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Summary. Calathea lutea is a broad-leaved, secondary suc-
cessional plant which shows complex leaf movements in-
volving both elevation and folding of the leaf surface about
the pulvinus. In the plants studied, mean leaf elevation in-
creased from approximately 34 degrees in the early morning
to 70 degrees at noon while the angle of leaf folding in-
creased from 13 degrees to 50 degrees over the same time
period. During the period from early morning to noon,
these movements resulted in a significant decrease in the
cosine of the angle of incidence, a measure of the direct
solar radiation intercepted. The observed changes in eleva-
tional angle significantly reduce the cosine of angle of inci-
dence while folding does not significantly reduce the frac-
tion of direct solar radiation intercepted during the period
of direct exposure of the leaf surface to the solar beam.
Since elevational changes seem to account for the reduction
in exposure to direct solar radiation, the role of folding
remains unclear.

The orientation of photosynthetic surfaces with respect to
the radiation environment has been shown to be an impor-
tant factor in the regulation of the amount of photosynthet-
ically active radiation (PAR) intercepted by plants and the
maintainance of optimal leaf temperatures (Darwin 1881;
Yin 1938; Dubetz 1969; Wien and Wallace 1973; Wain-
wright 1977 ; Schwartz and Koller 1978; Forseth and Ehler-
inger 1980; Ehleringer and Forseth 1980). In particular
Fisher and Honda (1979a, b) have demonstrated that the
spacial arrangement of leaves in Terminalia optimizes inter-
ception of direct solar radiation and Oikawa and Saeki
(1977} and Oikawa (1977a, b) have described the impor-
tance of spacial organization in plant stands for effective
interception of direct radiation. Numerous other examples
of the importance of orientation of photosynthetic surfaces
and the geometry of spacial organization for interception
of solar radiation have been given in the reviews by Monsi,
Uchijima, and Oikawa (1973) and Fisher (1974) and the
book by Ross (1981).

Leaf movement as a heat avoidance mechanism usually
has been described for desert annuals or leguminous agri-
cultural plants under conditions of drought (Dubetz 1969;
Ehleringer and Forseth 1980; Forseth and Ehleringer 1980;
Shackel and Hall 1979; and Wainwright 1977). However,
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even in generally rainy climates, heat and drought stress
can occur during periods of maximum insolation (Tazaki
etal. 1980). This is especially true in large tropical rain
forest clearings where midday decreases in relative humidity
can produce evaporative water losses an order of magnitude
greater than those in the understory of the surrounding
forest (Longman and Jenik 1974). Under these conditions,
if air temperature is high, large leaves have particular diffi-
culty in optimizing temperatures because convectional heat
losses are minimized as the result of unfavorable boundary
conditions (Taylor and Sexton 1972) while transpirational
heat losses are restricted by water stress.

The ability to control leaf temperature permits the pho-
tosynthetic reactions to occur close to their temperature
optimum, avoids counterproductive increases in photore-
spiration, and decreases in transpirational water loss with-
out requiring stomatal closure to the extent that carbon
dioxide conductance is severely impaired (Ehleringer and
Bjorkman 1978a, b; Ehleringer and Mooney 1978a, b; Eh-
leringer and Forseth 1980; Ehleringer 1980). Behavioral or
structural adapations which result in reduced heat absorp-
tion or increased convectional loss should be of high selec-
tive value since neither involves alteration of water or car-
bon dioxide balance, the result of which might be a limita-
tion of photosynthesis.

The purpose of this study was to characterize some of
these behavioral and structural adaptions by observation
of leaf movements of the broad-leaved, secondary succes-
sional plant Calathea lutea (Marantaceae) in rain forest
clearings in Panama and Costa Rica. Since the orientation
of leaf surfaces can be characterized completely by measure-
ments of azimuth (compass direction), elevational angle,
and the amount of folding or axial rotation of the surface
about the midrib (Herbert 1983a), an accurate representa-
tion was developed of the orientation of these surfaces to
direct solar radiation. This paper will present a description
of these measurements and an analysis of the importance
of different types of leaf surface orientation and movement
to the regulation of light interception and temperature regu-
lation.

Materials and methods

Field site. Studies were performed between 9 and 13 March,
1982 on Barro Colorado Island in Panama (9° 10'N lati-
tude, 79° 10'W longitude). Seme additional observations
were made in late February and early March, 1981 in the



Corcovado National Park on the Osa Peninsula in Costa
Rica (8°30'N latitude, 83°35'W Jongitude) and at the La-
Selva Field Station in Costa Rica (10°26'N latitude, 84°0'W
longitude) between 13 and 17 February, 1984. These addi-
tional observations were consistant with those made in Pan-
ama and increase confidence in the general applicability
of our conclusions. All study sites were areas where succes-
sional vegetation had appeared following recent clearance
for agriculture or construction. Although rainfall in the
study areas is substantial (2,500-5,000 mm/year), only a
very small amount occurs during the dry season from late
December through April. For example, at Rincon, near
Sirena, Costa Rica, only 249 mm of the 3,749 mm annual
rainfall occurs from January through March and at LaSelva
only 470 mm of the 3,649 mm annual rainfall occurs during
the months of February through April (Holdridge, Grenke,
Hatheway, Liang, and Tosi 1971). At Rincon, this results
in a progressive increase in the soil moisture deficit from
0 to 127 mm of water over the course of the dry season.
On Barro Colorado Island, only 300 mm of the annual av-
erage rainfall of 2,718 mm occurs during the month of
March (Croat 1978). In all three study areas, direct insola-
tion of the experimental plants ceased in the early afternoon
(1300-1500 h) because of shading from neighboring forest
stands.

Measurement and description of leaf surface orientation. The
orientation of a leaf surface was described by measurement
of three parameters. The elevational angle of the midrib
above the horizontal, #; the azimuthal angle or compass
direction 7, into which the leaf midrib points; and the axial
rotation angle 7, (Herbert 1983a). The axial rotation angle
7 is a particularly good measure of leaf folding since it
is independent of other measures of vertical surface orienta-
tion such as elevational angle and is descriptive of rotational
movement about the pulvinar axis. Elevation and azimuth
were measured directly with inclinometer and compass and
axial rotation angles were calculated from inclinometer and
compass measurements by methods described previously
by Herbert (1983 a).

One measure of the orientation of leaf surfaces with
respect to the direct solar beam is given by the angle of
incidence, 8, the angle between a vector from the leaf sur-
face to the sun and a vector normal to the leaf surface.
The cosine of angle of incidence represents the fraction of
the maximum possible direct solar radiation which is inter-
cepted by the leaf surface and is given by (Herbert 1983 a);

cosf= (cosf cos{ +cosa sinf sin{) cost—sina sinf sinz(1)

where ( is the zenith angle of the sun and a=#,-#, where
n, is the azimuth or compass direction into which the solar
beam points. The zenith angle and azimuth of the sun were
obtained from a FORTRAN program based upon equa-
tions given by List (1951). Additionally, a measure of the
orientation of the leaf midrib towards the sun is given by
the angle ¢ between a vector from the leaf surface to the
sun and a vector parallel to the leaf midrib and pointing
from the pulvinus towards the leaf tip. The cosine of this
angle is shown in the appendix to this paper to be given
by the expression;

cos¢g =sinf cos{ —cosa cosf sinl @)

Data analysis and statistics. Data was pooled into one hour
time intervals centered on the hour. Thus, data points desig-
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nated as 1200 h include data from 1130 thru 1229 h. Mea-
sured and derived quantities based on angular variables
such as leaf elevational angle, axial rotation angle, and co-
sine of angle of incidence were calculated as true vectorial
averages of circular variables (Batschelet 1981). Confidence
limits on these averages were calculated using the methods
given by Stephens (1962). Stephens presents an exact and
an approximate method for calculation of nomographs
from which confidence limits on the mean of circular vari-
ables can be obtained. For ease in computation, a FOR-
TRAN computer program was written which uses the ap-
proximate method of Stephens to calculate confidence lim-
its. These approximate methods were tested against the ex-
act methods of Stephens for values of the probability P
that the true mean lies outside the confidence limits between
0.01 and 0.99 and were found to be at least as good esti-
mates of the confidence limits as given by Stephens for
values of P=0.90, 0.95, and 0.99.

In order to evaluate the functional significance of leaf
elevation and axial rotation, the observed mean values of
the cosine of angle of incidence were compared with values
which were obtained by setting the axial rotation angles
at zero or the elevational angles at their minimum early
morning values. Mean values of the angle of incidence were
compared by use of the Watson-Williams test for differ-
ences in the means of circular variables (Batschelet 1981).

Instrumentation and experimental techniques. Leaf tempera-
tures were measured using Omega 870 and Bailey BAT-12
digital thermocouple thermometers employing probes of
bead diameter less than 0.23 mm. For some measurements,
temperatures were measured by briefly touching the probe
to the leaf surface opposite to that receiving direct solar
radiation. For other measurements, the thermocouple was
secured in contact with the leaf surface with surgical thread
to permit continuous recordings.

Results

Observation of the movement of leaf surfaces of Calathea
lutea showed large changes in both elevational angle and
axial rotation angle and generally insignificant changes in
leaf azimuth. On Barro Colorado Island, Panama, during
early March, the average elevational angle for three adja-
cent plants (plants A, B, C) was observed to reach a mini-
mum of near 30 degrees in the early morning between about
5.5 and 6.5 h before solar noon. The average elevational
angle rapidly increased to about 70 degrees at or slightly
before solar noon and then decreased to an evening mini-
mum of about 30 degrees about 4.5h after solar noon
(Fig. 1). Near noon, a few leaves were observed to have
elevational angles as large as 108 degrees, indicating that
the surfaces were oriented with the white, abaxial surface
pointing upwards. (At the two sites in Costa Rica, the expo-
sure of the abaxial surface to the direct solar beam was
particularly noticeable.) During the early evening, eleva-
tional angles again increased as the leaves moved into a
vertical orientation characteristic of the “sleeping” posi-
tion.

During the night and the nearly morning hours, leaves
were observed to be unfolded with axial rotation angles
of zero (Fig. 1). Beginning about 6.5 h before solar noon,
the leaves folded rapidly, with the average axial rotation
angle for leaf surfaces reaching a maximum of about 50
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Fig. 1. Average elevational and axial rotation angles for 38 leaf
surfaces of plants A, B, and C. Error brackets represent 95% confi-
dence limits on the mean. The number of leaf surfaces N measured
for each hourly period ranges from 8 to 202 with a minimum
of n=66 between 0700 and 1600 h
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Fig. 2. Average cosine of angle of incidence for 8 leaf surfaces
of plant A (filled circles). Open circles represent values of the cosine
calculated for t=0, and measured values of § and triangles for
values of the cosine calculated for measured values of 7 and morn-
ing minimum values of 8. Error brackets representing 95% confi-
dence limits are shown only for those values for which there are
significant differences between the values represented by filled and
open symbols. N varies from 8 to 64 with a minimum of n=24
between 0700 and 1600 h

degrees near noon. After noon, the leaves unfolded with
a time course which was somewhat slower than that of
the afternoon decrease in elevational angles.

As a result of the movement of the leaf surfaces during
the daylight hours, the average cosine of angle of incidence
dropped from early morning values of about 0.6 to 0.7
to a midday minimum which rarely exceeded 0.25. An ex-
ample of this striking drop in the cosine is shown in Fig. 2
for one plant (plant A) studied in Panama. This plant main-
tained a low value for the average cosine of incidence from
approximately noon to about 1500 h, at which time the
plant began to become shaded by adjacent trees and the
cosine increased. These temporal changes in the cosine of
angle of incidence are the result of the morning increase
and afternoon decrease in the angle of incidence, 8 (Fig. 3).
Simultaneously with the morning increase in the angle of
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Fig. 3. Average angle of incidence 8 (filled circles) and midrib angle
¢ (open circles) for the 8 leaf surfaces of plant A as in Figure 2.
Error brackets represent 95% confidence limits

incidence, there was a sharp decrease in the angle between
the midrib and the solar beam. This angle reached a mini-
mum approximately at noon just as the angle of incidence
reached a maximum and did not change significantly until
1500 h when shading began.

In order to assess the relative importance of leaf ¢leva-
tion and folding in the midday reduction of the average
cosine of angle of incidence, the cosine was calculated under
three sets of conditions. First, the average cosine of angle
of incidence was calculated using measured values for leaf
elevation, rotation, and azimuth. Then, values for the aver-
age cosine of angle of incidence were recalculated under
the assumption that either axial rotation was fixed at zero
or elevational angle of each leaf was fixed at minimum
morning values. Confidence limits at the 95% level were
obtained for each value of the cosine of angle of incidence
through calculation of the error brackets on the angle of
incidence using circular statistics. As shown in Fig. 2, dur-
ing the early to mid-afternoon, a significant difference ap-
peared between values of the cosine of angle of incidence
calculated using measured values for the axial rotation an-
gle and values of the cosine calculated by setting axial rota-
tion angles to zero. For each plant studied, the period of
time during which there were significant differences between
these values for the cosine coincided with the onset on shad-
ing of the leaves by adjacent vegetation. Comparison of
values of the cosine of angle of incidence calculated using

‘measured and minimum morning values of elevational an-

gles shows significant differences over a longer period of
time extending from mid-morning through mid-afternoon,
an interval extending just up to the onset of shading.

The results of the effects of leaf elevation and folding
upon the average angle of incidence for plants A, B, and
C in Panama and plants C and D at LaSelva, Costa Rica
are summarized in Table 1. These results were obtained by
comparison of values of angle of incidence averaged over
one hour periods of time centered on one hour intervals
relative to solar noon. Examination of this table shows that
elevational changes have a significant effect upon the angle
of incidence from two hours before solar noon to one hour
after solar noon, at which time shading of plant A begins.
However, changes in axial rotation angle have a significant
effect upon the angle of incidence only during the period
of progressive shading of plants A, B, and C (from one
hour to three hours after solar noon).



Table 1. Significant differences between averages of the angle of
incidence 6 for plants A-D during one hour periods relative to
solar noon. A positive sign indicates a difference significant at
the 95% confidence level for comparison between: (I) the average
angle computed for measured f, 7 and that computed for measured
B, =0 or (II) comparison between the average angle computed
for measured 8, T and that computed for measured t and minimum
morning values of f. The period of progressive shading of these
plants is represented by the hour periods marked as (¥)

Hours Number Significant differences between

relative of surfaces actual values for cosine and:

to solar noon
Model I Model IT
(z=0) (minimum f)

—4 184 — —

-3 102 — —

-2 194 — +

—1 168 — +

0 60 — +

+1* 184 + +

+2* 146 + +

+3* 148 + +

+4 108 — —
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Fig. 4. Leaf elevation (circles) and temperature (solid line) for one
leaf of plant A. Solid circles represent points for which the average
cosine of angle of incidence for the two halves of this leaf is equal
to or exceeds 0.5. The filled horizontal bar indicates the time period
during which a water spray was applied and the open horizontal
bar indicates the period during which the leaf was unshaded

Individual plants were subjected to a fine cool water
spray in an attempt to assess the effect of reduced tempera-
ture upon leaf orientation under conditions of full exposure
to the direct solar beam. Figure 4 shows an example of
the results obtained from such an experiment in which con-
tinuous recordings of leaf temperature were made on indi-
vidual Jeaves by attaching a themocouple in contact with
the abaxial leaf surface. In this experiment, onset of the
water spray resulted in a sudden decrease in leaf tempera-
ture of about 5° C, reduction in leaf elevation of over 40°,
unfolding of the leaf surface to an orientation with approxi-
mately zero axial rotation angle, and an increase in the
cosine of angle of incidence from 0.27 to 0.76. After cessa-
tion of the water spray, elevational and axial rotation angles
and the cosine of angle of incidence all returned to values
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Fig. 5. Leaf elevation (circles) and temperature (solid line) for one
leaf of plant B. Solid circles represent points for which the average
cosine of angle of incidence for the two halves of this leaf is equal
to or exceeds 0.5. The open horizontal bar indicates the period
during which the leaf was unshaded

that were not sigunificantly different from those measured
on the same leaf at the same time on the previous or the
next day. The results of this type of experiment on a total
of 30 leaf surfaces all indicate that the onset of the water
spray results in a decrease in elevational and axial rotation
angles and an increase in the cosine of the angle of incidence
and that soon after the water spray is stopped all parame-
ters return to the values predicted in the absence of spray.

Although changes in leaf orientation seem to be corre-
lated to the onset and cessation of the water spray, and
the rapid temeprature changes associated with the spray,
a striking feature observed in each experiment was that
the normal decrease in elevational angles in the early after-
noon preceeds a drop in temperature by approximately
2-4 h. The results of an experiment in which no water spray
was applied to the plant confirms that elevational angles
drop sharply near noon and preceed a decrease in tempera-
ture for all plants, not just those subjected to experimental
cooling (Fig. 5).

Discussion

Leaves of Calathea lutea show a pronounced increase in
both elevatonal angle and folding as the solar zenith angle
increases during the morning and a corresponding decrease
in the inclination of surface elements during the afternoon.
During a period of 3 to 4 h around solar noon, both eleva-
tional angles and folding are at their maximum values.
However, if the leaf surfaces were either folded or elevated
at this time of high solar elevation, the interception of direct
solar radiation could be reduced to very low values without
having simultancous change in both parameters. Previously,
Herbert (1983a) has shown that axial rotation or folding
permits any leaf surface to reduce the interception of direct
solar radiation to zero, independent of leaf or solar eleva-
tion or azimuth. Additionally, that study demonstrated that
the effect of folding upon reduction of interception of the
direct solar beam was greatest at low leaf elevations and
high solar elevations. Furthermore, Ledent (1976, 1978) has
shown that helicoid twisting of leaves and undulation of
leaf surfaces has the greatest effect upon reduction of inter-
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ception of direct solar radiation when the leaf elevation
is small and the sun is nearly overhead.

Therefore, since the leaves of Calathea lutea show nearly
simultaneous increases in leaf elevation and folding, it is
unlikely that leaf folding contributes significantly to a re-
duction in the interception of the solar beam around noon.
This hypothesis is supported by the results presented in
Table 1. These data show that the only significant differ-
ences betwen interception of the solar beam by normal,
folding leaves and hypothetical leaves which elevate nor-
mally but do not fold occur after solar noon and during
a period of progressive shading of the leaf surfaces by sur-
rounding plant stroctures. These results are similar to those
found for leaves of Erythrina herbacea (Herbert 1984). For
those plants, similar calculations indicated that there was
no evidence of a significant effect of axial rotation of the
leaf surface upon interception of the direct solar beam dur-
ing any part of the day for which leaves were exposed to
the direct solar beam.

Additionally, inspection of the results presented in
Fig. 3 shows that, while the angle of incidence increased
significantly near noon, the angle between the midrib and
a vector from the leaf to the sun decreased very rapidly
in the morning. Since this angle was relatively small near
noon, one would expect that changes in axial rotation angle
would only slightly affect the cosine of angle of incidence.

What, then, is the value of axial rotation or folding
of leaf surfaces? Some reduction in water loss might be
expected as the result of increased relative humidity caused
by the proximity of the two upper surfaces of the leaf.
However, measurements on leaves of Calathea lutea at La
Selva show that while the stomate density was 305+ 48 sto-
mata/mm? on the abaxial surface on a sample of 6 leaves,
there were only 19+11 stomata/mm? on the adaxial sur-
face. Additionally, other plants, such as Erythrina, which
show axial rotation of widely spaced leaflets (Herbert 1984),
intercept direct solar radiation in a way which is nearly
identical to that described in this paper for the folding
leaves of Calathea lutea.

One possible clue to the significance of axial rotation
may be the fact that axial rotation seems to have the grea-
test effect upon the interception of the direct solar beam
during periods of progressive shading of the leaves. This
observation suggests that the control of axial rotation or
folding may serve as one mechanism to regulate the amount
of direct illumination reaching lower layers of leaves and
to maximize the amount of direct and diffuse illumination
intercepted by these lower layers. This concept is supported
by observations of Wien and Wallace (1973) on the orienta-
tion of the leaflets of soybeans to a radiation source. These
authors suggest that both elevational changes and axial ro-
tation redistribute radiation among the leaves, resulting in
higher net photosynthesis than could be achieved without
daily leaf movement. However, in that study, the effects
of either elevation or axial rotation alone were not quanti-
fied and the authors were uanble to describe individually
the separate contributions of the two types of leaf move-
ment to the interception of direct solar radiation.

Leaf orientation in Calathea results in at least two im-
portant physiological effects: regulation of the amount of
photosynthetically active radiaton (PAR) reaching each
surface and regulation of temperature and water loss. Ex-
perimental reduction of the leaf temperature and increase
in relative humidity as a result of application of a fine water

spray effects rapid changes in both axial rotation and eleva-
tional angles and an increase in the cosine of angle of inci-
dence. The movement of leaves under these conditions occurs
simultaneously with onset and cessation of the spray. How-
ever, the results presented in Figs. 4 and 5 also indicate
changes in leaf orientation which preceed temperature chan-
ges when the leaf cools in response to the decrease in solar
flux in the afternoon. These differences in timing between
leaf movement in response to application of a water spray
and movement resulting from natural cooling suggest that
the movement of leaves to a more vertical orientation near
midday may be a response to changes in leaf water potential
and solar flux rather than temperature. Additionally, an
important effect of the observed axial rotation and eleva-
tion of leaves might be optimization of total plant PAR
interception and leaf temperature in addition to the reduc-
tion of water loss by the plant.

The relative importance of leaf movement to the optimi-
zation of net photosynthetic rate is an important factor
in the devleopment of a clear understanding of the cost-
benefit relationships of the interception of solar radiation,
temperature regulation, water loss, and the mechanical en-
ergy required to effect movement. Future studies will con-
centrate particularly on a more complete theoretical and
experimental description of the distribution of solar radia-
tion resulting from leaf movement and on the energetic
costs of that movement.
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Appendix

From the matrix formulation of coordinate transformations given
previously (Herbert 1983a), the unit vector P, pointing outward
along a leaf midrib, is given by;

P=cosf} cosn, X+cosf sinyg, y+sin f z. (A1)

The unit vector S, pointing from the leaf to the sun, is given by
(Herbert 1983b);

S= —sin{ cosy, x—sin{ siny, y+cos{ z. (A2)

Since both vectors are normalized, the cosine of the angle ¢ between
these vectors is given by the inner product of P and S;

cos¢ =P-S=cos{ sinf

—sin{ cosf (cosy, cosny+siny, sing,). (A3)

Using the definition, a=#,—7,, and trigonometric identities, this
equation becomes identical to that presented in equation 2.
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