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LEAF OPTICAL PROPERTIES OF RAINFOREST SUN AND
EXTREME SHADE PLANTS!

DAviD W. LEE AND RiTA GRAHAM
Department of Biological Sciences, Florida International University, Miami, Florida 33199

ABSTRACT

The optical properties of the leaves of twelve tropical sun species and thirteen tropical extreme
shade species were examined with an integrating sphere attached to a spectroradiometer. Mea-
surements of diffuse reflectance and transmittance allowed calculations of absorptance, 350-
1,100 nm. Although some shade species absorbed higher percentages of quantum flux densities
for photosynthesis (400-700 nm, PPFD) than the mean for the sun species, the sun and shade
species as groups were not significantly different from each other: 90.2, S.D. 3.6% for shade
species and 88.6, S.D. 2.4% for the sun species. The groups of species did not differ in total
absorptance of energy 350-1,100 nm. Furthermore, the sun and shade species were identical
in their shift of absorptance at wavelengths between 650 and 750 nm. The anthocyanic coloration
of the leaf undersurfaces of two species polymorphic for this characteristic (Trionela hirsuta
and Ischnosciphon pruinosus) is correlated with increased absorptance at the upper end of the
action spectrum of photosynthesis. Although sun and shade species have similar optical prop-
erties, the energy investment (as documented by dry wt per unit area of leaf surface) is much

less for the shade species.

LEAF OPTICAL PROPERTIES are frequently ne-
glected in studies on photosynthesis or plant
productivity, yet it is only possible to deter-
mine the efficiency of these processes when the
amount of radiation usable in photosynthesis
(photosynthetic photon flux density = PPFD)
absorbed by the leaf is known. Studies on leaf
optical properties go back over fifty years
“(Willstatter and St6ll, 1918; Shull, 1929; Sey-
bold, 1933; Billings and Morris, 1951; Loomis,
1965). Much of the impetus in studying leaf
optics has been its relevance to remote sensing
(Gausman, Escobar and Rodriguez, 1981,
Smith, 1981), with a continuing interest in the
effect of leaf surface features, as pubescence,
on the absorptance of radiation. Several studies
(Ehleringer, Bjérkman and Mooney, 1976; Ell-
er and Willi, 1981; Ehleringer, 1981) have
demonstrated that surface features can signif-
icantly reduce absorptance of radiant energy,
reduce leaf temperatures, and thus reduce water
loss from transpiration. Other than the work
of Billings and Morris (1951) along an eleva-
tion gradient in the Sierra Nevada and that of
Ehleringer (1981) in the Mohave and Sonoran
deserts, there have been no comparisons of leaf
optics from plants from different ecosystems—
and none of tropical forest plants—despite the
relevance of such properties for photosynthe-
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sis, and energy and water relations (Mooney
et al., 1980). In this study we compared the
optical properties of leaves from extreme shade
and sun-adapted plants of tropical forests to
determine if shade-adapted plants absorb more
energy, and if differences in absorptance occur
at specific wavelengths.

Although all leaves have similar optical
properties (Gates et al., 1965; Loomis, 1965;
Wooley, 1971; Gausman and Allen, 1973; Eh-
leringer, 1981; Fig. 1), it is important to con-
sider the precise optical properties of leaves in
relationship to the light environments in which
the plants live. Because of the selective filtering
oflight through foliage, plants of extreme shade
encounter a drastically different light environ-
ment than those to full sunlight (Chazdon and
Fetcher, 1984a, b; Lee, 1986a). Full sunlight
near solar zenith on a clear day has a PPFD
in excess of 2,200 x mol s~! m~2 and a total
irradiance of over 1,000 w m~—2 (Fig. 2). Be-
cause wavelengths of radiant energy in the red
and far-red wavelengths affect the equilibria of
phytochrome, which may have profound ef-
fects on plant development (Smith, 1981, 1982),
it is useful to describe the spectral distribution
of this radiation in terms of the quantum ratio
at 660 compared to 730 nm (the red : far-red
ratio or R:FR in the sense of Smith, 1982). For
sunlight the R:FR is approximately 1.25 (Tas-
ker and Smith, 1977, Holmes, 1981; Lee,
1986a; Fig. 2). In contrast, the light climates
of rainforest understory are deficient in total
radiant energy, especially in PPFD, and have
a much lower R:FR (Lee, 1986a; Fig. 2).
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Fig. 1. Leaf optical properties of Bursera simaruba (Lee,
1986b). (— — —) denotes diffuse reflectance and (—-—)
diffuse transmittance. Since leaves scatter light and are
only approximately described by Beer’s law, the term “ab-
sorptance” is used rather than ‘““absorbance.” Absorptance
equals 1-reflectance-transmittance, and is denoted by

.

A logical prediction is that extreme shade
plants, under the strong selective constraints
ofa deficiency of energy for photosynthesis and
growth, should absorb significantly more PPFD
than sun plants, which must balance absorp-
tance of PPFD with requirements of temper-
ature regulation (Givnish, 1984). Plants of the
extreme shade of rainforests display the same
characteristics that have been described in
temperate region shade plants, such as thinner
leaves and lower chlorophyll a/b ratios (Good-
child, Bjorkman and Pyliotis, 1972). Re-

.sponses of leaf morphology to extreme shade
manifest phenotypically, genotypically and as
differences between species (Larcher, 1980).
Extreme shade adaptations of leaves have been
characterized on morphological, anatomical,
ultrastructural, physiological and biochemical
levels (Bjorkman, 1973; Boardman, 1977,
Bjorkman, 1981). There are definite limits to
biochemical responses in the photosynthetic
machinery to low light levels in vascular plants
(Richardson, Beardall and Raven, 1983), and
extreme shade plants do not have greater quan-
tum efficiencies than sun plants (Bjorkman,

1.0 1.0
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0.0¢ T T v v
400 500 600 700

wavelength in nm
Fig. 3. Relative quantum efficiency, after McCree
(1972). Data are from crop species grown under field con-
ditions, and have been extrapolated beyond 730 nm. Val-
ues are in relationship to highest efficiencies at 620 nm.
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Fig. 2. Quantum spectral distribution of light envi-
ronments at La Selva, Costa Rica (Lee, 1986a). (——-) is
of solar radiation near solar zenith under a clear sky; PPFD
is 2,280 u mol s~! m~2 and R:FR is 1.25. (—) is of
radiation under forest shade; PPFD is 5.46 p mol s~! m~2
(0.3% full sunlight) and R:FR is 0.31. Note that the vertical
legends on either side differ by a factor of 40.

1981). In addition, many plants from the ex-
treme shade environments of tropical rainfor-
ests develop leaves markedly different in ap-
pearance to an observer familiar with temperate
zone vegetation. These characteristics may
contribute to different absorptances in some
extreme shade plants. The upper leaf surfaces
are frequently velvety, due to convexly curved,
or papillose, epidermal cell walls (Haberlandt,
1913; Lee and Bone, 1983; Bone, Lee and Nor-
man, 1985). The leaf undersurfaces are fre-
quently red or violet, due to the presence of
anthocyanins in a discrete layer in the meso-
phyll (Lee, Lowry and Stone, 1979). In a few
species the leaves have a striking iridescent
blue sheen (Lee, 1977).

Extreme shade plants may also have differ-
ent optical properties as evolutionary re-
sponses to the spectral distribution of light in
their native environments. A typical plant pho-
tosynthetic action spectrum shows an abrupt

absorptance
difference

0.0 T T T T T T 0.5
450 550 650 750

wavelength in nm

Fig. 4. Leaf absorptance of Bursera simaruba (—);
Lee, 1986b). An imaginary leaf with optical properties
above 650 nm shifted 10 nm towards the far-red has also
been plotted (— — —). Increased absorptance by such a
leaf above 700 nm is shown by the difference spectrum
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Fig. 5. Leaf optical properties of Alternanthera cos-
taricense. The leaves appear almost black in the forest
understory, as can be seen by the low diffuse reflectance
(—-—) in the visible wavelengths. Little diffuse transmit-
tance in the visible (— — —) contributes to very high
absorptance (——) in the visible wavelengths.

drop at 700 nm, and the quanta available for
photosynthesis (PPFD) have thus been defined
as the range of 400-700 nm (McCree, 1981).
This abrupt cut-offis correlated with a decrease
in leaf absorptance about 700 nm. McCree
(1972) and Inada (1978) have shown that plants
can use quanta beyond 700 nm in photosyn-
thesis, revealed by a spectrum of relative quan-
tum efficiency (Fig. 3). Given the spectral qual-
ity of extreme shade (as exemplified by Fig. 2)
and a strong selection pressure for using light
efliciently in these environments, it is reason-
able to predict that extreme shade plants should
. be able to absorb more efficiently at wave-
lengths beyond 700 nm (Bjérkman, 1973).
McCree (1981) estimated that as much as 7%
of photosynthetic radiation available to a leaf
within a tree canopy might be in wavelengths
beyond 700 nm. The classical example of an
altered action spectrum in an extreme-shade
environment is that of the green alga Ostreo-
bium which resides beneath encrusting dino-
flagellates and within a large coral (Halldal,
1968). The following example (from Lee,
1986b) demonstrates the significance of slight-
ly altered optical properties. Leaves of Bursera
simaruba (Fig. 1) are typical in their spectral
absorptance of radiation, with a drop at 550
nm and little above 750 nm. The wavelength-
dependent product of this absorptance spec-
trum and that of extreme shade (Fig. 2), times
the relative quantum efficiency spectrum of
McCree (1972, Fig. 3) will indicate the wave-
lengths available for photosynthesis, assuming
the data of McCree are relevant to the example.
Quantum integration of this product reveals
that the interval of 700-750 nm contributes
4.9% of the interval 400-700 for photosyn-
thesis. If there were a shift in optical properties
of just 10 nm (Fig. 4), the region of 700-750
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nm would contribute 6.0% relative to that for
400-700 nm. Although these percentages are
low, they may be evolutionarily significant in
contributing to the efficiency of productivity
in an extreme shade environment.

The purpose of this study was to compare
the optical properties of a sample of 12 tropical
species, native to full sunlight, to a sample of
13 species adapted to the extreme shade of
tropical forests. Absorptances of these species
were compared to determine if the shade species
captured a greater percentage of PPFD incident
on the leaf surface, more total energy 350-
1,100 nm, and if they absorbed relatively more
quanta at 700-750 nm. Shade species with blue
iridescence, papillose epidermis and pigment-
ed undersurface were also included in the sam-
ple. Dry/wet wts and wt per area of blade were
also determined for the sun and shade plants,
to estimate the relative costs of producing a
surface for absorptance.

MATERIALS AND METHODS — The species ana-
lyzed in this investigation are listed in Table
1. Leaves were freshly collected and kept in
water and plastic bags to prevent water loss;
they were analyzed within 2 hr of removal from
plants. Plants were studied from the following
locations: La Selva Forest Reserve, Costa Rica
(Frankie, Baker and Opler, 1974) in April of
1983 and 1984; Barro Colorado Island, Pan-
ama (Leigh, Rand and Windsor, 1983) in June
of 1983; and in Miami from March to October
during 1983 and 1984. The exotic shade plants
studied in Miami were collected from natural
shade conditions in Fairchild Tropical Garden.
Five healthy mature leaves from each species
were analyzed for diffuse reflectance and dif-
fuse transmittance, allowing calculation of to-
tal absorptance. For optical analysis a Li-Cor
integrating sphere attached by a fiber optic ca-
ble to a Li-Cor 1800 spectroradiometer was
used in all measurements. The leaf sample was
placed against an outside port of the sphere,
and diffuse reflectance or transmittance was
compared to a barium sulfate standard (Kodak
#6084). The calculations used a control mea-
surement of reflectance of the standard with
the leaf surface in place. The experimental set-
up provided a spectral range of 350-1,100 nm,
scanning at intervals of 2 nm with a half-peak
bandwidth of 6 nm. Programs in the instru-
ment’s microcomputer made the following
presentations of data possible: 1) calculation
of absorptance for each leaf, 2) quantum in-
tegration 400-700, using shade light (Fig. 2)
for % PPFD calculations; 3) integration of 350—
1,100 nm using sunlight (Fig. 2) for % energy
absorptance; 4) multiplication of individual
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Fig.6. Mean leafabsorptances of the twelve sun species
( ) and the thirteen extreme shade species (— — —).
Similarity between the two samples is shown by the dif-
ference spectrum (—-—), with only a slight increase in
absorptance by the shade species at around 550 nm.

absorptance spectra and determination of mean
spectra; 5) multiplication of leaf absorptance
by the mean relative quantum efficiency spec-
trum of McCree (Fig. 3) times the shade en-
vironment (Fig. 2) and subsequent quantum
integration to determine the ratios of wave-
lengths 700-750/400-700 nm available for
photosynthesis.

Individual species, as well as the sample of
sun and shade species, were statistically com-
pared by student’s t test and distribution, at a
level of significance of P = 0.05. A minimum
of five freshly collected leaf blades of each
. species, collected at La Selva and in Miami in
1984 and weighed with an electronic balance,
were compared to the same samples dried for
48 hr at 60 C to allow calculation of % fresh
wt and leaf specific area (wt per unit leaf area
in mg cm~—2). Leaf areas were measured with
a Li-Cor leaf area meter.

REesuLTs—Leaf optical properties of an ex-
treme shade plant, that of Alternanthera cos-
taricense growing in the forest understory at
La Selva, are typical of all plants in the strong
absorptance of radiation 400-700 nm and lack
of absorptance at wavelengths beyond 750 nm
(Fig. 5). However, the leaves absorb more ef-
ficiently at 400-700 nm than other taxa de-
scribed (Loomis, 1965; Ehleringer, 1981).
Analysis of these optical properties is seen in
Table 2, after AC. Percentage absorptance of
PPFD is significantly greater than that of Bur-
sera simaruba (BS) described earlier. Absorp-
tance is almost identical at 620 nm, but re-
flectance is lower for AC. However, the product
of absorptance times the quantum efficiency
spectrum and shade spectrum (700-750/400-
700 nm) is less for AC (0.043) than for BS
(0.049). The lower value for AC is partly due
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to greater absorptance in visible wavelengths
from the presence of anthocyanins (with an
absorptance peak of 525 nm) in the mesophyll.
Thus, the leaves of this plant do not absorb
differently than those of BS at wavelengths of
700-750 nm. Despite these overall similarities
in optical properties, the leaves of AC have a
much lower percentage dry wt (14.9% S.D. 1.4)
than BS (41.2% S.D. 1.1). The lower percentage
is reflected in the reduced leaf specific area for
AC compared to BS (3.5 mg cm~2, S.D. 0.4
vs. 16.1 mg cm~2, S.D. 1.1).

The leaves of all species were analyzed iden-
tically as for Alternanthera costaricense (Table
2). The samples of sun and extreme shade
species were very similar in their optical prop-
erties. Mean absorptance spectra for sun and
shade plants are identical except for an increase
in absorptance by the shade plants at approx-
imately 550 nm (Fig. 6). However, shade plants
reflected less, and transmitted more, radiant
energy. Differences in reflectance at 620 nm
are not statistically significant, but are at wave-
lengths above 750 nm. The most significant
differences between the two samples are their
dry/fresh wts and leaf specific wts, both sig-
nificantly lower in the shade species. Thus, the
shade plants produce a surface for absorptance
that is lighter, and presumably metabolically
less expensive to produce, than the sun plants.

DiscussioN—The samples of sun and ex-
treme shade plants analyzed in this study have
similar optical properties. The spectral simi-
larities are consistent with the lack of a known
biochemical basis for a chromatic shift of ab-
sorptance into the far-red wavelengths for land
plants. However, given standard relative quan-
tum efficiency spectra (McCree, 1972; Fig. 3),
quanta beyond 700 nm may contribute 4% or
more of the visible spectrum in a typical forest
shade environment. Such percentages may be
evolutionarily significant for extreme shade
species. We need to measure the action spectra
of extreme shade plants with precision to know
the contribution of these wavelengths with any
certainty. Although the species in each sample
are typical of plants in the respective environ-
ments, two species in the shade sample, Zamia
skinnerei and Blechum costaricense also grow
in more open environments, as near gaps. These
species absorb the least of the group; if they
are removed from the calculations the shade
plants have significantly greater mean absorp-
tance of PPFD than the sun species.

Eight of the extreme shade species develop
leaves with red-violet undersurfaces, pig-
mented by anthocyanins. Their mean absorp-
tance of PPFD is significantly greater (0.927
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Fig. 7. Comparisons of diffuse reflectances and diffuse

(===) species. Upper lines are diffuse reflectance, and
lower lines are diffuse transmittance.

S.D. 0.017), but their absorptance of quanta
700-750/400-700 nm (0.044) isnot. Enhanced
absorptance by anthocyanins (peaking at ap-
proximately 525 nm) contributes to this dif-
ference. This increase does not affect photo-
synthetic efficiency, since there is no evidence
that quanta captured by these pigments con-
tribute to photosynthesis (McClure, 1975; Lee
et al., 1986). Lee et al. (1979) hypothesized
that the backscattering by this layer may con-
‘tribute to increased absorptance at higher
wavelengths. Although these data do not sup-
port the hypothesis, other factors may inde-
pendently affect optical properties. The best
test of the hypothesis is to compare leaves of
species that appear to be polymorphic only for
the undersurface pigmentation. Two such
species, Ischnosciphon pruinosus and Trionela
hirsuta, were included in the sample of shade
species. With the additional pigmentation, both
absorb higher percentages of PPFD than the
green forms. Since this increase in absorptance
would lower the ratio of quanta at 700-750/
400-700 nm (Table 2), the ratios should not
be greater for the red-undersurfaced leaves. A
more realistic test is to compare the relative
absorptance at 700-750 nm from both forms
to that of 400-700 nm for the green forms. The
ratio is then significantly higher for IPR (4.9%)
and THR (4.8%). The absorptance spectra of
the red forms are different (Fig. 8, 9), with more
absorptance at 550 nm and 700-750 nm. How
this pigmentation contributes to increased ab-
sorptance at 700 nm remains unknown (Lee,
1986b).

Three species in the shade sample also pro-
duce iridescent blue coloration, such as the
striking young leaves of Danaea nodosa. Al-
though these data do not show enhanced ab-
sorptance at higher wavelengths for blue-leaved
plants, as has been shown for Selaginella (Lee
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Fig. 8. Leaf absorptances of red (— — —) and green
(—) undersurfaced forms of Trionela hirsuta. The dif-
ference spectrum between the two forms (— - —) indicates

greater absorptance for the red form at 550 nm and at
around 700 nm.

and Lowry, 1975; Hébant and Lee, 1984; Lee,
1986b), the contribution of other factors to
absorptance makes it difficult to isolate the
contribution of iridescence in these plants. The
same is true for the papillose epidermis present
in six of the shade species.

Leafradiation balances of the two groups of
species, as documented by the percent absorp-
tance of solar energy at 350-1,100 nm, are not
significantly different. The spectral response of
the measurements does not include the wave-
lengths of 1,100-3,000 nm, which include 25%
of energy of the solar spectrum, and which are
strongly absorbed by leaves (Gatesetal., 1965).
However, Ehleringer (1981) has shown a strong
correlation between percent absorptance of
PPFD and radiant energy 400-3,000 nm in a
sample of desert plants. His regression line pre-
dicts 52% absorptance 400-3,000 nm for leaves
with 88% absorptance of PPFD. None of the
species studied here have waxy coverings or
pubescence that might significantly reduce ab-
sorptance of radiant energy. However, Cala-
thea lutea (CLU and CLL, Table 2) produces
a thick waxy coating on leaf undersurfaces and
orientates its leaves in relationship to solar
elevation and water stress (Herbert and Larsen,
1985). The difference in energy absorptance
between upper and lower surfaces is large, 0.637
vs. 0.388, approximately 0.54 and 0.35 for to-
tal radiant energy using the regression equation
of Ehleringer (1981).

Although the leaf absorptances of sun and
extreme shade species are similar, there are a
number of important differences in the optical
properties of these plants. Shade species reflect
less radiation, and transmit more, than the sun
species. In addition, the shade species are more
lightly constructed (much lower in leaf specific
wts). These differences may be explained by a
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Fig. 9. Leaf absorptances of red (— — —) and green
(—) undersurfaced forms of Ischrnosciphon pruinosus.
The difference spectrum between the two forms (—-—)
indicates greater absorptance for the red form at 550 nm
and at 700-750 nm.

number of important anatomical differences.
The leaves of these shade species appear to
have fewer intercellular spaces, particularly at
the level of the palisade parenchyma (Lee, un-
publ. results). Fewer spaces near the upper sur-
face should result in less backscatter. What may
be important for extreme shade plants are an-
atomical and ultrastructural configurations that
maximize the effective path lengths of a beam
of radiation within the leaf. In such a leaf a
given amount of chlorophyll will more effec-.
tively absorb radiation (Ramus, 1978; Ruhle
and Wild, 1979; Larkum and Barrett, 1983;
‘Terashima and Saeki, 1983). It will be impor-
tant to make quantitative comparisons of leaf
anatomy, using techniques of stereology (Park-
hurst, 1982) as well as measure chlorophyll
contents to resolve the discrepancy between
these differences and their over-all optical sim-
ilarity.

Thus, the most important difference in the
leaves between these extreme shade and sun
species is not their total absorptance, but it is
the greater efficiency with which shade species
produce foliar surfaces for absorptance of en-
ergy, giving them a selective advantage in an
energy-poor environment.
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