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Abstract. A shade film is described which duplicates the spectral quality of light
underneath foliage. The film should become an important tool for studying plant de-
velopment, and it may have commercial applications.

We are beginning to understand the eco-
logical significance of phytochrome for plant
development, beyond that of controlling
flowering (17). Progress has been frustrated,
however, by difficulties in experimental
methodology. The quantity and spectral
quality of radiation passing through foliage
is altered by the optical properties of leaves.
Leaves typically absorb 90% of incident light
in the wavelengths 400~700 nm and less than
10% of radiation 750-1100 nm (7, 8, 20).
Thus, natural light under foliage is deficient
in radiation usable for photosynthesis, and is
spectrally altered in the wavelengths (650—
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750 nm) affecting phytochrome equilibria (1,
10, 18). Although shade light may affect plant
growth and development profoundly (3, 9,
13, 14, 17), it has been difficult to document
its effects because of the heterogeneity of
natural light environments (2, 15, 16), and
the difficulty of producing artifical ones (17).

Research on the effect of spectral distri-
bution of radiation on plant growth has been
hampered by the necessity of including ad-
equate levels of photosynthetic photon flux
density (400-700 nm, or PPFD) along with
altering the quantum ratios of red to far-red
wavelengths [660/730 nm, or R:FR as de-
fined by Smith (17)]. The high R:FR char-
acteristic of sunlight is achieved easily through
the use of fluorescent or mercury vapor lamps.
However, only moderately low R:FR can be
achieved by the use of low wattage tungsten
incandescent lamps. This radiation can be
altered further by filters (8, 9, 16), but the
excess infra-red radiation from the high flux
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Fig. 1. Spectral distribution of radiation between
the wavelengths of 300-1100 nm, in units pwmol

s~ 'm~2nm~'. a. Full sunlight. b. Commercial

shade house with 83% shadecloth.

densities required to achieve minimal PPFD
requires heat filtration and limits the size of
the growth chamber. A method for altering
sunlight (or an artifical radiation source) to
provide levels of PPFD and ratios of R:FR
very similar to those under natural shade is
described.

To design and construct a film with the
necessary optical properties, it was neces-
sary to determine the relationship between
shading (percentage of PPFD) and spectral
quality (R:FR) in shade films and screens
compared to radiation beneath foliage. For
this purpose, a LI-COR 1800 spectroradi-
ometer (LI-COR Instruments, Lincoln, NE
68504) with a wavelength response of 300—
1100 nm and a half peak bandwidth of 6 nm
was employed for all measurements. Spectra
were determined at intervals of 2 nm. Quan-
tum integration of each scan at 400-700 nm
gave PPFD in pmol s~! m~2. Quantum ra-
tios (658-662/728-732 nm) gave R:FR.
Outdoor measurements were performed within
1 hr of solar zenith in full sunlight, in No-
vember of 1983. Effects of foliage shade on
PPFD and R:FR were measured under iso-
lated trees on the Tamiami Campus of Flor-
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Fig. 2. Relationship between R:FR and percent-
age of full sunlight underneath individual tree
canopies, means of 5 measurements for each
variety (®); under a closed forest canopy (®), n
= 39; and underneath varying densities of the
shade film (x), n = 38. Values indicating the
spectral alteration of radiation immediately be-
neath water hyacinth leaves (Eichhornia cras-
sipes Solms.) are indicated by (a), and values
for the film without the addition of carbon black
are shown by (A). Points are the means of 5
measurements. Regression lines for hammock
and shade film measurements also are given.
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ida International Univ. and under the closed
canopy of a hardwood hammock at Simpson
Park in Miami. Radiation conditions under
various commercial shade cloths and films
were measured at 15 commercial nurseries
in southern Dade County in July of 1983.
For the preparation and evaluation of the shade
film, various pigments and combinations
thereof were screened for their similarity in
spectral quality to natural shade. The pig-
ments were mixed in a urethane varnish base
and sprayed on 22 X 28 cm sheets of cel-
lulose acetate. These sheets were analyzed
spectrally under full sunlight by affixing them
to a 20 X 26 cm opening on a flat black box
16 cm above the sensor.

Full sunlight measured in this study had a
mean R:FR of 1.270 (SD of 0.039, from 24
scans). Commercial shading materials (115
different growth environments analyzed) did
not change the spectral distribution of radia-
tion significantly (Fig. 1) and thus had R:FR’s
identical to full sunlight for all percentages
of shading. Shade light underneath foliage
was characterized by decreasing R:FR in re-
lationship to decreasing percentages of full
sunlight (Fig. 2).

The above results made possible the de-
velopment of an artificial film that duplicates
the properties of natural foliage, from
screening many different pigments and com-
binations. The best shade film is a combi-
nation of the following (Fig. 3): 1 part
Hostaperm Violet RL pigment; 0.25 parts of
Solvaperm Yellow G dye (both obtained from
American Hoechst, Inc., Coventry, RI
02816); and 0.40 parts of carbon black pig-
ment. These materials were sprayed rou-
tinely on films in a concentration of 10% w/
v. These pigments meet 3 important criteria
for successful use in constructing outdoor
shade environments for studying plant de-
velopment. First, they are relatively inex-
pensive. Second, they are stable to both high
temperatures and light levels, giving them a
long field life and the possibility of incor-
poration into plastic film (S. Kumar, per-
sonal communication). Thirdly, they have the
desired spectral characteristics (Fig. 2, 4).
Increased pigment density alters R:FR just
as the increased shading of thicker foliage
does, and extreme shade underneath the ar-
tifical film is very similar to that underneath
foliage at identical percentages of full sun
PPED. It also is feasable to alter the R:FR
of the film for a given percentage of shade
by changing the concentration of the spec-
trally neutral carbon black pigment. For in-
stance, the spectral quality immediately
beneath leaves of water hyacinth is altered
substantially (Fig. 2), and this shift can be
approximated by using the 2 compounds
without carbon black.

These pigments, applied as a paint or in-
corporated in a film, should have wide ap-
plication in research on plant development
in response to light. Long-term studies typ-
ically have used different densities of shade
cloths or levels of artificial light, neglecting
the important spectral shift of radiation in
increasing shade under natural conditions (4,
5, 6, 10, 11, 19). Two enclosures, with
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Fig. 3. Structural identification of compounds
used for altering spectral distribution of light in
the shade film.
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Fig. 4. Spectral distribution of radiation, same
units as Fig. 1. a. Under a closed forest canopy
in Simpson Park. b. Underneath the shade film.

identical percentages of shading but with R:FR
of full sunlight vs. deep forest shade, now
can be constructed to study the effects of
spectral quality vs. radiation intensity on long-
term developmental responses of plants of
small to large stature. The pigments also can
be sprayed onto small plastic bags to study
the effects of altered spectral quality on a
small portion of a plant. The film also could
be used to alter the spectral quality of the
cool tungsten lamps used in measurements
of photosynthesis, producing radiation close
to that of natural conditions for measuring
the photosynthetic responses of extreme shade
plants (12). If the film enhances the growth
or quality of foliage plants, or other plants,
it may have commercial applications.
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