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Simulating forest shade to study the
developmental ecology of tropical plants:
juvenile growth in three vines in India

DAVID W. LEE

Department of Biological Sciences, Florida International University,
Miami, FL 33199, USA

ABSTRACT. Both light quantity and quality affect the development and autoecology of plants
under shade conditions, as in the understorey of tropical forests. However, little research has
been directed towards the relative contributions of lowered photosynthetic photon flux density
(PPFD) versus altered spectral distributions (as indicated by quantum ratios of 660 to 730 nm,
or R:FR) of radiation underneath vegetation canopies. A method for constructing shade enclo-
sures to study the contribution of these two variables is described. Three tropical leguminous
vine species (Abrus precatorius L., Caesalpinia bondicela Fleming and Mucuna pruriens (L.)
DC.) were grown in two shade enclosures with 3-4% of solar PPFD with either the R:FR of
sunlight (1.10) or foliage shade (0.33), and compared to plants grown in sunlight. Most species
treated with low R:FR differed from those treated with high R:FR in (1) percent allocation to
dry leaf weight, (2) internode length, (3) dry stem weight/length, (4) specific leaf weight, (5)
leaf size, and (6) chlorophyll a/b ratios. However, these plants did not differ in chlorophyll
content per leaf dry weight or area. In most cases the effects of low R:FR and PPFD were
additional to those of high R:FR and low PPFD. Growth patterns varied among the three
species, but both low PPFD and diminished R:FR were important cues in their developmental
responses to light environments. This shadehouse system should be useful in studying the
effects of light on the developmental ecology of other tropical forest plants.

KEY WORDS: developmental ecology, forest shade, India, photosynthetic photon flux density
(PPFD), red/far red, shadehouse, vine.

INTRODUCTION

All plants develop and function in response to the particular light environ-
ments in which they grow. Although numerous studies have been conducted on
plant developmental responses to reduced irradiance, the experimental condi-
tions have hardly ever been comparable to those that plants experience under
the natural shade of vegetation. Light passing through vegetation is attenuated
in the fluence rate affecting photosynthesis (quanta between 400-700 nm, or
the photosynthetic photon flux density - PPFD). Foliage shade light is also
altered in its spectral quality, and this shift can profoundly affect plant develop-
ment. Leaves absorb radiation strongly in the range of 400-700 nm and very
weakly at 750-1100 nm (Lee & Graham 1986). Thus, as radiation passes
through foliage the ratio of quanta centering on 660 nm is reduced in relation
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to quanta at 730 nm. This red to far-red ratio (the R:FR of Smith 1982) is
approximately 1.10-1.25 under full sunlight and as little as 0.10 under forest
canopies (Lee 1987, Tasker & Smith 1976). These two wavelengths affect the
ratios of the Pfr and Pr forms of phytochrome, and can alter plant development
in many ways (Smith 1981). Thus, the shortcoming in most previous studies of
shade effects on plant development is that the PPFD reductions have not been
accompanied by reductions in R:FR, conditions that plants would normally
experience in natural environments.

The deficiency of research on the effects of natural shade on plant develop-
ment, as well as on the effects of reduced PPFD compared to lowered R:FR,
has been partly due to ignorance about the spectral quality of natural shade.
The difficulty in devising experimental conditions that approximate natural
shade has also contributed. Phytochrome equilibria have been altered by adding
end-of-day doses of R or FR radiation (see Kasperbauer & Hamilton 1984), but
such conditions do not occur in nature. The slight decreases in R:FR at sunset
and sunrise are not sufficient to affect the phytochrome system (Salisbury
1981, Vince-Prue 1983). Some research has been conducted in growth cham-
bers (Heathcote et al. 1979, Hébant & Lee 1984), but the difficulty of remov-
ing heat from incandescent lamps has limited the research to small plants and
short experimental periods (Kwesiga & Grace 1986, Morgan & Smith 1981).
Most previous research on the effects of reduced R:FR on plant development
has been primarily due to the efforts of one scientist and his former students
(Smith 1982). The latter research has also been limited in its ecological ampli-
tude, primarily being studies of small European woodland herbs. Thus, there
is a need to devise new experimental methods and to study other types of
plants.

The little research completed to date suggests that shade-intolerant plants
may be more affected by exposure to low R:FR radiation than shade-tolerant
species (Corre 1983, Morgan & Smith 1979). In shade intolerant species lowered
R:FR (1) promotes stem elongation, (2) reduces branch initiation, (3) pro-
motes dry weight allocation to stems, and (4) affects leaf area and specific
weight (Child et al. 1981, Corre 1983, Frankland & Letendre 1978, Kasper-
bauer 1971, LeCharney & Jacques 1982, McLaren & Smith 1978, Vince-Prue
1977, Whitlam & Johnson 1982, Young 1981). In these plants shade light pro-
motes a ‘searching’ growth strategy whereas sunlight promotes an ‘exploiting’
growth response (Grime 1979).

Lee (1985) has developed a pigment combination which reduces R:FR as it
reduces PPFD. It can be sprayed as a translucent varnish on any transparent
medium, and the spectral distribution of sunlight passing through the film is
very similar to shade-light underneath foliage. Plants grown under this film
can be compared with those grown under light with the same PPFD but spect-
rally identical to sunlight (Richards & Lee 1986). The uniform climates of tro-
pical latitudes provide ideal conditions for long-term experiments using shade-

“houses. The purpose of this paper is to describe an experimental shadehouse
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system for studying the effects of reduced PPFD and lowered R:FR on plant
development and to report the effects of these alterations on the juvenile
growth of three tropical leguminous vines.

MATERIALS AND METHODS

The plants were grown from seed in three light environments constructed at
the ASPEE Agricultural Research and Development Foundation Farm, Met,
Thana District, Maharasthra State, India. Plants were grown in 61 cm? plots
(randomized block design) in a 3.05 X 6.10 m raised bed of the local black
cotton soil mixed with cow manure. One light environment was full sunlight.
Two 3.05 X6.10 m shadehouses were constructed adjacent to this bed, each
with a south-facing roof on a 1.83 m to 1.22 m pitch. The houses were con-
structed of locally available pole timber and were covered with woven poly-
ethylene fabric with a polyethylene film laminated to it. This fabric was
subsequently spray-painted with either a black oil-based paint or a clear-base
paint with experimental pigments (Lee 1985). The black film reduced light
levels to 3.1 £1.0% (N=20) of full sunlight PPFD at solar zenith. Since the
fabric shaded out 50% of solar PPFD it was necessary to revise the pigment
ratios in the experimental coating to 10 parts CI pigment violet 23:one part CI
disperse yellow 64. The experimental film reduced light levels to 3.9 £0.6%
(N=20) of full sunlight. Fluence rates were measured with a Li-185 radio-
meter with a 190-S quantum sensor (Li-Cor Instruments, Lincoln, NB 68504,
USA). Spectral quality of radiation within the houses and in full sunlight was
measured with a Li-Cor 1800 spectroradiometer with a bandwidth of 6 nm.
The R:FR ratio of the black shadehouse was 1.10£0.01 (N=5), that of the
experimental house was 0.33+0.01 (N=5), a ratio chosen because of similar
values measured in the shade of nearby moist deciduous forest (Lee, unpub-
lished results, see Figure 1). These measurements were made under sunlight
with a R:FR ratio of 1.18; sunlight ratios varied between 1.10-1.18 during
the experimental period. The R:FR ratios in the house did not change sub-
stantially during the experimental period. Maximum PPFD at solar zenith
ranged from 1560 umol m™2 s7! in January to 1760 pmol m™2 s™! in March.
Temperatures were measured at plant height with maximum-minimum thermo-
meters. To minimize excess temperatures in the houses a ventilation system was
installed and the plants were watered by fine spray with a simple sprinkler
system. Both of these features insured that house temperatures did not exceed
those outside (maximum of 42°C during the experiment). However, the average
temperatures in the houses were higher than those outside, as were the soil
temperatures. The relative humidity in the houses, although not measured, was
very high, while that in the outside bed was much lower.

Seeds of three vine species were obtained from woodlands and field margins
adjacent to the ASPEE Experimental Farm. Caesalpinia bondicela Fleming and
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Figure 1. Spectral distribution of radiation for the three treatments. Legend for each treatment is given in
the figure. Scale on the left side is for the shade treatments, that on the right is for full sunlight.

Mucuna pruriens (L.) DC. are native to the region, and Abrus precatorius L. is
a well-established exotic. The plants were grown from seed for 74 days, from
January through March in 1985, then five undamaged plants of each species
and treatment were harvested and measured. The measurements quantified pre-
viously described growth strategies (Grime 1979). These measurements inclu-
ded (1) percentage dry weight allocation to leaves, stems and roots, (2) stem
mass per length, or robustness, (3) leaf area per stem weight, (4) leaf area per
stem length, and (5) length between second and third leaf. Additional measure-
ments of two leaves (from the fourth to eighth to appear) per plant were
chosen to document known responses in leaf anatomy and pigment composi-
tion to shade conditions (Bjorkman 1981): (1) specific leaf weight, (2) leaf
area, (3) chlorophyll content per unit area and dry weight, (4) chlorophyll a/b
ratio, (5) leaf thickness, (6) palisade parenchyma thickness, and (7) stomatal
density. Mature fresh leaves were used for chlorophyll determinations by
grinding pieces totalling 2 cm? in a small mortar and pestle and adding 80%
acetone until no more pigment was extractable from the leaf pulp. Absorbance
was measured with a cuvette holder attached via the fibre optic cable to the Li-
1800, and chlorophyll concentrations and a/b ratios determined (Arnon 1949).
Other measurements, including specific leaf weights and internode lengths,
were from plants dried at 60°C for 48 hours. Leaf areas were measured with a
planimeter. Small fresh leaf samples were fixed in 1% glutaraldehyde in 0.08 M
phosphate buffer at pH 6.5 for later analysis of leaf anatomical characters.
Leaf thickness and other features were measured from hand sections, with an
ocular micrometer. Stomatal densities were counted from material cleared by
immersion in 5% NaOH in 50% ethanol.

The three treatments of each species were compared by ANOVA, with dif-
ferences considered significant at a level of P less than 0.05. The two low light
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treatments were compared with the students t test, with a 0.05 level of signi-
ficance.

RESULTS

The three species grew well in both shadehouse environments as well as in open
sunlight. Initial germination and growth was more rapid in the shadehouses,
probably because the average soil temperature was higher than in the open.
Once established, dry mass accumulated more rapidly in plants exposed to full
sunlight (treatment C). For all species plant height or total stem length was
greater in the shadehouses, and plant dry weight was greater in the full sun-
light treatment. Treatments within species varied for most of these measure-
ments, particularly full sunlight (C) versus shadehouse treatments (A and B).
Plant architecture was changed by shadelight in the following ways (Table 1):
stem mass per unit length was less; leaf area per unit stem weight was more; and
internode length was greater. The percentage of dry mass allocation to leaves
was greater in two species, but less in A. precatorius (AP), and the opposite was
true for stem allocation. Unit leaf area per stem length was smaller, except for
M. pruriens (MP). Similar differences were measured for leaf structure and pig-
ment composition (Table 2). For the sunlight-exposed plants specific leaf weight
was greatest, palisade and leaf thicknesses were greatest, stomatal densities were
higher, chlorophyll a/b ratios were higher, and amount of chlorophyll per unit
leaf dry weight was smaller. Leaf area was generally greater in the direct sun-
light treatments (Figures 2 and 3), with the exception of C. bondicela CB,
(Figure 4). Chlorophyll content per unit leaf area varied among the three taxa.
There were also differences between the two shade treatments, but these
varied among the three taxa. In measurements of plant architecture (Table 1)
plants grown under conditions of low R:FR were different from those grown at
high R:FR. Percentages of dry mass allocation to leaves were less in MP, more

5cm

Figure 2. Silhouettes of leaves of Caesalpinia bondicella. a. is for 97% shade and R:FR of 0.33; b. is for
97% shade and R:FR of 1.10; c. is for full sunlight. Scale is given in the figure.
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Figure 3. Silhouettes of leaves of Abrus precato-  Figure 4. Silhouettes of leaf of Mucuna pruriens.
rius. a., b. and c. are as for Figure 2. Leaf size and shape of all treatments were the

same.

in AP, and not different in CB, and the opposite was seen in biomass allocation
to stems. There were no differences in allocation to roots. The ratio of stem
mass per length was greater only for AP, but leaf area per unit stem weight was
less for all three taxa grown at low R:FR. Leaf area per stem length was less for
MP, more for AP and not different for CB. Internode lengths were smaller in
AP, more in MP, and not different in CB. Differences between species were also
observed for leaf structure and pigment composition (Table 2). Specific leaf
weight was greater for low R:FR treatments of AP and MP, but not different
for CB. Leaf areas were greater in AP and CB, but not different for MP (Figures
2-4). There were no differences in chlorophyll content of leaves on a weight or
area basis for any of the species, but chlorophyll a/b ratios were lower in CB
and MP. For the low R:FR treatment (A) the leaves were thinner in all species
but CB, and the palisade layer was thinner in all species. Stomatal densities
were lower only in AP.

DISCUSSION

Shadehouse performance

The shadehouses worked well in these field conditions. The woven poly-
ethylene fabric, without UV-protectant chemicals, had begun to deteriorate by
the end of the experimental period, but the spectral properties of the spray-
painted fabric did not change during this time. In most parts of the world UV-
stable shade films are available for construction of shadehouses; all should be
suitable providing they transmit a minimum of 50% of visible radiation. It will
be necessary to change the ratios of the experimental pigments depending upon
the combinations of the required shading and spectral alteration. Where the
film is highly transparent the formulation of Lee (1985) may be used. In this
study the woven film absorbed 50% of PPFD, and the pigment ratio was altered
to give the required R:FR. The film and paint may be measured with a spectro-
radiometer, or with a spectrophotometer and calculated for spectral scans of
sunlight.

Since the spray paints, black or experimental, strongly absorb radiation, it is
important to control temperature in the houses. For these experiments the
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maximum daily temperatures could be maintained at ambient levels through
the construction of ventilation ports that were covered to prevent the pene-
tration of direct skylight. Since the roof was pitched hot air rose to the highest
point within the houses and passed out of the ventilation ports. The evapora-
tive cooling of the water sprayed during midday also assisted. The principal
problem in building shadehouse structures of varying dimensions will be that of
temperature control, but temperature can be kept at or below ambient through
a combination of venting and evaporative cooling by a fog system or cooling
pads. It was not possible to compare the growth rates of plants in the two
shadehouses because of slight differences in quantum flux densities between
the two. The differences of 3.1+ 1.0% of solar PPFD for the black treatment
and 3.9+ 0.6% seem small, but the latter is 26% greater than the former. In
future studies it will be possible to more carefully adjust light intensity to
compare growth rates. The growing conditions in the shadehouses were very
similar in temperature and high relative humidity and differed in these variables
from the sunlight treatment. It will be possible to develop a high light treat-
ment with similar microclimatic conditions by construction of a shadehouse
using a low percentage shade fabric.

An additional advantage of this shadehouse system is its low cost. The con-
struction of the two shadehouses described in this report cost less than US$200.
Much physiological research suffers from the problem of ‘pseudoreplication’
(Hurlbert 1984). These shadehouses can be duplicated inexpensively to create
more rigorous experimental designs to study the effects of light quantity and
quality on plant growth.

Plant development

Two of the species grown under shade (Mucuna pruriens and Caesalpinia
bondicela) adopted a developmental pattern of reduced allocation to photo-
synthetic assimilation (smaller proportion of leaf weight and less investment
per unit leaf weight). These are typical plant responses to shade conditions
(Bjorkman 1981, Grime 1979), and both reduced PPFD and lowered R:FR
contributed to the plant response. In Abrus precatorius the shade treatment of
low R:FR (A) produced larger leaves and higher percentage of dry weight as
leaves than the other treatments (Tables 1 and 2, Figure 3). A. precatorius
had a heteroblastic sequence as a seedling. The first 14-15 leaves had very
short internodes. Then the internode distance abruptly increased and the plant
adopted a viny habit. Thus, in A. precatorius the early response to natural
shade is greater investment in photosynthetic assimilation. M. pruriens developed
as a prostrate vine in all treatments, and C. bondicela developed in an erect
fashion, with more rapid vertical growth in the shade treatments.

Lowered resource allocation to leaves is considered an important develop-
mental response to shade conditions in shade intolerant plants (Corre 1983,
Grime 1979, Morgan & Smith 1979). This allocation is normally measured as a
percentage of total plant dry weight, but such measurements may be misleading.
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What is really important is allocation of resources to leaf surface area, or the
unit of light absorptance. Leaf surface area is partially dependent upon alloca-
tion of dry weight, but equally dependent upon leaf specific weight. Although
C. bondicella and M. pruriens had lowered percentages of leaf dry weight in
plants grown under low R:FR, leaf area per unit stem length was greater in the
former and less in the latter. In A. precatorius leaf area/stem lengths in full sun-
light and low R:FR treatments were not different.

None of the species studied responded to lowered PPFD and R:FR in the
same way, although both variables were important in controlling developmental
responses to shade. These results contrast with the small sample, primarily of
temperate herbs, reported in the literature. Previous research has shown that
lowered PPFD is very important in determining leaf thickness and anatomical
features (Chabot & Chabot 1977, Dengler 1980, Jurik et al. 1982). My results
indicate that lowered R:FR has an additional effect. Palisade mesophyll was
significantly thinner in the low R:FR treatments among the three species, and
leaves were thinner in M. pruriens and A. precatorius. Thus, the syndrome of
leaf adaptations to extreme shade (Bjorkman 1981) was controlled by both
reduced PPFD and lowered R:FR in these species. Branching has been shown
to be promoted by full sunlight, and suppressed by low R:FR. In these results
only the sunlight-grown plants of M. pruriens branched significantly, and this
branching was only partly suppressed by both low R:FR and low PPFD treat-
ments.

Some of the developmental changes described here, induced by both low
R:FR and reduced PPFD, have important physiological consequences for the
plants. Leaf thickness and palisade thickness affect the carbon dioxide dif-
fusion characteristics within leaves. Decreases in stomatal density, affected by
lowered PPFD in the three vines and additionally affected by low R:FR in
A. precatorius, control CO, uptake as well as water relations. Decreases in
chlorophyll a/b ratios, affected by lowered PPFD in the three species and
lowered R:FR in C. bondicela and M. pruriens, reflect differences in chloro-
plast ultastructure, and greater allocations to Photosystem II compared to
Photosystem I reaction centres (Glick et al. 1985, Kasperbauer & Hamilton
1984). Thus, lowered PPFD and R:FR affect growth strategies and also physio-
logical processes.

Previous research has demonstrated that shade-intolerant herbs are strongly
affected by both lowered PPFD and R:FR (Corre 1983, Morgan & Smith 1979).
The most important conclusion from this research is that lowered PPFD and
R:FR not only affect another ecological group differently, but also taxa within
one group differently. The three species studied here are all leguminous vines
native to tropical forests, yet each responded differently to light quantity and
quality. Thus, although both light quantity and quality are important environ-
mental determinants affecting plant development, the pattern of developmental
response may be unique for each species, depending upon its specific ecological
requirements. Lowered R:FR is an environmental cue that plants can use in a
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variety of ways to mediate an appropriate developmental response to the light
climate.

The experimental shadehouses used in this research should prove useful in
analysing the shade responses of other tropical plants.
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