y due to screening by chlorophyll, which 48 itself
affected by nyctinastic movements of leaves (BlUnning and
Moser, 1969) and intracellular chloroplast movements. Tt
should be noted that Everett and Briggs [1970] concluded
that the absorbance of blue light by phytochrome in vivo
was substantially different from that 1in vitro;
consequently, 4 in blue light may be closer to that in
far-red.

Most of the experiments carried out to compare the
efficacy of different spectral reglons have used
irradiance (power per unit area) to compare treatments
(see Vince=Prue, 1975). This practice 1is erroneous because
photochemical action is a function of photon absorption
and not power per se, Thus, in most of the action spectra
and other studies the efficacy of blue is about half its
true value relative to far-red. Furthermore, {f the dose-
response curves are not parallel 4in all regions, ,ross
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and Benedict, 1936), Lolium temulentum (Evans, Borthwick
and Hendricks, 1965), Chenopodium rubrum (Sawnhey, 1977a,
1977b, 1977c) and many members of the Cruciferae (Funke,
1948; Stolwijk, 1954; Hanke, Hartmann and Mohr, 1969;
Brown and Klein, 1971).

Blue light seems to be active in night break
phenomena. In Pharbitis nil at least, the responses to
blue, red or far-red night break pulses seem independent
(Takimoto and Ikeda, 1960; Takimoto and Hamner, 1965b). In
Salvia occidentalis blue light has been shown to be as
effective as far-red in reversing the effect of a red
night break (Mei jer, 1959), while far-red and blue night
breaks were equally effective in Hyoscyamus niger
(Schneider, Borthwick and Hendricks, 1967). The original
action spectra for night breaks derived by Borthwick and
co-workers demonstrated a consistent high sensitivity in
the red region, but the effectiveness of blue light varied
conslderably between species.

From the absorbance spectra of phytochrome in vitro,
Hartmann [1966] calculated that 4 in blue, red and far-red
light would be about 40%, 80% and <27%, respectively. If
the absorbance 1in vivo is similar, according to most
hypotheses the activity of blue and red light should be
similar, but this 1is not found. Instead the effect of blue-
light 18 usually similar to that of far-red light, as in
the HIR., However, this analogy 1s unhelpful because the
HIR 418 itself the subject of controversy. Some of the
variation in the effectiveness of blue light is undoubted-
ly due to screening by chlorophyll, which 1is itself
affected by nyctinastic movements of leaves (Blnning and
Moser, 1969) and intracellular chloroplast movements. It
should be noted that Everett and Briggs [1970] concluded
that the absorbance of blue light by phytochrome in vivo
was substantially different from that 1in vitro;
consequently, ¢ in blue light may be closer to that in
far~red.

Most of the experiments carried out to compare the
efficacy of different spectral regions have used
irradiance (power per unit area) to compare treatments
(see Vince-Prue, 1975). This practice is erroneous because
photochemical action is a function of photon absorption
and not power per se. Thus, in most of the action spectra
and other studies the efficacy of blue is about half its
true value relative to far~-red. Furthermore, {if the dose-
response curves are not parallel in all regions, gross
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distortions can result (see Shropshire, 1972).

Hence, despite the possible involvement of other
photoreceptors, the conclusion that "all photoperiodic
phenomena can be explained in terms of phytochrome" may be
correct, but the problem remains, are the explanations
correct? Furthermore, if phytcchrome serves to detect the
red : far-red ratio of natural daylight while cryptochrome
is the fluence rate receptor (Smith, 1982), why do plants
use phytochrome to measure photoperiod?

In summary, photoperiodic control is most potent in
the red region, with blue and far-red light generally
acting eontagonistically to red, although many exceptions
are known. In most cases, fluence rate changes alone can
elicit the response. Since the available data on the
crepuscular changes in SPD are an inadequate basis for the
hypotheses which have been advanced in explanation of
photoperiodism, it was intended during the course of this
investigation to discover:

1) What changes in phytochrome-related parameters of 1light
quality occur during twilight?

2) Are such potential zeitgebers sufficiently accurate to
explain photoperiodic control?

3) Does shading interfere with these?

4) Are changes in fluence rate more or less accurate than
spectral changes?

5) Do other potential zeitgebers exist?
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instrumentation

MATERIALS AND METHODS

Instrumentation for light measurements

A spectroradiometer was used to measure spectral
photon fluence rate (SPFR; the number of photons within a
given waveband incident upon a surface of a certain area
during a unit of time) throughout the 400 - 800 nm
wavelength range at various field sites. The instruments
comprised i) a receptor surface, ii) a dispersing spectral
filter, 111) a light sensitive surface, iv) an amplifier
and v) a recorder. In this study two instruments belonging
to the Department of Physiology and Environmental Science
at Sutton Bonington and the Department of Botany,
University of Leicester, were used. All the components
were manufactured by Gamma Scientific Inc. (San Diego,
USA), unless otherwise stated. They are described
critically below.

1) The receptor surface of any radiometer should transmit
light from different angles of incidence according to
Lambert’s Cosine Law. A simple surface fails to do this
because of specular reflection, but specially shaped
opalescent materials can be approximately "cosine
corrected" to mimic the ideal planar surface, and these
are in general use. Fluence rate, however, is defined to
include non-planar surfaces too, and plants are not
planar.

In nature, 4irradiation 1is always multidirectional,
as i1llustrated in Figure 1. The point C is irradiated from
all directions; the radiating sources may be projected at
infinity and represented by a sphere. Z is the zenith, the
point directly above C, and N is the direction of north.
Any point P on the sphere is identified by its altitude
and azimuth angles, e and . If a small area at P
irradiates a horizontal plane at C

1’ =4 . | cos (90° -X) | seee(1)

where 1’ is the fluence rate at C and i is the fluence
rate when measured perpendicularly to the beam.

If the angular area is (&= . §8), then integrating
for the whole sphere
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90° 360°

1 = | J 1 .1 cos (90° -X) | . df. dex eea(2)

-90°% 0°

where I is the total fluence rate at C.

The component of I from the lower hemisphere has
generally been ignored in photobiology, but it is not
inconsiderable. A horizontal cosine-corrected planar
receptor surface, sensitive to the upper radiating
hemisphere alone is generally assumed to estimate reliably
the fluence rate to which a plant is exposed in the field;
however, assuming plants to be spherical might be a more
realistic approximation. In this case ZC would be just one
of an infinite number of rays perpendicular to the surface
of the receptor, making i’ independent of & . A sphere has
four times the area of a circle of equal radius, hence
Eq.2 simplifies to

90° 360°
1. = | [ (0.25 . 1) . dﬂ. dex veo(3)

-90°% 0°

A receptor head with such isotropic sensitivity would
not easily be designed to have good cosine correction
over its surface, but the underestimate resulting from
specular reflection of grazing rays of light would be a
constant proportion from all directions and would be
accounted for when the instrument was calibrated. Whether
this approach is an improvement over convention 1is
unknown, but the difference would be greatest when g{ is
small or negative. Richardson [1959] found that in
woodlands a photometer fitted with a spherical receptor
was more sensitive to canopy differences and less
sensitive to meteorological effects than a planar one. A
non=-spherical shape might be a closer approximation to the
light absorbed by a certain plant, but it would have to be
cosine~corrected in some way, as i’ would again be a
function of e . The principles apply equally to 1light
quality (see 1.1).

Nonetheless, in order to permit comparison with other
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workers’ results, receptors with planar cosine correction
were used generally in this work. The Sutton Bonington
instrument was fitted with a 33 mm fused silica head
fixing directly onto the filter, whereas the Leicester
instrument utilised a 2.5 mm quartz head coupled via a
500 mm glass fibre optic. For one experiment, however, a
crude spherical receptor was fashioned from an intensely
scattering 40 mm diameter solid sphere of high density
expanded polystyrene in which the fibre optic was
embedded. The material effectively randomised the light
incident anywhere on the surface, so that directional
sensitivity varied by less than 5%. An approximate
calibration was carried out in the normal manner (see
below). Data obtained in the field using the Leicester
spectroradiometer fitted with this receptor wee compared
with that from the Sutton Bonington instrument operated
simultaneously with the conventional planar receptor.

11) The filter essentially disperses the collimated light
from the receptor into its component spectral parts by
means of either diffracting or refracting optics. In a
monochromator system where only one sensor is used, the
spectrum must be shifted across it mechanically; thus the
SPD is examined serially. The size of the exposed sensor
surface (see below) and the precision of collimation
determine the bandwidth of the instrument.

The Sutton Bonington instrument used a type 700-31
monochromator operated manually, while the type NM-3H used
in the Leicester instrument was operated entirely by a
remote controller (type SC-1). Both provide a digital
readout of the wavelength between 380 and 820 nm and an
electrical analogue output for recording purposes. The
instruments auomatically scan through the spectrum by
slowly rotating their internal diffraction grating.
Accuracy was better than 5 nm and the bandwidth was about
4 nm; scanning rate was about 30 nm s .

111) Relative signal levels are conveniently expressed in
decibels (dB), where

XdB = 10 logyg (level; / levely) ees(4)

The maximum us able sensitivity of any sensor is reached
when its signal-plus-noise : noise ratio falls much below
10 dB, In the instruments used here, photomultiplier
detectors were employed (types PI-6 and D46, in Sutton
Bonington and Leicester instruments respectively.) In such
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a tube, electrons are liberated photoelectrically from the
phosphor surface and are amplified exponentially. Although
the sensitivity 1is very high, the efficiency of the
phosphor 1s wavelength dependent, and even in darkness a
small anode current flows. This is caused by thermal
electrons in the tube, and the slight conductivity between
cathode and anode which is strongly dependent on humidity.
Sensitivity was controlled by setting the anode voltages
appropriately for the conditions.

iv) The output current of a photomultiplier is small and
must be amplified. The amplifiers used incorporate
precision power supplies for the photomultipliers; the
voltage steps selected gave about 5 dB differences in
sensitivity and a total range of about 15 dB. The Sutton
Bonington instrument (using type 2020-100 amplifier) had
the greater sensitivity of 10 pmol m 2s 1nm lat 500 nm and
7 dB less at the wavelength extremes. Integrating between
400 and 700 nm for PAR, this corresponds to about
30 nmol m “s” ', The Leicester instrument (using type
DR-2) was about 6 dB less sensitive. In addition,
attenuation steps of 0, 10, 20, and 30 dB were available.
Using different combinations of anode voltage and
attenuation, SPDs of daylight or other sources could be
measured within a range of PAR up to 2 mmol m ‘s 1in about
twelve sensitivity steps.

With the shutter closed, amplifier null was adjusted
electronically at maximum attenuation, then at minimum
attenuation the dark current was balanced out. In the
field, rapid humidity changes occurred at dawn and dusk;
as high sensitivity was required at these times, the
changes in dark current were compensated for frequently.

v) The data might ideally have been recorded digitally
onto magnetic tape, but facilities for this were not
available. Instead, x-y chart recorders (type 24000,
Bryans Ltd., Mitcham, U.K.) were used, plotting the
relationship between wavelength and output onto paper as
the monochromator scanned through the spectrum. During
this process, machine settings and other details could be
noted beside the trace and so the flexibility offered by
the analogue method was of some value under field
conditions. Although frequently checked during operation,
the correspondence between increments along the %x-axis and
the wavelength setting of the monochromator varied
slightly with the gain of the recorder amplifiers, largely
because of changes in ambient temperature. The error
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increased with wavelength, but this was generally less
than 3 nm at 800 nm.

The sensitivity of the instruments at each anode
voltage used was wavelength dependent and did not remain
constant over long periods. Consequently, after each day
in the field, they were calibrated against a standard
source delivering known spectral dirradiance; this
consisted of a tungsten halogen lamp supplied by the
National Physical Laboratory (Teddington, U.K.). The
required current of 8.33 A (+0.1%) was provided by a
stabilised power supply (type TSV 70 Mk.II, Farnell
Instruments Ltd., Wetherby, U.K.) and measured using a Pye
Instruments Ltd. (Cambridge, U.K.) type 7556 potentiometer
across a 0.01 ohm standard resistance. Source and receptor
head were fixed 0.5 m gapart on an optical bench, as
directed by the N.P.L, The procedure for deriving the SPD
of an unknown light source from its plotted spectral scan
and that of the calibration lamp with its known spectral
output 1s described in the computing Appendix II.

Quantitative measurement of SPFR is notoriously
difficult; even the primary standards have a consistency
worse than +1% (Arnold, 1975). McCartney [1975] and Kummar
[1981] give equations which attempt to define the
uncertainty. Here, however, the problem of potential error
was approached pragmatically. Errors in the measurement of
an SPD resulting from a change in fluence rate during the
scan were always less than 2% (see below). Random errors
resulting from inaccuracy in setting=-up the instruments
were estimated to be less than 37% by calibrating with a
deliberate 2 volt anode voltage error (that usually
accepted under field conditions). A similar error between
calibration sessions was deduced by repeating the
calibration procedure several times. Systematic errors
resulting from ag ing of the lamp could have been the
largest, but facilities were only available for measuring
total irradiance, and spectral changes would have remained
obscure. Errors in wavelength were generally less than
5 nm, although heating effects occasionally increased this
to 8 nm.
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increased with wavelength, but this was generally less
than 3 nm at 800 nm.

The sensitivity of the instruments at each anode
voltage used was wavelength dependent and did not remain
constant over long periods. Consequently, after each day
in the field, they were calibrated against a standard
source delivering known spectral irradiance; this
consisted of a tungsten halogen lamp supplied by the
National Physical Laboratory (Teddington, U.K.). The
required current of 8.33 A (+0.1%) was provided by a
stabilised power supply (type TSV 70 Mk.II, Farnell
Instruments Ltd., Wetherby, U.K.) and measured using a Pye
Instruments Ltd. (Cambridge, U.K.) type 7556 potentiometer
across a 0.01 ohm standard resistance. Source and receptor
head were fixed 0.5 m apart on an optical bench, as
directed by the N.P.L. The procedure for deriving the SPD
of an unknown light source from its plotted spectral scan
and that of the calibration lamp with its known spectral
output is described in the computing Appendix II.

Quantitative measurement of SPFR 1is notoriously
difficult; even the primary standards have a consistency
worse than +1% (Arnold, 1975). McCartney [1975] and Kummar
[1981] give equations which attempt to define the
uncertainty. Here, however, the problem of potential error
was approached pragmatically. Errors in the measurement of
an SPD resulting from a change in fluence rate during the
scan were always less than 2% (see below). Random errors
resulting from inaccuracy in setting=-up the instruments
were estimated to be less than 3% by calibrating with a
deliberate 2 volt anode voltage error (that wusually
accepted under field conditions). A similar error between
calibration sessions was deduced by repeating the
calibration procedure several times. Systematic errors
resulting from ag ing of the lamp could have been the
largest, but facilities were only available for measuring
total irradiance, and spectral changes would have remained
obscure. Errors in wavelength were generally less than
5 nm, although heating effects occasionally increased this
to 8 nm.
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Study areas

Because of the cost and delicacy of the
{nstrumentation and the volume of data required for
realistic statistical comparisons, quantitative
information about the differences between the 1light
regimes of different habitats is sadly lacking. As two
spectroradiometers were available for this work, it was
decided to record the SPDs simultaneously beneath and
outside vegetation canopies, so that any significant
differences between shaded and open regimes could be
expressed as a specific effect of the canopy at each time
of recording. Analogous to a dual-beam spectrophotometer,
the technique is an improvement over previous work where
changes outside the canopy are superimposed on those
beneath it.

As the climax vegetation of this phyto-climatic
zone, oak woodland was an obvious choice for
investigation. Beneath this canopy the shadow cast is not
dense and a rich ground flora can be supported. In
contrast, commercial pressures on land use dictate that
the individuals comprising a crop canopy must be closely
spaced and so an intense shadow is usually cast. Sugar
beet was chosen as a suitable species for investigation,
on account of its extremely dense canopy (see Morgan and
Smith, 1981 for comparisons).

A significant factor in deciding upon suitable
locations was the possibility of damaging the instruments
during transport and use under field conditions. Because
of humidity changes, dark current always increased rapidly
after removal from the laboratory to the field, so the
instruments had to be set up the evening before the photo-
period to be recorded. Consequently, they required
protection from rainfall and, when remote from the
University, could never be left unattended. Another factor
was the paradoxical need to record light completely in the
open, yet at the same point as the shade light was
recorded; where large trees are involved, even
approximating to this ideal state is logistically
difficult.

The 0Oak Woodland

The best preserved oak woodland in the Leicester~
Nottingham area is Swithland Wood (NGR = SK540125), des~
cribed by Tasker [1977], but although direct comparison
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with his work would have been interesting, this area was
rejected because Leicestershire County Council were not
enthusiastic about such a project being carried out there,
and more importantly, the best locations in the wood are
remote both from us able roads and from unshaded locations
where the incident light could be recorded. Unfortunately,
most of the other oakwoods in the area have been entirely
replanted by Man and, hence, are unlikely to represent a
close approximation to their natural state.

The Outwoods (NGR = SK516157 HAMSL = 140 m) however,
l1ike Swithland, are a formerly extensive relic of the
ancient Charnwood Forest, and while much of the interior
was cut and reafforested fairly recently, there remains an
outer belt of naturally seeded oaks. Part of this, along
the south-west edge of the wood, was selected as the study
area. Charnwood Borough Council welcomed the proposed
work, and easy access was provided by the road alongside.

The trees in the study area were mature Quercus
robur L. individuals, with a mean height of about 18 m and
trunk diameter of 0.52 m at breast height. Two individuals
felled since the study show 80 and 120 growth rings. The
mean gradient of the land i1s about 10%. Probably as a
result of trampling and the related erosion of the very
acid (pH 3.5) brown earth soil, the ground flora is
impoverished and contrasts markedly with Swithland.
Festuca rubra L., is abundant, with a mean June cover of
57% as indicated by optical point quadrat sampling at 1 m
intervals along a 150 m transect through the wood.
Pteridium aquilinum (L.) Kuhn, Teucrium scorodonia L. and
Endymion non-scriptus (L.) Garcke occur occasionally.

The Sutton Bonington spectroradiometer was located
at a fixed position selected at random within a2 m radius
of a point in the wood subjectively judged to be represen=
tative. Within this area the June mean cover of Festuca
was 527%, giving a DOMIN rating of 8. As the monochromator
drive could not be operated remotely, the operator had to
be within reach of 1it, yet not physically shade the
receptor head; hence, the assembly was fixed such that
the receptor was 0.6 m above ground level and could be
operated from beneath. The adjacent area was surveyed
using a theodolite, and the trees numbered (Fige. 2).
Correspondingly, Figure 3 is a hemispherical photograph
taken in January 1981 from the exact position of the
receptor head, The zenith (e= 90°) is approximately at
the centre, and the horizon (&= 0°) 1s along the odge.
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Using random arrays of points placed over the photograph,
the interception of light in the absence of leaves was
found to be 44% (+1%) with no significant difference
between 60°>°(>305 and 90°>X>60° estimates (t=0.89,

p°>5%).

North-east of this site is a small ridge which,
while not appreciably interfering with shadelight
recording, afforded a convenient site for the recording of
incident 1light (that is, global daylight unscreened by
vegetation). The Leicester instrument was deployed on the
crest of this ridge with its receptor head fixed above a
2.5 m support. Logistically straightforward, this location
had all the advantages of close proximity to the woodland
site. The quantum sensor (type Li-190s) of a light meter
(type Li-18s; Li-Cor, Lincoln, USA) was fixed next to the
spectroradiometer receptor head to provide a measure of
PAR (which could be compared later with the 400 = 700 nm
integral from the spectroradiometer) and any irradiance
change during the course of recording the SPD. The data
from both stations were discarded if this exceeded 27%. At
the incident 1light recording station, notes were made
regarding the cloud type and cover (0/8 for a clear sky to
8/8 for fully overcast conditions) for each SPD. Power for
the machines was provided by a small petrol generator.

In order to characterise the canopy which gave rise
to the recorded shadelight regime, a number of variable
factors were measured after each day of recording. Leafy
twigs were cut from a low branch of tree number 4 and
brought down from the highest branch using a shotgun
(Fig. 4). Leaf pigment content wae then determined for the
sun and shade leaves by McKinney’s method (see Sestak,
Catski and Jarvis, 1971). The twigs were first placed in
darkness for an hour with their cut ends in water to
restore full turgor. A leaf was cut and its area and fresh
weight measured before two 9 mm discs were cut from the
lamina and themselves weighed. They were rapidly
homogenised with cold 80% (aq.) acetone, and extracted on
fce in darkness for 20 minutes in 10.0 cm® of the solvent.
The suspension was centrifuged for 5 minutes to remove the
cell debris, before assaying at 663, 645, and 480 nm in a
spectrophotometer (type SP1800, Pye Unicam, Cambridge,
U.K.) Chlorophyll a and b and carotenoid content were
calculated from their extinction coefficients on fresh
weight and unit area bases. Leaf biomass was also
measured. The whole procedure was carried out on ten
leaves from each twig.
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The spectral properties of the leaves themselves
were measured using a spectroradiometer (see Fig. 5).
Differences in angular reflection and transmission are not
accounted for by this procedure, but no integrating optics
were avallable. The transmittance control was the direct
beam, while that for reflectance was found by substituting
a magnesium oxide plate, with a total reflectance of
approximately 97%Z, for the leaf.

A total of eight photoperiods were recorded in the
oak woodland; 25th April 1980 before bud break, 28th May
1980, 4th July 1980, 13th August 1980, 16th September
1980, 21st October 1980 when the canopy was senescing,
11th November 1980 during leaf fall, and 21st January 1981
when the branches were bare. A record was kept of the
condition of the leaves borme by the nearby trees during

senescence.

The Sugar Beet Crop

A small plot (4 x 3 m) was prepared on Experimental
Field 12 at the School of Agriculture (NGR = SK506262,
HAMSL = 46 m) for the cultivation of an erectophyll sugar
beet cultivar (Beta vulgaris L. cv "Monoire"). This crop

was grown for two purposes; the first was to provide a
shadelight regime as intense as any likely to arise in
agriculture or in nature, and to investigate the variation
in 1ts optical properties with time (see 1.3(111)).
Secondly, the radiation environment beneath the canopy was
used as a treatment in a parallel study of the
photocontrol of seed germination in natural daylight. 1f
the canopy density had shown considerable spatial
variation, the light recordings made at one point would
inadequately describe others, so mgz., more data would be
required to define the shadelight regime. To avoid the
problem an attempt was made to create a particularly
homogeneous canopy; even so, this study comprised nearly
50,000 1ight measurments.

Normal seed drilling in rows was rejected as the
variation in the distance, and hence competition, between
nearest neighbours may be quite large. The optimal
arrangement to minimise such differences 1is a triangular
grid whereby each plant is surrounded by six equidistant
nearest neighbours; however, planting seeds in such a
pattern is inadequate because of the poor germination and
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establishment of sugar beet. Instead, young field-grown
plants were transplanted into the plot in mid-May, at a
density of 6.7 plants m “. A very homogeneous canopy was
produced, but transplanting checked seedling growth for 1
- 2 weeks, and hence maximum light interception was
reached towards the end of September, rather than late
August - early September in a conventionally drilled crop
(Jaggard, Lawrence, and Biscoe, 1982).

Ignoring two guard rows, a point equidistant from
three plants and 0.1 m above soil level was selected at
random for the positioning of the receptor head of the
Leicester spectroradiometer. 4 m from this, outside the
canopy, the Sutton Bonington instrument was deployed with
its receptor head 0.6 m above soil level. This arrangement
was justified on the grounds that, although the less
sensitive Leicester instrument did not allow reliable
measurements to be made around dawn and dusk once the
canopy had developed, the higher sensitivity available for
recording the incident light allowed SPDs to be recorded
long before dawn, at the times when some photoperiodically
sensitive plants are thought to sense "begiming-of-day".
Mains power was used. The PAR estimate from a Li-Cor
quantum meter was recorded on a chart recorder; instrument
settings, time and meteorological data were noted on the
spectral chart as before.

Eight photoperiods were studied; 7th July 1981
before the plants had expanded enough to form the canopy,
28th July 1981, 18th August 1981, 16th September 1981,
29th September 1981, 21st October 1981, 10th November
1981, and 2nd December 1981. During July and August two
quantum meters were used on four occasions to measure the
mean transmittance of the developing canopy; one was
manoeuvred between the rows (approximately 30 mm above
soil level), the other positioned outside the canopy.

Also at Sutton Bonington, three photoperiods were
studied in which only the incident light was recorded;
29th August 1979, 12th May 1982, and 9th June 1982. On the
latter, data were gathered using both planar and spherical
receptor heads. Thus, in all, nineteen complete
photoperiods were investigated; the dates were not
selected for "good weather" (although recording was not
attempted at times of heavy rain) and hence the data are
largely unbiased in this respect.
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Presentation

Each spectral photon distribution (SPD) was handled
as a block of forty-one SPFR bands. Each of these was
10 nm in width, starting from 395-405 nm etc. Computers
were used extensively in the processing, storage,
presentation, and analysis of this information; some of
the main algorithms are described in Appendices I and II.

One way of reducing the data to more manageable
proportions is to extract from the~n various parameters which
might be physiologically potent (see 1.1) rather than
consider the SPDs themselves. The program SUGAR assembles
each SPD from the raw data and derives a number of such
parameters from it. Subsequently, FAWKES was developed to
plot each parameter as a conventional graph, and
statistical analysis followed. Direct application of
statistics to data is often unsatisfactory because a blind
a priori approach risks leaving important trends within hm
completely obscure.

When comparing data gathered on different dates,
time 1is an unsatisfactory control variable. As the times
of sunrise and sunset vary with the season, so does the
path length of the direct solar beam through the
atmosphere at any time. This largely determines the
quantitative and qualitative changes in the incident SPD,
Refeming to Figure 1, the solar position is defined byoXs ,
the solar angle, and/?;, the solar azimuth. Relative path
length 18 largely a function ofo{s; (Robinson, 1966), Mean
time is related to the average apparent movement of the
sun around the celestial poles and not directly to«;oné,;
the discrepancy results from the tilt of the Earth’s axis
and 1ts orbital motion. o, and f3; may, however, be
calculated according to the following principles.

Chronologically, the day is roughly defined by the
return of the sun to due north (that is, 3 = 0°) but as an
orbit progresses, as seen from the Earth the sun moves
against the distant starry background (although direct
observation of this is prevented by the glare of
daylight). Because of the orbital effect, a solar day is
1/365 longer than the actual rotation time of the Earth
(the siderial day). Siderial and solar times are in phase
only at the Autumnal Equinox; thereafter, the former runs
about four minutes per day faster. At any instant, the
siderial time defines the relative position of the
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celestial sphere. Siderial time at Greenwich (GST) can be
calculated from GMT if the date is known, and is tabulated
for 0000 GMT in the Ephemeris. By extrapolation, GST can
be calculated from GMT during that day. East or west of
Greenwich, the local siderial time is similarly derived
from local mean time (four minutes ahead of GMT for every
degree east). The apparent solar position on this
celestial sphere 1is accurately predictable from the
complex orbital motion of the Earth. The Ephemeris
tabulates it for 0000 GMT in the polar coordinates of
Right Ascension (RA, analogous to terrestrial longitude)
and Declination (analogous to latitude). The small shift
in solar RA during the day can be compensated for by
extrapolation. Knowing these three variables, the relative
solar position is fixed for any known latitude. o and
/%can now be calculated. Consider the spherical triangle
formed by the zenith, Z, the celestial pole, N, and the
sun at P, according to Figure l. The time elapsed since
the sun was due south (the zenith-pole-sun "hour angle")
is calculated by subtracting RA from siderial time. The
angle subtended by pole and zenith is 90° minus the
latitude, while that subtended by the sun and the pole is
90° minus the declination. Thence, spherical trigonometry
yields the pole-zenith-sun angle (A¢) and the angle
subtended by the zenith and the sun (90° -,).

True solar angle and azimuth were calculated in this
way by the algorithm ALAZ (see Appendix IT1). The error
introduced by atmospheric refraction is not entirely
predictable, but is quite large at low solar angles (when
the apparent o is 0.5° greater - about a sun’s breadth).
No account was taken of the local horizon or correction
made for non-geocentric observation.

It is quite possible that features of the SPDs, not
related to any of the nine parameters derived from them,
could have unsuspected physiological significance, but
presenting the mass of data in a suitable form to reveal
such features is difficult. The method adopted in this work
was to express each SPD relative to the total fluence rate
at that moment, and so construct a "surface" to represent
the variation of 1ight quality with time during each
photoperiods The normalising procedure 18 necessary
because the change in the total irradiance during each
photoperiod is many orders of magnitude greater than the
variation within the instantaneous SPD. This disparity
should serve to temper argument concerning the role of
spectral changes 1in nature.




1.2 presentation

However, some technique was required to represent
the three dimensions (time, wavelength, and relative SPFR)
of this surface on paper in a clear manner. Contour
mapping procedures for surfaces of this complexity were
found to be too difficult to interpret and lacked the
required precision, while simple graphical projections of
a mesh connecting the data points was unsatisfactory as
all the lines were drawn, including those conceptually
hidden behind other parts of the surface. However,
conventional surface drawing routines (which compute the
position of hidden areas) use an algorithm which requires
height coordinates of the surface to occur at points
corresponding to regular distances along each of the two
controlling axes. In this project, SPDs were not recorded
at regular intervals, so using the algorithm directly gave
a distorted time axis. Alternatively, when the irregular
matrix was mathematically fitted to a regular one, the
smoothing effect was found to be often excessive and
unpredictable. Eventually, drawings of the relative SPD
surfaces were plotted using a new algorithm (subroutine
JP6HEF) under development at the Computer Graphics Centre
of Leicester University. Uniquely, this accepts
irregularly spaced matrices. The conceptual viewing
position was chosen to eliminate perspective and to
preserve a "left-to-right" sense for increasing time and
wavelength.
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Figures 2 and 3

The Outwoods shadelight recording site.

Large Arabic numeral labels refer to nearby trees

On the overlay, the bearing of true MNorth (and South, East
& West) is indicated alongside magnetic Morth. The grid
indicates solar position throughout the year:-

Arabic numerals indicate local solar time in hours after
noon (morning hourly positions are also indicated);

Roman numerals indicate the month of the year

(1 = January and Movember
ii = Febrary and October
iii = March and September
iv. = April and August
v = May and July
vi = June
xii = December)
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1.3(i) general

RESULTS AND DISCUSSION
i) INCIDENT LIGHT
General

The dates and times at which SPD data wer recorded
at Outwoods (in 1980) and Sutton Bonington (in 1981) are
{llustrated in Figures 6 and 7 respectively. The dotted
and broken lines indicate the times at which&;was equal
to 0° (sunrise and sunset) and 30° respectively. The
upper and lower bars along each of the year day lines
represent the PAR fluence rate and cloud cover respective-
1y at the time of each SPD recording.

Considering the form of the SPDs in gemneral, the
results obtained are in general agreement with earlier
worke Three typical scans recorded on 7th July 1981 are
presented in Figure 25, but it was considered desirable to
show the rate and extent of change throughout different
photoperiods. Thus, Figures 8 - 18 show the relative SPD
gsurfaces corresponding to photoperiods studied at Sutton
Bonington on 29th August 1979 and between July 1981 and
June 1982 (see Fig. 7). They serve to {ilustrate the
variation in light quality during the photoperiod which
can be expected in open situations throughout the year.
The equivalent data for Outwoods show entirely similar
features.

All the surfaces show a number of grooves running
perpendicular to the wavelength axis; in the blue and
green regions these are caused by relatively low energy
atomic absorption in the photosphere of the sun. Such
absorption by various elements leads to a massive redution
in fluence rate in a large number of very narrow (ca.
0.1 nm) wavebands, first discovered and catalogued by
Fraunhoffer. The groove at 430 nm results from Fraunhoffer
G (iron/calcium) and Gl (hydrogen) absorption bands, while
that at 490 nm is caused Dby Fraunhoffer F (hydrogen)
alone. The complex bl, b2 and b4 (magnesium) gives rise to
the groove at 520 nm. In the red and far-red, however,
molecular absorption in the Farth’s atmosphere becomes
increasingly 1intense and is responsible for the dominant
grooves in this region. Those at 655 nm and 735 nm are due
to water vapour, although the Fraunhoffer ¢ (hydrogeno)
absorption band contributes substantially to the former.
Molecular oxygen is responsible for the grooves at 630,
695 and 765 nm. The Chappuis band of ozone absorption in
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the green - red region is too shallow and broad to be
distinguishable.

However, the relative SPFR at each wavelength is not
constant; there 1is some variation within the main part of
the day, and a major redistribution around sunrise and
sunset. The calculated values for ¥ (Fig. 20), dc (Fig.
21) and B:R ratio (Fig. 22) bear this out. The equivalent
data for the logarithmic fluence rate of red light (log R)
ore given in Figure 23, The ranges of solar position where
o >7.5° and 0G<7.5° will be considered separately.

Daytime ©$>7.5°)
Results

The most striking feature of the relative SPFR
gsurfaces (Figs. 8 - 18) is their remarkable smoothness
between 460 and 690 nm (all the more so because local
irregularities of the surface appear prominent when data
are plotted in this way). The fall-off at shorter
wavelengths 1is quite uniform, but in the far-red
considerably more noise 1s apparent. Although there is
1ittle difference between the potential SPFR errors in the
far-red and violet, some of the variation in the former is
due to the potentially greater wavelength error in this
region (see 1.2) interacting with intense atmospheric
absorbance near 735 and 7635 nm. Thus, within the 5 nm
wavelength error, considerable redistribution of the
apparent fluence rates in the adjacent wavebands was
possible. The most extreme example is seen on 28th July
1981 (Fig. 10) at 9.75 h and 10.53 h when subsequent
inspection of the recorded position of the 765 nm
absorbance band revealed errors of +7 nm and -8 nm
respectively; these were the result of an electronic
fault. However, the apparent high proportion of far-red
between 13.5 and 16.5 h on 16th September 1981 (Fig.12)
cannot be accounted for on this basis, and was probably a
direct result of the unusual weather conditions at that
time; the heavy rain-bearing clouds had reduced PAR to
about 100 fmol m “s .

f, dc, and B:R ratio were calculated from the data
shown in Figures 8 - 18 and those gathered at the
Outwoods in 1980 (see Fig. 6). These are presented
graphically versus the calculated solar angle (e¢y) in
Figures 20, 21 and 22 respectively. The horizontal bars
indicate the mean value of the parameter over that range
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of oCs and the small vertical bars indicate the
corresponding standard error. The data were classified
according to the day of recording and three classes of
solar angle (7.5°<2G<15°, 159<#%<30°, and 30°<e<60°) and
the mean and standard error calculated for each. The
results are given in Tables 1, 2 and 3.

Further statistical analysis of the sources of
variation is not straightforward. It is in the nature of
thestdata that, for each parameter, differences between
the mean values for different days cannot be separated
from the effect of solar angle; there are two reasons for
this. Firstly, it is possible that the relationship
between a parameter andw@changes.Therefore, after the
main factors (days and solar angles) have been accounted
for, a source of variation due to the interaction itself
must be separated from the residual varlation. Secondly,
the number of recordings made within each class on each
day was not constant, and problems arise from the
consequent unequal replication within the factorial
matrix. Conventional procedures would be unable to treat
the sub-classes uniformly, and wildly inaccurate, even
negative, variances would be generated. Superficially,
this could have been avoided by recording a fixed number
of SPDs within the periods corresponding to theel, classes,
but although a normal feature of experimental design, it
cannot be achieved in this case. Around mid-summer
#sexceeds 30° during most of the day, while around mid-
winter & 1s always less than 30° (see Figs. 6 and 7),
leaving the corresponding sub-classes empty. It is
possible for empty sub-classes to be fitted into the
pattern of the others by treating them as "missing
values", but this 1is not justified here, 1in essence
because only things which can exist can be missing.

Therefore, the data are inherently "hnon-orthogonal"
and the sources of variation can never be completely
separated; those accounted for earlier in any analysis
will steal variability from the later ones. Table 5 shows
the results of a non-orthogonal ANOVAR of the ¥, 4., B:R
ratio and log R data; the sum~of-squares was partitioned
firstly between the nineteen days, then between the three
solar angle classes, followed by the interaction and
finally the residue. For ¥, d_, and log R the
insignificance of the interaction (po>5%) implies that the
factors act independently, but the differences between
days and between solar angle classes are highly
significant (po<<0.1%). For the B:R ratio, interaction
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between days and angles is significant (p°<5%) implying
that the solar angle affects the ratio differently on
different days. The origin of this effect is unknown, but
it is in any case minute. Above the interaction there is a
significant difference between days (po<1%) but not
between solar angle classes (po>5%).

The coefficients of sample variation (standard
deviation expressed as a percentage of the mean) for ¥,
dc, B:R and log R subclasses are approximately 5%, 0.5%,
10% and 10% respectively. It is possible that cloud cover
may have been responsible for some of this variability.
Figure 25 illustrates two relative SPDs from Figure 9 both
corresponding to a solar angle of 40°; one was recorded in
the morning when the sky was overcast, and the other in
the afternoon under a clear sky. A difference is apparent,
although 1t is small compared with that associated with
twilight. Figures 6 and 7 show that the most radical
change in cloud cover in the solar angle class 30°-60°
occurred on that day (7th July, 1981). The statistical
significance of the effect of cloud cover on PAR, T and éc
was examined. The data for 30°< ®<60° were divided into
three classes according to cloud cover (0/8 - 1/8, 3/8 -
5/8 and 7/8 - 8/8) and subjected to a simple ANOVAR (Table
4y, As would be expected, PAR was strongly affected by
cloud cover (po<<0.1%). Similarly, cloud cover had highly
significant effects on the B:R ratio (po<0.1%), but the
effect on ¥ was not significant (p0>5%L The correlation
coefficients of B:R and ¥ versus cloud cover were +0.87
and -0.26 respectively. Thus, it seems unlikely that cloud
cover can be held responsible for much of the variation in
?, although it is probably a potent factor in modifying
the B:R ratio.

All the results presented above relate to the down~
coming radiation incident upon a horizontal plane (that
is, whereod >0°), As this convention is open to some
criticism, SPDs were recorded using a spherical receptor
head for comparison (see 1.2). Tables 1 = 3 include a
summary of the data gathered using this receptor, and
Figure 19 shows the mean spectral fluence rate received
by the spherical receptor relative to the planar receptor
during the main part of the day.




1.3(i) daytime

Discussion

During daytime, while the total irradiance varies
greatly with atmospheric conditions, the relative SPDs
show a remarkable consistency in the face of considerable
climatic variation. This may be explained, however, by the
effect of cloud upon incident light.

In the absence of clouds or aerosols, Rayleigh
scattering is responsible for the intensity of the sky
remote from the solar disc, and as the effect is inversely
proportional to the fourth power of the wavelength, these
regions appear predominantly blue (maximum SPFR 1is at
460 nm). The contribution of this skylight to the global
fluence rate is considerable, but the spectral shift is
reduced by the concomitant loss of the same wavelengths
from the direct beam. When an isotropic cloud layer
intervenes, however, the direct solar beam is scattered
much more strongly. Because the proportionality of
scattering to wavelength 1is small, so are the spectral
differences under clear and cloudy conditions. As cloud
cover increases the intensity of the skylight increases
initially but subsequently falls as more of the light 1s
back-scattered. Hence, clear conditions would be expected
to differ substantially from overcast ones only in total
fluence rate (because of massively increased back-
scattering of the direct beam and, in the presence of
dense cloud, skylight) and in the proportion of each
wavelength contributed by different areas of the sky.
Figures 8 = 18 and the results of the ANOVAR for T and PAR
in Table 4 are in broad agreement with this.

The changes in B:R ratio associated with cloud cover
(Fig. 25, Table 4) are in agreement with previous work
(Taylor and Kerr, 1941; Hull, 19543 Robertson, 19663
Holmes and Smith, 1977a) but difficult to explain.
The absorbance band of water vapour at 655 nm and the
slight spectral dependence of scattering by water droplets
might contribute to the difference. A further factor might
be that part of the predominantly blue back=-scattered
light from lower parts of the atmosphere would be
reflected downwards again from a cloud layer, enhancing
the relative contribution of this waveband.

Accordingly, larger spectral shifts would be
expected during the passage of broken cloud, when the
global spectrum would tend towards that of Rayleigh
skylight alone or the direct beam alone when the sclar
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disc was obscured or exposed respectively. Extreme cases
of either are transient and therefore difficult to record,
but the attempt made on 12th April 1982 gives an
indication of their potential (see Fig 24). These results
are not entirely in agreement with those of Holmes and
Smith [1977a] who found the spectral difference between
clear and fully overcast conditions to be greater than
that between completely clear and "sun obscured"
conditions. A complicating factor is that haze or
relatively tenuous cloud at high altitude (as on 12th
April 1982) may accompany lower cloud; cirrus clouds would
be expected to increase ¥ a little (Guttman, 1966). Even
an approximate "Rayleigh sky" is very rare.

The correspondence between the mean T values
reported in Table 1 and thete of Holmes and Smith [1977a]
{s almost uncanny. These workers derived a mean of 1.15
+0.02 for clear skies at high solar angles using
horizontal planar receptors; for various reasons (for
instance, differences in receptor geometry or orientation,
wavebands measured), none of the other published dataare
entirely comparable. As the variation about mean % is very
small, it was not expected to be significantly related to
either the day of recording or the class, but Table 5
ascribes significance to both factors. Because the factors
are non-orthogonal, the order in which they are accounted
for influences the variance estimate for each, although
the total variability remains constant. However, when the
sequence 1s reversed, the variance ratios become 8.4 and
38 (instead of 11 and 38), so the difference does not
affect the conclusion drawn from the data.

There have been reports of seasonal variation in a
far-red : red ratio of incident daylight at sunset
(Gorski, 1976) and of the direct solar beam at various
solar angles under clear sky (Gorski, 1980). However, as
no information was included concerning the variability of
the data, the value of the work 1is limited. Table 1
indicates that the data recorded in this work incorporate
little seasonal trend. The mean values in the 7.5°<ea5<15°
class for the months between June and September and
between December and April inclusive were subjected to a
small sample t - test. The insignificant difference
(t=1.8, po>5%) casts doubt upon Gorski’s extrapolation to

the natural environment.

However, the early months of the year (corresponding
to the putative maximum far-red:red ratio) were sampled on
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few occasions in this project. Tasker [1977] reported ¥
values in woodlands prior to leaf emergence somewhat lower
than the mean of those in Table 1 and of Holmes and Smith
[1977a]l. Moreover, he found significant differences
between days but attributed these to the relatively
greater proportion of light transmitted by the bare canopy
from the zenith region of the sky. This seems unlikely, as
a comparison of the data recorded at Outwoods on 25th
April 1980 outside (Table 1) and beneath the leafless
canopy (Fig. 35) shows that ¥ was closely similar (+1%) at
both sites during daytime. For purposes of comparison, the
data of Tasker [1977] for 10°<ﬂ§<40°, unpublished data of
A. Webb for % =10° (recorded at Sutton Bonington in 1983),
the reciprocal cf Gorski’s [1980] data for %=10° and thee
reported here for 7.59¢%;<15° are presented together in
Figure 26. The pooled English data show highly
significant differences between summer and winter periods
(t=7.3,p°<<0.1%). In view of the different techniques used
and assuming the Polish data to have a similar variability
to the rest, the three sets are not inconsistent. However,
in view of the day to day variability of the data 1in
relation to the size of the putative annual trend, it is
unlikely that the latter is of much ecological
significance.

Light reflected from beneath is likely to modulate
the growth of plants above, as leaves generally reflect at
least as much light as they transmit. As the absorbance of
far-red 18 relatively small, both transmitted and
reflected 11ght show a low ratio of red to far-red (Moss
and Loomis 1952). When considering light from the whole
radiant sphere (Fig. 1), the effect of a leafy canopy on
the light environment beneath it (see below) must be
greater than on that above it; however, most plant parts
directly exposed to this reflected light will be
significantly screened from downwardly directed incident
light. In this connection, the relatively high proportion
of far-red received by the spherical head whileoq>30° is
interesting (Fig. 19). The irradiance incident upon the
sphere (I ) illuminated by diffuse skylight alone is lower
than that upon the horizontal plane (I); hence I, is
approximately 70% I in the PAR region (400 = 700 nm).
However, since the grass sward beneath the receptor heads
at the recording site reflected a considerable quantity of
far-red 1i1ght, I, is greater in this region, and
approximately equal to I. Differences are also apparent
from Tables 1 - 3.
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Twilight (&<7.5%)

Results

In contrast to the constancy of the spectrum during
the main part of the day (see above), extensive shifts in
the distribution are apparent around sunrise and sunset
(Figs. 8 = 18 and Fig. 25). Following the lines parallel
to the time axis through the day shows that the
contribution of the blue wavelengths falls as dawn
approaches and continues to do so for upto an hour after
sunrise; thereafter, their contribution changes abruptly
to a feirly constant level which persists through the
day, until a similarly sudden increase associated with
sunset begins; this effect is maximal at 460 nm. At
somewhat longer wavelengths the transition becomes less
marked until, at about 550 nm (yellow-green) there is
1ittle change. Thence, in the orange and red, the opposite
change 1s seen, the contribution rising at dawn and
falling at dusk. The maximum change occurs at about
600 nm, but again the effect becomes less marked at longer
wavelengths until, at about 710 nm in the far-red, there
is 1ittle twilight change. At longer wavelengths still,
the contribution declines once more at dawn and increases
at dusk in much the same manner as for blue light.

These crepuscular changes are, however, not shown in
all cases. Figures 11 - 17 show prominent peaks at 590 nm
superimposed on the {nitial and terminal SPDs. These
result from sodium street lighting (D1 and D2 Fraunhoffer
emission) back-scattered towards Earth by cloud. Figs. 16
and 17 also show the characteristic mercury emission at
580 nm and 435 nm caused by faint light from distant
discharge lamps. None of these sources contributed a large
proportion of the recorded fluence rate (and they always
contained less than 50 pmol n-2s~1), on several days, the
usual major shifts in the distribution failed to occur.
Around dawn on 28th July 1981 (Fig. 10) the normal smooth
drop in blue light was interrupted by a secondary peak at
the expense of both red and far-red. This was correlated
with a period of broken cloud cover. Similar aberrant blue
peaks occur on other plots, and were generally associlated
with broken or layered clouds near the sun. In contrast,
Figure 16 shows a normal high proportion of far-red
during twilight, but a fairly constant level of blue.
Figure 18 shows a similar phenomenon at dawn, but a normal
change at dusk. These were associated with fog, (n the
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presence of which daylight often appears yellowish.

As would be expected from Figures 8 - 18, the B:R
ratio generally drops rapidly at dawn and rises at dusk,
except in the presence of fog. Figure 22 shows this
parameter plotted versus solar angle for all the incident
daylight SPDs recorded in this study. The equivalent rise
and fall in ¥ (Fig.20) and 4, (Fig.21) is less marked. The
mean values recorded on each day during the twilight
period (-7.5°<%<~-2.5°, -2.59¢%<2.5°, and 2.5°<8<7.5°)
are given in Tables 1, 2 and 3 respectively. Statistical
analysis of the data for the twilight period involved a
non-orthogonal procedure similar to that adopted for
daytime., The subclasses were as above (3 classes ofeg, 19
days) and the results are given in Table 6. The
interaction term is significant (po<1%) for all three
light quality parameters, due largely to the effects of
fog. However, even in relation to the interaction, the
main factors have highly significant effects upon % and éc
(po<<0.1%L The B:R ratio shows the largest ihteraction
between factors; above this «s1is predominant (po<<0.1%)
while the variation between days is barely significant
(po<5%). Figure 23 shows, for comparison, the logarithmic
fluence rate of red light (log R) for the incident
daylight data. The data are summarised in Table 7, from
which it is apparent that large differences exist between
days and solar angle classes. A non-orthogonal analysis of
variance of this parameter (Table 6) shows that
interaction between the main factors is insignificant and,
although the difference between days is highly significant
(p°<0-l%), it is small in relation to the effect of solar

angle.

Discussion

Both in the laboratory and the field it is apparent
that critical night length can be estimated precisely
(+1%) by individuals of certain species at their optimal
physiological age (see Salisbury, 1981b) Unfortunately,
the zeitgeber, photoreceptor and timing mechanism are all
largely obscure. Various experimental procedures have led
to conflicting suggestions regarding the action of the
photoreceptor. It is of course essential that these must
be consistent with the potential zeitgebers in the natural

environment.

It is apparent that phytochrome is involved in
photoperiodism, and that the red:far~red ratio has large
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effects upon éc' Figure 20 indicates that phytochrome is
likely to be affected by the spectral changes associated
with twilight, the photequilibrium falling with declining
solar angle. Such a fall is predicted when the whole SPD
is related to the phototransformation in vitro (Fig. 21).
Although there is a significant effect of date upon the
relationship between the parameters and solar angle, the
effect of solar angle itself is much more significant
statistically; the variation between days is smaller. It
seems likely that such changes do have the required
accuracy relative to solar angle to provide the zeitgeber
for photoperiodic time measurement.

The opinion that Pfr concentration above a certain
threshold prevents dark timing 1is widely held and 1s in
agreement with much of the experimental data. However,
although [Pfr] is probably lower during twilight than
during the main part of the day, the photoequilibria
established are likely to be much higher than those which
commonly result from end-of-day spectral treatments in the
laboratory. It is possible that at even lower solar
angles, the red : far-red ratio may be further depressed,
as reported by Goldberg and Klein [1977]. However, from
the data in Figures 20 and 21, this seems unlikely to be
common, as the decline in both ¥ and . seems to level out
or even become reversed between -5% and -10°,

A further objection was raised by Holmes and Wagner
[1980]. The fluence rate of moonlight is sufficient to
gsaturate many of the photomorphogenic responses of
etiolated tissue and, as its spectral distribution 1s
similar to daylight, they concluded that the
photoequilibrium established during the night might often
be similar to that of daytime. On these occasions, a low
photequilibrium would be confined to twilight, and would
persist throughout the night in the absence of moonlight.
The characteristic feature of twilight would thus be a
decline in the photoequilibrium established, and 1t was
suggested that the fall in [Pfr] might dinitiate dark
timing. The hypothesis is consistent with much of the
earlier experimental data, and of fers a particularly
attractive explanation of the results of King [1974] who
found that far-red pulses towards the end of the
photoperiod could stimulate flowering. Nonetheless, there
is no specific evidence in support of the hypothesis.

In this context, the report by Shropshire [1973] of
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a transient fall in the red:far-red ratio of direct
gunlight soon after dawn 1is of significance. Analogous but
much smaller events during twilight were frequently
recorded during the work reported here. However, their
timing in relation to solar angle was very variable, and
consequently, the data as a whole do not show a distinct
fluctuation in the region 0° to 5°. It seems likely,
therefore, that this reversal effect is more marked in the
spectrum of the direct solar beam than in total incident
daylight, and probably has little relevance ¢to

photoperiodism.

Holmes and Wagner [1980] assumed that phytochrome in
green Tlants behaves similarly to that 1in etiolated
seedlings. However, the fluence rate required for
photoconversion in green plants 1s unknown along with
other important variable factors, and consequently the
efficacy of different treatments in establishing
photoequilibria is purely a matter for conjecture at the
present time. Unfortunately this assumption 1s not a
unique weakness as it underlies both the other principal
hypotheses regarding the detection of dawn and dusk.
Figure 23 shows the relationship between fluence rate in
the region 600 - 7C0 nm and solar angle. During the
twilight period, the decline is almost exactly
exponential, and a critical fluence rate offers at least
as accurate a zeitgeber as the spectral change. Moreover,
1t should always be remembered that good photoperiodic
responses can be evoked without any change in 1light
quality. The critical fluence rate seems to vary widely
between species and individual plants, but 1t 1is
nonetheless likely to be an dimportant factor in
photoperiodism.

According to the Pfr threshold hypothesis, the
critical fluence rate is related to the rate of Pfr decay;
at low fluence rates, [Pfr] is depressed and true
photoequilibrium is not established. Instead, a
"photostationary state" is set up in which the proportion
of Pfr is much lower. Hence, [Pfr] can decline with
changes 1in light quality, quantity, or both. Some
experiments have indicated that the null proportion of red
in a dichromatic pulse usually declines during the initfial
period of darkness, implying that the level of Pfr does
indeed fall rapidly as a result of decay, and thus that
dark reactions could compete significantly with
photochemical reactions at fluence rates gsimilar to those
around sunset and sunrise. They also have indicated on a
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number of occasions a less convenient "{inverse reversion"
of Pr to Pfr, as the null proportion of red subsequently
undergoes a transient but dramatic increase. This implies
that the system is more complex than that envisaged by the

Pfr th;eshold hypothesis.

Moreover, there 1is good evidence from
photomorphogenic studies that Pfr decay in very slow in
green plants (Vince-Prue, 1977) and light grown plants
treated with norfluorazon (Jabben and Deitzer, 1979). Very
low fluence rates can provide effective night breaks,
implying that photochemical conversion of phytochrome is
efficient and hence that competition from these dark
reactions is likely to be significant only at very low
fluence rates. However, caution should be exercised in
this assumption, as such high sensitivity to light 1is
transient, if 1t occurrs at all (Vince-Prue, 1975).
Therefore, at present little can be concluded regarding
the true level of Pfr at the fluence rates observed during

twilight.

An alternative explanation involves a specific
effect of cyecling between Pfr and Pr, distinct from that
of Pfr concentration or photoequilibrium (Jose and Vince-
Prue, 1977; Johnson and Tasker, 1979). The "dynamic mode"
of phytochrome action via cycling rate should show strong
fluence rate dependence and thus would be capable of
detecting a zeitgeber of this type. The action spectrum of
cycling rate (Kendrick and Spruit, 1973; Johnson and
Tasker, 1979) shows a peak at about 680 nm, falling
gradually towards shorter wavelengths but rapidly towards
longer ones. However, although the rate of cycling should
be greater when far-red 1s mixed with red, such regimes
have rarely been found to act as particularly effective
photoperiod extensions (Salisbury, 1981a; Cumming et al,
1965; Evans and King, 1969; King and Cumming, 1972). Thus
there is little justification for invoking a role for

cycling.

Although it may be possible that the action of blue
light is mediated by phytochrome photoconversion, 1t is
equally possible that a distinct receptor such as
cryptochrome is involved. This might act independently or
via phytochrome. Sarkar and Song [1982] showed that energy
transfer from flavine mononucleotide to phytochrome
occurred under blue irradiation 1in vitro, promoting
photoconversion of Pr to Pfr and inhibiting the reverse
process. This may be significant in vivo, as cryptochrome
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is thought likely to be a flavimn or flavoprotein. The work
of LYser and Schifer [1980] indicates that cryptochrome
may itself have photochromic properties. As so little work
has been reported on the action of cryptochrome,
speculation about the possible mechanism of blue light
action in photoperiodic control is futile.

Nonetheless, the results in Figure 22 and Tables 3
and 6 indicate that a large change in the relative fluence
rates of red and blue light occurs during twilight. As a
potential zeitgeber this is probably as accurate as the ¥
change. This finding contradicts that of Johnson et al.
[1967) who reported a transient increase in the B:R ratio
at the moment of apparent sunset, followed by a slow
decline. However, these workers aimed their receptor at
the sun, rather than mounting it horizontally, and
consequently the contribution of the direct beam 1is
exaggerated. Table 3 shows that there is no significant
difference between the mean B:R ratios for -7.5°¢ %¢<=-2.,5°
recorded using planar and spherical receptor heads
(t=0.85, po>5%).




TABLE 1

-7.59¢s <=2 .5°

INCIDENT LIGHT

-2.50¢X<+2 . 5°

¥ VALUES

+2 . 5%<o¢<+7.5°

pate mean SEM n mean SEM n mean SEM n
29, 8,79 1.00 .02 (17) 1.21 .03 (24) 1.27 .03 (13)
25. 4.80 .72 .01 (9) .89 .02 (9) .99 .01 (4)
28, 5.80 .67 .01 (7) .83 .02 (9) .99 .02 (4)
4, 7.80 .85 .03 (10) .93 .03 (14) 1.01 .02 (7)
13. 8.80 1,02 .02 (6) 1.19 .04 (10) 1.32 .07 (9)
16. 9.80 .88 .03 (6) 1.06 .02 (11) 1.27 .03 (8)
21,10.80 .87 .02 (10) .97 .01 (14) .99 .01 (9)
11.11.80 .69 .01 (12) .93 .02 (13) .98 .02 (5)
21, 1.81 1.05 .04 (6) 1.22 .02 (13) 1.30 .09 (4)
7. 7.81 .95 .01 (21) 1.15 .04 (10) 1.31 .06 (4)
28, 7.81 1.00 .01 (12) 1.07 .04 (10) 1.29 .05 (5)
18, 8.81 .90 .01 (21) 1.05 .02 (18) 1.22 .05 (3)
16, 9.81 .89 .02 (21) 1.03 .03 (18) 1.23 .03 (11)
29, 9.81 .90 .02 (19) .98 .04 (16) 1,15 .11 (4)
21.10.81 .79 .01 (17) .96 .03 (13) 1.08 .01 (6)
10.11.81 .97 .02 (20) 1.07 .01 (18) 1,11 .02 (4)
2.12.81 .84 .01 (23) 1.02 .03 (18) 1.20 .05 (6)
12. 4.82 .69 .02 (23) .84 .02 (25) 1,01 .01 (14)
9, 6.82 .91 .03 (11) .96 .02 (24) 1.12 .03 (8)
wman e T T T
S.E .M, .03 .03 .03
B
Spherical
receptor 72,04 (7) .71 .02 (24) .82.03  (8)

9. 6.82




mean SEM

1.23 .01

1.00 .02

1.00 .04

1.07 .01

1.34 .05

1.22 .04

1.05 .01

1.05 .01

1.29 .03

1.30 .03

1.29 .02

1.19 .04

1.11 .03

1.10 .07

1.08 .01

1.16 .02

1.11 .03

1.00 .01

1.26.02

o i B Sme LSy b Su e S

e e e ww e eem SN S e au Aa S

7.5%¢<15°

n

(8)

(4)
(4)
(6)
(6)
(3)
(4)
(5)
(6)
(4)
(3)
(4)
(4)
(2)
(2)
(4)
(5)
(6)
(5)

TABLE i_(conth

159¢ ¢<30° 30°< %<60°

mean SEM n mean SEM n

1.21 .01  (7) 1.14
1.04 .01 (7) 1.04
1.01 .02 (4) 1.02
1.09 .05 (7) 1.08
1.26 .01 (7 1.24
1.25 .01 (7) 1.22

1.25 .02 (6) -

1.26 .03 (6) 1.18
1.24 .05 (5) 1.19
1.27 .04 (3) 1.26
1.18 .02 (7) 1.12

1.17 .04  (5) 1.08

1.02 .02 (6) 0.98

——— ——

.01 (10)

.01 (14)

.01 (16)
.01 (18)
.03 (11)
.01 (10)
- (0
- (0)
- (0)

.02 (16)

.03 (12)
.03 (8)
.02 (6)
.06 (4)
- (0)
- (0)
- (0

.01 (10)

1,29 .03 (3) 1.21.03 (6)
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29. 8.79
25. 4.80
28. 5.80
4o 7.80
13. 8.80
16. 9.80
21.10.80

11.11.80

16, 9.81
29. 9.81
21.10.81
10.11.81
2.12.81

12. 4.82

e S

- s 8 e s e

Spherical
receptor
g‘ 6:82

TABLE 2

-7.5%¢¢-2.5°

mean SEM n

- ——— —— -

49.1 .1 (17)
46.7 .2 (9)
45.7 .3 (7)
47.6 .1 (10)
49.3 .1 (6)
47.8 .2 (6)
48.7 .1 (10)
45.8 .2 (12)

50.1 .2 (6)

48.4 .1 (21)
48.2 .1 (12)
47.7 .2 (21)
48,5 .2 (21)
48,2 .2 (19)
46,8 .1 (17)
49.3 .2 (20)
46.5 2 (23)
45.5 .4 (23)
47.9 .6 (11)
R

.3

19

e o s e o S e B e s

INCIDENT LIGHT ¢, (%)

o

-2 .,59<e<+2 . 5°

mean SEM n

52.2 .2 (24)
49.2 .3 (9)

48.1 .5  (9)

49.3 .3 (14)
51.7 .3 (10)
50.0 .2 (11)
50.9 .2 (14)
50.3 .2 (13)
52.0 .2 (13)
51.4 .3 (10)
49.9 .5 (10)
49.8 .2 (18)
50.4 .3 (18)
48,7 .7 (16)
49.8 .4 (13)
50,7 .1 (18)
50.3 .3 (18)
48,2 4 (25)

e ke s o e o

P I I — P

VALUES

+2 . 59K <+7,5°

mean SEM n

—— - —— ——

53.2 .1
51.2 .1 (4)
51.1 .3 (4)
51.2 .2 (7)
53.1 .3 (9)
51.9 .1  (8)
52,0 .1 (9)

51,5 .3 (5)

o e e s wa sve s e e S S

e d  m hve o S ow w0 S R

49.1 .3 (8)




TABLE z_(conth

15%<e<30°
mean SEM n
53.9 .1 (7)
52.6 .1 (7)
52,0 .2 (4)
52.9 .2 (7)
53.8 .1 (7)
53.5 .1 (7
53.3 .1 (10)
53.1 .1 (8)
53.9 .1 (6)
53.9 .1 (6)
53.9 .3 (5)
53.4 .2 (3)
53 .4 .1 (7)
53.2 .4 (5)
53,0 .1 (6)
53,1 .1 (4)
53,2 = (1)

(6)

30°<¢ < 60°

mean SEM

52 .4
53.0
53.6

53.7

53.5
53.1

53.2




TABLE 3

- - —— -

29. 8.79
25. 4.80
28. 5.80
4. 7.80
13, 8.80
16, 9.860
21.10.80
11.11.80
21. 1.81
7. 7.81
28, 7.81
18, 8.81
16, 9.81
29. 9.81
21.10.81
10.11.81
2.12.81
12. 4,82

9. 6.82

MEAN
SoEo}lu
N

o e e e e am e

Spherical

receptor
9. 6.82

2.40 ,13

-7.5%<s<-2.5°

mean SEM n

1.52 .05 (17)

2.00 .08 (9)
1.90 .16 (7)
(10)
2.06 .20 (6)
1.68 .31 (6)
1.68 .17 (10)

.93 .05 (12)
1.27 .14 (6)
1.79 .11 (21)
(12)
1.82 .10 (21)

1.64 .17

1.66 .06
2.00 .14
1.50 .05 (17)
1.86 .05 (20)

.66 .03
2,02 .08

2.52 .25 (11)

S ke o sms s s S mw aw m

0D e e AT S SN sl m o ced e

INCIDENT

1.38 .03

LIGHT B:R

-2.,5°<X<+2 . 5°

mean SEM n

1.53 .04 (9)
1.19 .06 (9)
1.44 .75
1.37 .04

.94 .09
1.29 .09
1.10 .03

1.24 .09

1.01 .07
1.24 .06
1.05 .04 (18)
1.17 .14
1.15 .02
1.39 .07

85 .05 (18)

wO S S ee o s e o

e T T Py

RATIO

VALUES
+2 . 59KXK+7,5

mean SEM n

1.00.04
1.17 .09 (4)
.91 .04 (4)
.98 .06 (7)
1.22 .10 (9)
.92 .08 (8)
L95 .03 (9)
1.10 .07 (5)
1.01 .26 (4)
1.01 .04 (4)
.99 11 (5)
1.14 .05 (3)
1.16 .06 (11)
1,00 14 (4)
.90 .07 (6)
.96 .01 (4)
.88 .10 (6)
.90 .02

1.09 .06 (8)

- awe o o e s s e oI e e B8 S

- e o o m e caw a B

1.03 .05 (8)




TABLE 3 (contd.)

7.59¢%<15° 159¢<30° 30°< &, <60°
n mean SEM n mean SEM n mean SEM n
(13) .75 .01 (8) .79 .01 (7) .80 .01 (10)
(4) 1.05 .05 (4) .90 .04 (7) .90 .02 (14)
(4) .85 .02 (4) .85 .02 (4) .86 .01 (16)
(7) , 1.03 .02 (6) 1.28 .17 (7) .90 .03 (18)
(9 & 1.18 .15 (6) 1.03 .05 (7) .95 .01 (11)
(8) ff 95 J11 (3) .89 .06 (7) .88 .01 (10)
(9) f' 92 .02 (4) 1.02 .07 (10) — = ()
(5) »f .99 .05 (5) .93 .04 (8) ~~ - (0)
(4) 1.03 .05 (6) .85 .02 (6) -— = (D)
(4) .87 .09 (4) .74 .01 (6) .77 .01 (16)
(5) 87 14 (3) .78 .02 (5) .82 .01 (12)
(3) .90 .02 (4) .80 .01 (3) .84 .01 (8)
(11) .83 .03 (4) .83 .02 (7) .76 .02 (6)
(4) .78 .08 (2) .73 .04 (5) .81 .04 (4)
(6) .67 .05 (2) .72 .01 (6) -— = (D)
@ | 92 .01 (4) .8k .02 (&) == = (0)
(6) .81 .03 (5) .85 - (1) -~ = (0

(14) .68 .02 (6) .77 .05 (6) .76 .02 (10)




Table 4
ANOVAR of cloud cover effect

7th July 1981 30°<e<<60°

Parameter - PAR fluence rate

Source Df Sum-of-squares Variance V.R.
CLOUD COVER 2 1,57x10° 7.86x10° 6
Residue 12 1.71x10° 1.43%10°
Total 14 3.29%10°

Parameter - %
Source Df Sum-of~-squares Variance V.R.
CLOUD COVER 2 .034 017 3
Residue 12 067 5.56x1073
Total 14 .101

Parameter = B:R ratio
Source Df Sum-of-squares Variance V.R.
CLOUD COVER 2 L0273 L0136 10
Residue 12 L0160 1.34x1073

Total 14 L0433



5 NON-ORTHOGONAL ANALYSIS OF VARIANCE

INCIDENT LIGHT : DAYTIME (Xs>7.5%)

Error D x A
SOURCE Df Sum-of-Squares Variance V.R. V.R.

o s oot oo e

Parameter = f

DAYS 18 2,880 .160 38
ANGLES 2 0.092 .046 11

D x A 30 0.194 6.4x1073 1.5
Residue 278 1.170 4.2x1073

Parameter = éc
DAYS 18 9.28x10‘g 5.15x10"2 22
ANGLES 2 1.57x107; 7.83x107% 34
D x A 30 6.00x1072 2.00x10:g .86
Residue 278 6.44x%x10" 2.32x%10

Parameter - B:R ratio

DAYS 18 4,84 269 - 6.9
ANGLES 2 0.19 .093 - 2.4
D x A 30 1.17 .039 2.7
Residue 278 3.92 .014

Parameter - log R

DAYS 18 24.24 1.35 23
ANGLES 2 23.76 11.88 205
D x A 30 2.37 .079 1.36

Residue 278 16,18 .058




6 NON-ORTHOGONAL ANALYSIS OF VARIANCE

INCIDENT LIGHT : TWILIGHT (o¢K7.5°)

Error D x A
SOURCE Df Sum~-of-Squares Variance V.R. V.R.

Parameter - 7

DAYS 18 8.3 459 ——— 23
ANGLES 2 6.9 3.45 _— 173
D x A 36 .71 .02 2.2
Residue 629 5.7 9.06x1073

Parameter - éc
DAYS 18 0.0862 4.79%1073 ——— 10
ANGLES 2 0.1708 0.0854_, ——— 178
D x A 36 0.0172 4.78x1073 3.9
Residue 629 0.0774 1.23%10"

Parameter = D:R ratio

DAYS 18 38.4 2.13 - 3.1
ANGLES 2 42 .8 21.4 - 31

D x A 36 24.5 .68 7.2
Residue 629 59.8 ,095

Parameter -~ log R

DAYS 18 59.5 3.31 12
ANGLES 2 595 297 1095
D x A 36 9.36 .2 60 .95

Residue 629 171 271
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28,
25.
28.
4. 7.80
13.
16. 9.80
21.10.80
11.11.80
21, 1.80
7. 7.81
28, 7.81
18, 8.81
16, 9.81
29. 9.81
21.10.81
10.11.81
2.12.81
12, 4.82

9. 6.82

MEAN
S.E.M,
N

P ]

Spherical

receptor
9, 6,82

TABLE 7

~7.59¢e<s<-2.5°

mean SEM n

—— o - ——

-1-13 .16

-1.62 .20

~-1.08 .23

-1.37 .13

~-1.16 .27
-1.30 .30
-1.10 .20
-0.95 .21
-1.24 .16
-0.63 .14
-1.02 .17
-1.47 .14
-1.51 .16
-1.50 .18
-1.33 .18
-1.62 .15
-1.12 .16
. 14

.16

o s R S S M B e

B T Y™

=1.30 .16

INCIDENT LIGHT

-2 ,59¢e<+2.5°

SEM n

mean

.57 .07

.21 .11
42 .12
.03 .11
.56 .10
.29 .16
.58 .11
.40 .06
-0.20 .13
.86 .09 (10)
43 .14
.01 .15
.30 .06
.16
.10
.09
«59 .07
.08 (25)

08

e euh S Ao o i

R L T T

.09

74

log R

42,504 <+7,5%

VALUES

mean SEM n
1.31 .04 (13)
1.05 .09 (4)
1.39 .10 (4)
1,02 .09 (7)
1.26 .08 (9)
.65 .08 (8)
1.37 .04 (9)
.93 .09 (5)
49 18 (4)
1.48 .04 (4)
1.09 .12 (5)
.84 .09 (3)
1.01 .06 (11)
1.36 .20 (4)
1.44 .11 (6)
.78 .09 (4)
1.38 .05 (6)
1.37 .04 (14)
.66 11 (8)
es
.07
19
55 .12 (8)




TABLE 7 (contd.)

7.5°< &, <15° 150 #¢<30° 30°¢< % <60°

mean SEM n mean SEM n mean SEM n




Figures 6 and 7. SPD recordings during 1980 (at
Outwoods) and 1981 (at Sutton Bonnington).

The main vertical axis represents the date

(1 January = year day 0). Each day studied is
marked by a horizontal date line, itself
representing the time of day from left to right.
Each SPD recorded 1is represented by a small
vertical bar: above the date 1line, this
represents PAR fluence rate; below the date line

cloud cover is represented.
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Figure 8: 29 August, 1979
Figure 9: 7 July, 1981 Figure 10: 28 July, 1981
Figure 11: 18 August, 1981 Figure 12: 16 September,
Figure 13: 29 September, 1981 Figure 14: 21 October,
flgure 150 10 November, 1981 F.gure 16: 2 December,
Figure 17: 12 April, 1982 Figure 18: 9 June, 1982
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Relative SPD of incident light according to
planar and spherical receptor geometry
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Figure 24.

Effect of broken cloud on lightquality.
9 July 1982

Normalised to 100%Z at 660 nm.

Figure 25.

Effect of cloud cover in relation to crepuscular
change 1in light quality.

7 July 1981

Clear and cloudy SPDs recorded at Xg= 40°
twilight SPD recorded at -5°

Normalised to 100% at 660 nm.
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1.3(ii) light environment

1i) SHADELIGHT WITHIN THE OAK WOODLAND

The light environment

Results

Between April 1980 and January 1981 the light
environment within the oak woodland was intensively
studied on elght occasions (see Fig. 6). From thesedata,
relative SPFR surfaces were constructed using the JP6HEF
algorithm in order to describe the changes in light
quality during each day and between days. In addition, the
parameters Y, éc, B:R ratio and log R were calculated for
each SPD (Figs. 35 - 38 respectively). Almost invariably,
each shadelight SPD was recorded simultaneously with one
outside the wood; it was therefore possible to calculate
transmittance spectra for the canopy itself. On each
occasion, leaves were taken from one of the trees in order
to estimate their pigment content and optical properties.

On all occasions the fluence rate within the oak
woodland was lower than that outside because of absorption
and reflection of incident 1light by the leaves and
branches of the trees. Prior to leaf emergence, the
reduction was spectrally neutral because the twigs and
branches are opaque and their reflectance is very small.
Hence, the relative SPFR surface corresponding to
recordings taken in Outwoods on 25th April 1980 (about ten
days prior to leaf emergence in the most precocious
oak trees in the area) is entirely similar to those in

Figures 8 - 18 recorded in the open.

The general features of the surface (Fig. 27) are a
remarkably consistent SPFR during the main part of the day
between wavelengths of about 450 and 700 nm, with a fairly
smooth decline in the violet region and a series of deep
grooves 1in the far-red. During twilight the contribution
of blue 1light relative to orange was considerably greater,
whereas the level of far-red was largely unchanged. Hence,
the red : far-red ratio declined as the blue : red ratio
{nereased. The variation 1is apparent from Figures 35 = 38
where the corresponding values of ¥, d,, B:R ratio and
log R respectively are shown versus solar angle.

In 1980, oak leaf emergence {n Outwoods began in the
second week of May, and most of the initial leaf expansion
was complete before the end of the months Although, as a
result of chlorophyll absorbance of blue and red light, a
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typical leaf appears green to the human eye, transmittance
and reflectance in this spectral region is modest in
comparison to that in the far-red where chlorophyll does
not absorb significantly. Thus, by the end of May the
1ight regime within the woodland had changed dramatically.

The relative SPFR surface in Figure 28,
corresponding to the photoperiod investigated on 28th May,
{l1lustrates this change. Although several features of the
incident daylight spectrum are apparent in the shadelight
(for instance, the grooves at 430 and 760 nm) the leafy
canopy massively depleted the PAR region (400 - 700 nm),
so that the residual far-red 1light becomes a dominant
feature of the surface. A small ridge is apparent in the
green region, centred at 550 - 560 nm.

During the morning twilight period, the fluence rate
of both blue and far-red light increased relative to that
of orange, as generally observed in incident daylight.
However, because of inclement weather conditions, there orc
no equivalent data for the evening twilight period.
Indeed, the last two SPDs were recorded despite moderate
rain, making operation of the spectroradiometer
difficult and potentially hazardous. Moreover, rainwater
rapidly accumulated on the receptor heads, presumably
disturbing their optical properties, while the high
humidity increased the photomultiplier leakage current
considerably. Consequently, the last two SPDs are of
dubious validity and recording was abandon ed shortly
before sunset when weather conditions worsened. The
parameters of this SPFR surface are plotted versus solar
angle in Figures 35 - 38, It 1s apparent that while ¥ and
6c were much lower under the leafy canopy, log R was less
severely affected while the B:R ratio was almost
untouched. The crepuscular changes typical of the unshaded
spectrum persisted in all four parameters.

Except between 15 and 20 h, the relative SPFR
surface for the 4th July (Fig. 29) is essentially similar
to that for the previous sampling day, with grooves at 430
and 760 nm, a small ridge at 550 nm and a dominant ridge
of residual far-red light. A relatively higher proportion
of blue and far-red light occured during twilight. The sky
was uniformly overcast, except between 15 and 20 h
(see Fig. 6) when the cloud cover became broken,
alternately exposing and obscuring the solar disc. These
phenomena had large effects on the SPD within the
woodland., On four occasions SPDs were recorded showing
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relatively high levels of far-red light; these were
gseparated by SPDs ¥n which the relative contribution of
far-red was more typical. Scome time before sunset,
however, complete cloud cover was restored.

The four parameters of the data are presented versus
solar angle in Figures 35 - 38. All four show considerable
perturbations associated with the time of broken cloud,
but the crepuscular change in the B:R ratio and log R is
large in relation to these, whereas the reverse is true

of ¥ and 4.

Most of the SPFR surface corresponding ¢to
recordings made on the 13th August (Fig. 30) is similar to
that recorded on the previous two occasions, except that
the ridge in the green region is perhaps less marked. A
modest increase in blue and far-red 1light relative to
orange is apparent during the evening twilight, but
because of technical difficulties, recordings were not
started sufficiently early in the morning to reveal any
equivalent change before sunrise. The four parameters of
the data are included in Figures 35 - 38,

Fig.10)

The SPD recorded at 7.48{hkis aberrant, showing a
high fluence rate in the red relative to the blue and far-
red. This was the result of the direct solar beanm
penetrating a gap in the foliage (between trees 4 and 35)
and forming a sunfleck. The form of this SPD is a product
of the transmission of the canopy plus an overwhelming
contribution from the direct beam. Inspection of Figure 6
reveals, however, that cloud cover at the time of the
recording was 8/8. The paradox is explained by notes made
beside the raw trace indicating that the cloud cover,
although uniform, was "thin cirrus" permitting a
substantial proportion of the direct beam to pass without
scattering. This was confirmed by the Qigh fluence rate of
PAR outside the wood (>1600 pmol m~% 8" ') according to both
the quantum meter reading and the spectroradiometer
record. Conversely, at 6.18 h an SPD was recorded showing
an abnormally ,high proportion of far-red, corresponding to
"8/8 thin hazy cloud", but on this occasion the solar disc
was not aligned with a gap {in the canopye. Such a
difference is to be expected if the mean transmittance of
the canopy is to remain constant under different cloud

conditions.,.

At the beginning of autumn (16th September), the
relative SPFR surface (Fig. 31) is essentially similar to
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those defined earlier in the leafy phase of the canopy
cycle. In the evening twilight, the normal increase in
blue and far-red relative to orange is apparent, but in
the morning twilight, although the relative contribution
of far-red 1is higher, there is no equivalent shoulder in
the blue region. The B:R ratio data (Fig. 37)are in accord
with this, and the SPDs recorded simultaneously outside
the wood show similar trends around sunrise. It seems
likely that the low proportion of blue 1light in the
morning was a consequence of the fine mist at that timej
the effect may also have been enhanced by the presence of
broken cumulus cloud.

The lower cloud thinned temporarily between 7 and
9 n, revealing a fine layer of high altitude cirrus cloud.
When the solar disc again aligned with the foliage gap
between trees 4 and 35, a sunfleck was recorded (7.80 h)
with a characteristically high level of red light. In
accordance with the hypothesis that sunflecks are
compensated for by lower transmittance at other times when
the solar disc is not obscured by cloud, the adjacent SPDs
show a slightly lower than average red : far-red ratio.
Thegse differences are apparent from the data in Figures 35
and 36.

When the light environment was investigated again
(21st October) many of the trees in the wood were carrying
senescent leaves. Table 8 shows the senescence estimate
for the trees nearest the receptor head. They were scored
as 0 for normal uniformly summer-green leaves, 2 for
moderate senescence where the chlorophyll had been
withdrawn from the lamina except near the major veins, and
4 for dead, brown leaves sti1l attached to the tree. None
of the trees had shed a significant proportion of theilx
leaves. The onset of canopy senescence is not apparent
from the 11ght quality surface (Fig. 32) which is
generally similar to those derived earlier in the leafy
phase (Figs. 28 - 31); the parametric data in Figures 35 =
38 ww in agreement with this. However, between about 10
and 14 h the cloud cover was reduced to a broken cirrus
layer. During this period any estimate of the exposure of
the solar disc was purely arbitrary because the disc was
visible at all times, but scattering of the direct beam
varied considerably according to the quantum meter
reading. Recording the SPD under these conditions was
difficult as the fluence rate Wwas subject to gradual
change. Nonetheless, 1t was possible during this period to
record eight spectra which differed from the retrace by
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less than 2% (see 1.2). It is apparent from the table
below that the information recorded alongside the SPDs is
not sufficient to explain fully the variation in 3 values
recorded on the floor of the oakwood.

Time Cloud cover Solar disc alignment k4
Cloud Canopy
10.05 3/8 cirrus exposed foliage .55
10.57 6/8 cirrus exposed foliage & trunk .38
11.13 3/8 cirrus obscured foliage .57
11.62 4/8 cirrus obscured foliage . 64
12.05 5/8 cirrus obscured foliage & trunk b
12.52 4/8 cirrus exposed foliage & trunk .43
12.28 6/8 cirrus exposed foliage & trumnk .53
1%.88 6/8 cirrus exposed sunf leck .90

Three weeks later (llth November) the canopy had
become extensively senescent and several trees had shed
their leaves entirely. Table 8 shows that most of the
green colouration of the remaining leaves had been lost by
this stage; the trees were scored according to their leaf
complement: A = intact; B = largely intact; C = partly
intact; D = bare.

The light quality surface (Fig. 33) shows that the
differential transmission of far-red light relative to
shorter wavelengths 1s much smaller than earlier in the
the leafy phase, and the molecular absorbance bands at
630, 655 and 690 nm are again conspicuous, while the ridge
in the green region is less marked. The contribution of
blue light did not change appreciably during the twilight
periods, although a normal high level of far-red relative
to orange is apparent. As the sky was uniformly overcast
for the whole day except around sunrise and sunset (see
Fig. 6), no special complications are introduced into the
transmission surface. All these features are consistent
with the parametric data {1lustrated in Figures 35 - 38.

The 1ight in the oakwood was recorded for the last
time on 21st January 1981, when all the trees were bare.
Accordingly, during the main part of the day the relative
SPFR surface (Fig. 34) is similar to that in Figure 27 for
April of the previous year, as the leafless canopy was
spectrally neutral. During the morning and evening
twilight the contribution of blue 1light relative to orange
was high, although in the morning there 1s no
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less than 2% (see 1.2). It is apparent from the table
below that the information recorded alongside the SPDs is
not sufficient to explain fully the variation in 3 values
recorded on the floor of the oakwood.

Time Cloud cover Solar disc alignment 7
Cloud Canopy

10.05 3/8 cirrus exposed foliage .55
10.57 6/8 cirrus exposed foliage & trunk .38
11.13 3/8 cirrus obscured foliage .57
11,62 4/8 cirrus obscured foliage .64
12.05 5/8 cirrus obscured foliage & trunk A4
12.52 4/8 cirrus exposed foliage & trunk .43
18.28 6/8 cirrus exposed foliage & trumnk .53
1%.88 6/8 cirrus exposed sunf leck .90

Three weeks later (ll1th November) the canopy had
become extensively senescent and several trees had shed
their leaves entirely. Table 8 shows that most of the
green colouration of the remaining leaves had been lost by
this stage; the trees were scored according to their leaf
complement: A = intactj; B = largely intact; C = partly

{ntacty D = bare.

The light quality surface (Fige. 33) shows that the
differential transmission of far-red light relative to
shorter wavelengths is much smaller than earlier in the
the leafy phase, and the molecular absorbance bands at
630, 655 and 690 nm are again conspicuous, while the ridge
in the green region is less marked. The contribution of
blue 1light did not change appreciably during the twilight
periods, although a normal high level of far-red relative
to orange is apparent. As the sky was uniformly overcast
for the whole day except around sunrise and sunset (see
Fig. 6), no special complications are introduced into the
All these features are consistent

transmission surface.
Figures 35 - 38.

with the parametric data illustrated in

The 11ght in the oakwood was recorded for the last
time on 21st January 1981, when all the trees were bare.
Accordingly, during the main part of the day the relative
SPFR surface (Fig. 34) is similar to that in Figure 27 for
April of the previous year, as the leafless canopy was
spectrally neutral. During the morning and evening
twilight the contribution of blue l1ight relative to orange
was high, although in the morning there 1is no




1.3(ii) light environment

corresponding shoulder in the far-red. Just after dawn and
before dusk a secondary increase in the relative fluence
rate of blue light is apparent which is distinct from the
crepuscular change, as the increase is largely at the
expense of far-red light rather than of orange. The origin
of this effect is obscure.

The mean values of ¥, ¢_, B:R ratio and log R were
calculated for 159¢<30°, 1gnoring the SPD recordings
taken when the sky was clear, as sunflecks interfered with
transmission (see 1.1). The results for both incident and
shade light are shown in Figures 39 - 42 respectively. The
B:R ratio in the woodland did not change dramatically
during the canopy cycle although a significant increase
was recorded on 4th July (year day 185)s In contrast,
and dc were considerably lower during the leafy phase of
the cycle, with significantly higher averages on 13th
August and 16th September (year days 225 and 259). The
variation in log R does not follow that of any of the
other parameters.

The effects of the canopy upon the twilight changes
in SPD were investigated statistically using a non-
orthogonal ANOVAR. The result of this for each of the
four parameters 1is shown in Table 9. Interaction between
the factors was significant for the light quality
parameters, indicating that the nature of the twilight
effect varied. However, the effects of solar angle and
date alone were significantly greater. In contrast, the
log R parameter shows no {nteraction and a large effect

of elsrelative to date.

Discussion

These findings are in close accord with those of
Tasker and Smith [1977] who found that % in an oak
woodland was close to unity before leaf emergence, and
declined rapidly as the leafy shade developed from mid-May
onwards. The minimum 3 recorded was about 0.4 (at the
beginning of July), but thereafter the average values
{ncreased again and stabilised at about 0.7. Leaf
senescence was complete by mid-November. The authors
proposed three possible explanations of this behaviour.
Firstly, they suggested that extensive leaf loss may have
occurred in mid-summer, increasing ¥, This is unlikely
because photographic data collected simultaneously failed
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to show any decline in leafy interception (Tasker, 1977)
and, moreover, the data failed to show any correlation
petween ¥ and mean PAR on the woodland floor during the
leafy phase. Secondly, they suggested that wilting may
have been responsible. Although this might not have been
detected by the photographic record taken early in the
morning, the explanation is also unlikely as again the PAR
fluence rate would be expected to increase. Moreover, the
1ikelihood of such severe water stress occurring in a
group of mature trees over a period of weeks is very
small. Their third suggestion was that changes in leaf
chlorophyll content might have modified ¥ without having
dramatic effects upon PAR. Pigment content had not been
measured in the course of the project because of the
logistical difficulty of randomly sampling the canopy

(Tasker, 1977).

A further possibility, not considered by these
authors but first suggested by Gorski [1980] is that a
seasonal variation in the red : far-red ratio of the
incident light could be responsible for the changes
observed beneath the leafy canopy. The mean value of 3 for
incident light is 1.15 according to Holmes and Smith

[(1977a] and the data reported here (Table 1) The small
standard error associated with this (ca. 0.02) has
generally been interpreted to indicate that differences
between days are negligible. This is a common fallacy.
Standard error is a measure of the accuracy with which the
population mean 1is estimated by the sample mean. Hence,
given a sufficiently large sample, the standard error can
tend to zero while the variablity within the population 1is
large. According to the data in Table 1, the standard
deviation of the daily averages is approximately 10%Z of
the grand mean; thus a third of recorded days would be
expected to differ by more than this amount from 1.15.
There is probably a seasonal change in addition to a

random variation between days.

wilight ANOVAR (Table 9)

It is apparent from the t
e relationships between

that significant variation in th
all the light quality parameters and solar angle exists;
this is, however, no greater than that found for incident
light (Table 6). The modifying effects of the canopy thus
act independently of solar angle, in the manner of a
simple coloured filter. The analysis also implies that the
effects of solar angle and date are similar, and
therefore, if they are to act as zeitgebers, the plant
must be able to compensate for seasonal variations.
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Whether this is possible is not known, although several
experiments have shown that diurnal red : far-red fluence
ratios can affect flowering (see 1.1) In contrast, the
log R parameter is relatively independent of leafy
interception during twilight, even though there are
statistically significant differences between days.
Photoperiodic timing would scarcely be affected by this.
In general, there 1s little reason for supposing that
light quality zeitgebers would be of any advantage in the
natural environment, and the experimental evidence for
them is insubstantial.

Any change in the incident light is generally
superimposed on that measured beneath a canopy. In this
study data were collected simultaneously outside and
beneath the oak woodland, and hence the correlation
between changes at the two locations can be assessed.
Equivalent data for the incident daylight are included in
Figures 39 - 42, and it is apparent that the variation
during the leafy phase i¢ similar, except perhaps for dc.

This may have important repercussions in plant
photoperceptione. According to the hypothesis that leafy
shade may be assessed by comparing the fluence rates of
red and far-red light (Jordan, 1969), a good correlation
exists between the transmittance of the canopy at any
wavelength absorbed by chlorophyll and the red: far—-red
fluence ratio of the transmitted 1ight. At least two
factors may interfere with this: the incident ratio may
itself vary; and, as a direct relationship exists only
between the ratio and the concentration of a single
plgment, the correlation between the ratio and leafy
interception or leaf area jndex may be disturbed by
changes in the abundance of the various leaf pigments.
Indeed, if the photoperception capacity of plants 1s as
sophisticated as has been suggested (Smith, 1982), the
latter is to be expected.

In any case, the data presented upto this point
provide a poor description of the spectral properties of
the canopy because it includes the effects of all the
meteorological variables which modify the SPD of daylight
(see 1.1). Other than nocturnal measurements using an
artifiecial light source of suitable stability, or a
mathematical approach {involving an integration of the
various optical features of the canopy, the only possible
solution to the problem is to express the instantaneous
SPFR measurements beneath the canopy as & proportion of
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their counterparts outside. The princip!e is the same as
that of the double-beam spectrophotometer. Transmittance
gpectra 8O derived can be compared directly with the
gpectral properties and pigment content of the leaves

themselves.

The effect of the canopy

Results

Mean transmittance spectra were calculated
accordingly for each day from the data recorded while
15° and the solar disc was obscured by cloud, as under
clear skies, sunflecks introduced complications (see 1.1).
The results are presented along with the corresponding
spectral transmittance and reflectance values for sun and
shade leaves (Figs. 43 - 56)., Figure 57 shows the results
of chlorophyll and carotenoid analyses performed on

similar leaves.

Before and after the leafy phase (Figs. 43 and 44,
respectively) the spectral transmittance of the canopy was
very similar at all wavelengths except 400 nm where the
sensitivity of the spectroradiometers is poor. The
transmittance in the far-red is marginally higher than in
the red according to the January data, but the difference
1s not statistically significant (t=2.6, p,>5%). The mean
transmittances calculated for April and January were 587%

and 48%, respectively.

Once the foliage had expanded, the canopy
transmittance spectrum (Fig. 45) was radically different,
showing a much lower PAR transmittance (ca. 10%2), with
slightly higher values in the green than in the blue and
red regions. Transmittance {ncreased abruptly at 690 =~
700 nm, reaching a peak of about 20% in the far-red at
760 nm., Corresponding sun and shade leaf transmittance
data (Fig. 46) ore quite different, showing a pronounced
peak in the green (ca. 24%) and a generally lower
transmittance of blugmkca. 4%) than of red (5 = 15%)
light, Maximum transmitté;ze of far-red was about 50% at
760 nm. The results for sun and shade leaves were similar;
reflectance was not measured in this instance. The leaf
pigment content was low with chlorophyll and carotenoid
concentrations of . 0.4 and Ol g m respectively.
Chlorophyll a : bmiatio was approximately 3.5, being
somewhat higher for sun than for shade leaves.
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The mean canopy transmittance calculated for 4th
July (Fig. 47) is similar in the PAR region (ca. 117%)
although a rather higher transmittance is apparéﬁEKTSO -
680 nm than 400 - 500 nm. In the far-red the maximum
transmittance was higher than before (ca. 37%); there was,
however, considerable variablity in the data at these
wavelengths. Corresponding data for the leaves & shown in
Figure 48. Transmittance at all wavelengths had declined
to about half the values recorded in May, but the data are
qualitatively similar. The reflectance spectrum shows a
emall peak in the green (ca. 20%), and slightly higher
values in the red (ca. 15%) than in the blue (ca. 127%).
The far-red reflectance was very high (ca. 58%). Data for
sun and shade leaves were closely similar. The chiorv phyll
and carotenoid content had increased by approximately one
half.

The spectral transmittance forty days later (13th
August) is shown in Figure 49, Blue light transmittance
was about 8%, slightly lower than that in the red (ca.
9%)., Maximum far-red transmittance was about 24%, and had
thus declined from that recorded in July. Leaf pigment
content (Fig. 57) and transmittance and reflectance (Fig.
50) were almost unchanged, except that in the far-red
reflectance was somewhat lower (ca. 50%) and shade leaf
transmittance was higher (ca. 30%).

On 16th September canopy transmittance (Fig. 51) was
ca. 10% in the blue, increasing almost linearly to about
13% at 680 nm. Transmittance towards longer wavelengths
did not increase as rapidly, nor was a peak reached at
780 nm, as had been recorded on previous days in the leafy
phase. Sun leaf transmittance was generally higher than
recorded in August (ca. 102 and 52% in the green and red,
respectively). Leaf reflectance, shade leaf transmittance
and pigment content were largely unchanged.

The canopy transmittance spectrum on the 21st
October (Fig. 53) corresponds to the early stages of
senescence, and indicates a decline to about 6% in the
blue and 7% in the red regions. The maximum transmittance
in the far-red was only about 18%. Sun leaf reflectance
was higher than in September (about 30% in the green, 20%
in the blue and red, and 607 in the far-red regions),
while far~red transmittance was somewhat lower; the
optical properties of the shade leaves were largely
unchanged. Carotenoid content was @ 1ittle higher,
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especially in the shade leaves (ca. 0.25 g m"z), while the
total chlorophyll was unchanged at about 0.8 - 0.9 g m—z;
however, chlorophyll b content had increased relative to
chlorophyll a (Fige. 57).

During the next three weeks the canopy became
extensively senescent, and some trees had begun to shed
their leaves. Figure 55 shows the transmittance spectrum
at this time (11th November); this is radically different
from those derived earlier in the leafy phase.
Transmittance in the PAR region is much higher (ca. 25%),
while the far-red maximum is about 32%. Similarly,
transmittance of sun and especially shade leaves had
increased dramatically, as had shade leaf reflectance in
the PAR region. While the chlorophyll a : b ratio remained
high, the total content, especially of the shade leaves,
had declined substantially; the carotenoid levels,
however, were unchanged (Fig. 57).

Considering the data collectively, Figure 58 shows
the variation in the transmittance of the canopy and the
individual leaves at 680 nm (the wavelength of maximum
leaf absorbance in the red region) during the leafy phase.
It is apparent that prior to senescence, the canopy
transmittance varied about a mean of 11% with little
apparent trend. This variability is predictable from the
errors inherent in the data (see 1.2); hence, the
statistically significant differences (p,>1%) do mnot
necessarily indicate actual changes in the optical
properties of the canopye. At senescence, however, the
transmittance declined to about 7%, then underwent a
massive increase to 27%.

These features are not shared by the transmittance
of the leaves themselves. After jnitial expansion
following bud break, the transmittance declined
considerably (from 5% at the end of May to 1.7% at the
beginning of July); this was associated with an increase
in pigment content (Fig. 57). Thereafter, transmittance
increased gradually and almost l1inearly until the end of
October when it reached 3.4%. Chlorophyll cgntent changed
little over this period (gca. 0.9 g m “) although
carotenoid levels slowly {ncreased. The leaves senesced
rapidly from the beginning of November; by the second
week, sun and shade leaf transmittance had increased to 6%
and 18% respectively. The large error associated with the
latter estimate reflected the variability of the material,
presumably indicating that senescence was not equally
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advanced 1in all leaves. The mean chlorophyll content of
gun and shade leaves at this time was about 0.6 and
0.3 g m “, respectively, confirming that senescence was
more advanced in the latter. Carotenoid content was
unaffected. The chlorophyll a : b ratio

) in October dropped
to a low value in both leaf types; this was probably an
early event in senescence. The particularly low canopy
transmittance at this time was associated with an
increase in sun leaf reflectance (from a steady 10% to
20%), and not with any change in leaf transmittance.

From the transmittance spectra of the canopy and its
constituent leaves 1t is possible to derive an index of
the effects of each upon light quality and hence the
photoequilibrium of phytochrome. Such information 1is of
significance to the hypothetical photoperception of leafy

shade.

For each SPD inside and outside the wood, the
relation

It, Al canopy
——— 1 = transmittance
ty, A2 N
Ii, £l ratio (5
11,12 * e 0
(where I, and T, are the SPFRs at A nm of incident

and transmitted 1igﬂé, respectively) was calculated from
the 15°¢ %<30° data for Al=660 nm and A2=730 nm,
including only data collected when the solar disc was
obscured by cloud. The equivalent ratio for the sun and
shade leaves was derived. The mean values of each through
the year are shown in Figure 59, from which it is apparent
that the canopy transmittance ratio is close to unity
before and after the leafy phase, and is remarkably
constant at about 0.52 throughout the Summer and Autumn
until senescence in November. For the leaves themselves
the ratio remains similarly constant but much lower (ca.
0.12) during the summer and early Autumne The initial
measurement (28th June) 1is rather higher (ca. 0.19),
associated with the low chlorophyll content (Fig. 57) at

this time.

It is apparent that this relationship (Fig. 59) is
more similar to the quantitative variation in
transmittance at 680 nm (Fig. 58) than to the changes in
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shadelight quality (Fig. 39). It was of interest,
therefore, to consider what relationship exists between
the measured transmittance of the canopy and shadelight
quality. This is shown for ¥ and red light during daytime
in Figure 60, along with the transmittance estimated
using hemispherical photography and that calculated from
1ight measurements beneath the bare canopy. The
distribution of points is contagious for each day
although, as data corresponding to times when the solar
disc was "exposed" are included, deviant points are also
apparent. During the leafy phase, prior to senescence, the
correlation of ¥ and transmittance is poor.

Although not necessarily of physiological
significance, covariation between transmittance and the
B:R ratio was investigated. Figure 41 shows a lower
proportion of blue light beneath the leafy canopy than
above it, especially after the leaves had matured and even
during senescence. This {s associated with the initial
rapid increase in carotenoid smmcan followed by a
steady accumulation throughout the leafy phase until leaf
fall (Fig. 57). Accordingly, the B:R transmittance ratio
of both sun and shade leaves declined steadily (Fig.61).
The corresponding canopy transmittance ratio declined less
steeply (Fig. 62). Data for the corresponding reflectance
ratio for mature leaves showed a gradual decline from 0.94
(4th July) to 0.82 (21st October), and to about 0.5 on the

11th November.

Discussion

The transmittance of the bare canopy in April was
significantly higher than in January of the following year
(t=11, po<0.1%); however, hemispherical photography on the
later date indicated an intermediate value closer to that
of the previous spring; this is likely to be similar to
the true value. The 10% difference between the absolute
transmittance data according to the spectroradiometers
gives an indication of the accuracy of the system as a
whole. The instruments are not fdeally suited to this
measurement, as the accuracy and stability of their
calibration under field conditions leaves much to be
desired., Although both {jnstruments Wwere carefully
calibrated on either the day before or the day after each
session in the field, the possibility of a significant
change in sensitivity during transport was always present.
It was also impossible to keep the receptor heads
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perfectly clean and dry wunder field conditions. Such
changes affect the reliability of the quantitative data,
especially transmittance, while the estimation of light
quality 1s relatively immune.

Without an 1independent record of <canopy
transmittance it is difficult to assess the significance
and origin of the quantitative variation through the
season. In statistical terms, the information has zero
degrees of freedom, and hence significant differences
cannot occur! The problem could have been partly overcome
by using a second quantum meter to estimate the shadelight
fluence rate independently.

Nonetheless, a pessimistic estimate of the error
associated with any SPFR would be about +10% for most of
the spectrum, in addition to the sampling errors involved.
This is in line with the variation between estimates of
transmittance before and after the leafy phase, as the
actual change is likely to have been very small. The
decrease associated with leaf emergence is, in contrast,
much greater than the likely error. Thereafter, the
variation in transmittance until the end of October (Fig.
58) 1s again within the expected error and, hence, is
unlikely to represent real changes. The estimate for
October 21st, at the start of canopy senescence, is
considerably lower but, thereafter, a dramatic increase 1is

seen as the process continued.

Having taken into account changes in the incident
radiation and recorded the shadelight at a fixed location
(in contrast to previous work), it is a reasonable
conclusion that the leaves themselves were responsible for
the seasonal changes in canopy transmittance under
overcast skies. Allowing for the interception of about
half of the incident light by tree branches and trunks,
canopy transmittance was always greater than that of the
leaves themselves (Fig. 58), despite their abundance 3
this was a consequence of both the distribution of leaves
(allowing canopy gaps to form) and multiple reflection
between them.

eflectance of shade

The higher transmittance and
d by Eller, GHet114

leaves relative to sun leaves reporte
and Flach [1981] in beech was not & consistent feature of
the oak leaves measured here. This 1is probably a
consequence of the much greater difference between
shadelight and incident light in the beech canopye
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0Oak leaf transmittance shows an initial decline
associated with maturation, a slow constant increase
through the summer and autumn and a massive increase
associated with advanced stages of senescence. Although
canopy transmittance on October 21st had decreased, the
leaf transmittance had increased. An increase in leaf area
{ndex could explain the paradox, but is most unlikely at
this time of year. A more probable explanation may lie in
the increased sun leaf reflectance; similarly, Sinclair,
Hoffer and Schreiber [1971] found that senescence in
several crops was accompanied by a higher leaf
reflectance. Subsequently, both leaf reflectance and
transmittance increased dramatically, while Table 8
indicates that leaf area index had begun to decline; the
net effect was a large increase in canopy transmittance.

The transmittance spectra of the oak canopy do not
closely resemble those of the individual leaves at any
point 1in the cycle; generally, qualitative differences are
much more pronounced in the latter. Eller gg_gi.[1981]
were unable to explain the spectrum of shadelight on the
basis of simple transmission of incident 1light by leaves,
and a similar discrepancy occurs in canopy reflectance

(Colwell, 1974).

On a smaller scale still, Loomis [1965] showed that
qualitative transmittance differences were more marked in
chloroplast suspensions and especially chlorophyll
solutions than intact leaves. The differences are related
to the optical complexity of the system; for a leafy
canopy, this is enormous.

When a photon is intercepted by a leaf, a number of
possible fates may befall it. The refractive index of the
epidermal cuticle is high relative to air and, consequent=
ly, specular reflection (that is, reflection at an angle
equal and opposite to that of incidence) may occur
immediately. Woolley [1971] found the probability of this
to be about 0.003 for all wavelengths between 400 =~
3000 nm. The simple system used to measure reflectance in
the work reported here (Fig. 5) ignores this process
entirely. If the photon penetrates the cell, its path is
bent by refraction at the air - cell wall interface;
thereafter it is likely to pass directly into a mesophyll
cell where chloroplasts are abundant. 1f it enters one it
may be absorbed by a pigment molecule such as chlorophyll,
the probability depending on the pigment density and the
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wavelength of the photonj for chlorophyll, this is high
for blue and red light, lower for green and insignificant
for wavelengths above 710 nm. If it is not absorbed it
will reach the cell wall - air interface within the leaf
and may either be reflected back or move into the
intercellular airspace, once more its path being bent by
refraction. This "scatteri<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>