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Physiological Effects of Surface Waxes
I.
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ABSTRACT
Foliage reflectance was studied on glaucous and nonglaucous foliage of
blue spruce (Picea pungens Engel.). Current-year and 1-year-old glaucous
and nonglaucous foliage from mature trees and seedling glaucous and
nonglaucous foliage had similar reflectance patterns in the 350 to 800
nanometer region. The highest reflectance was in the 750 to 800 nanometer
region and the lowest reflectance was in the 670 nanometer region.
Glaucous foliage had a higher percentage of light reflectance at all of the
wavelengths of light. The largest difference of reflectance between glaucous
and nonglaucous foliage was in the 350 nanometer region with a general
decline in the difference to the smallest difference at the 800 nanometer

region.

The glaucous characteristic of plant leaves, which is due to the
light-scattering properties of surface waxes, has been described for
many species. Many functions have been proposed for these waxes
including regulation of moisture and gas exchange with the atmosphere, protection from mechanical and pest damage, and
protection from UV radiation and air pollutants. Despite the
potential significance of these and other postulated functions for
surface waxes, experimental evidence for specific functions is
scarce.

The structure, arrangement, and density of surface waxes largely
determine the degree of glaucousness (6, 7). Hanover and Reicosky
(7) found variation between species, plants, and individual needles
in the quantity and distribution patterns of structural and amorphous wax of six conifer species. They further confirmed Rhine's
(10) report that wax rather than soot occurs in the stomatal pits of
Austrian pine (Pinus nigra) and found considerable variation in
the degree of stomatal occlusion by surface waxes.
Structural waxes develop first in the epistomatal chambers of
blue spruce needles in expanding buds (9). As needles emerge
from the bud structural waxes develop over the entire needle
surface on glaucous foliage but are restricted to stomatal areas on
nonglaucous foliage. Structural waxes become weathered to an
amorphous layer over the entire needle surface with time, but the
epistomatal chambers remain occluded with surface waxes. Surface waxes of blue spruce were determined to have an insignificant
effect on the boundary layer of the needle (9).
The spectral properties of plants were investigated by Gates el
al. (5) who found that desert species had higher light reflection
values than mesic species and that this represented an adaptation
to their respective habitats. However, Sinclair and Thomas (11)
reported that although surface reflection of light was higher for
desert species, so was light absorption. They concluded that
'

changes in optical properties of leaves were not a significant
adaptation to arid conditions. Ehleringer et al. (3) have shown
that leaf pubescence reduced the absorption of photosynthetically
active radiation by 56% and also reduced the net photosynthetic
rate of Encelia species. A reduction in reflectance of glaucous
juvenile leaves of Eucalyptus bicostata caused by wiping the leaves
with cotton wool increased the rate of photosynthesis at low light
intensities but decreased the rate of photosynthesis at high light
intensities (1). This indicates that alteration of foliage reflectance
by surface waxes may represent an adaptation to certain climatic
conditions.
Using relative reflectance values Clark and Lister (2) showed
that the low relative efficiency of blue light in photosynthesis of
blue spruce foliage is due to reflectance of blue light by epicuticular wax deposits. They also showed differences between treated
and untreated blue spruce foliage in relative reflectance in the 200
to 300 nm region of the light spectrum. However, reflection of
light of wavelengths shorter than 300 nm has little biological
significance since all of the light energy in this region is absorbed
by ozone and does not reach the earth's surface (4).
The purpose of this study was to determine the effects of foliage
glaucousness on light reflection of blue spruce needles.
MATERIALS AND METHODS
Absolute Light Reflectance. Fully expanded needles were sampled in mid-July from 12 blue spruce (Piceapungens Engel.) trees
classified as glaucous, semiglaucous, and nonglaucous. Currentyear needles of seedlings were also examined. Reflective characteristics of current-year needles, 1-year-old needles, and currentyear and 1-year-old needles washed in chloroform were examined
in the older trees which ranged in age from 15 to 20 years.
A Zeiss PMQ II spectrophotometer fitted with an integrating
sphere was used in the reflectance measurements. Monochromatic
light with an incident angle of 900 was shown on the foliage and
the diffused reflected light monitored by a photomultiplier tube
inside the integrating sphere. The results obtained in this study
represent minimum reflectance values since the degree of reflectance increases as the angle of incidence varies from 900 (8).
Needles were mounted as close together as possible on a cardboard square to minimize the effect of light reflected from the
cardboard surface. One cm2 of mounted foliage was placed at one
port of the integrating sphere for absolute light reflectance measurements. Per cent reflectance readings were taken at three different orientations for each sample with the mean of the three
measurements used for data analysis.
To establish the general pattern of light reflection of blue spruce
needles, reflectance measurements of current-year needles of two
glaucous and two nonglaucous trees were obtained every 10 nm
from 350 to 800 nm. Additional replication and analysis of variance were carried out at 12 wavelengths selected along the established curve.
Epicuticular waxes were removed from current-year and 1-year-
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old needles of a glaucous and two nonglaucous trees by washing
the needles in chloroform for I min. Since no differences in
reflectance were found between current-year and 1-year-old dewaxed needles from the same tree these reflectance measurements
were combined for subsequent analysis.
Electron Micrographs. Fresh needles were affixed to aluminum
stubs with Tube Koat cement (Carbon, G.C. Electronics Rockford,
Ill.), coated under vacuum with a thin layer of carbon, and then
coated with a gold-palladium alloy (60:40) about 200 A thick.
Photomicrographs of the samples were obtained with an AMR
(Advanced Metals Research) 900 scanning electron microscope at
21 kv.
RESULTS AND DISCUSSION
Distribution of Epicuticular Wax Deposits. Glaucous foliage
epicuticular wax deposits are dense and uniformly cover the entire
needle surface (Fig. 1). Figure 2 illustrates the structured nature
of the epicuticular wax deposits. These waxes are also found on
nonglaucous foliage, but they are restricted to the stomatal areas
(Fig. 3). The structural waxes of glaucous and nonglaucous needles
are completely removed by rinsing in chloroform (Fig. 4). A
detailed description of structural waxes of blue spruce is found in
references 7 and 9.
Comparison of Absolute Light Reflectance. Glaucous and nonglaucous foliage had the greatest reflectance in the 750 to 800 nm
region with values of 70.2 and 65.5%, respectively (Fig. 5). The
lowest reflectance values (15.9 and 7.9%, respectively) were found
in the 670 nm region. Both glaucous and nonglaucous foliage had
an increase of foliar reflectance in the 520 to 570 nm region where
little absorption of light by leaf pigments occurs. This general
pattern of reflectance is similar for current-year, 1-year-old, and
seedling foliage (Table I).
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Statistically significant differences were found when the reflectance of current-year needles of glaucous, and nonglaucous trees
of blue spruce were compared. Semiglaucous foliage was intermediate in reflectance between the glaucous and nonglaucous
foliage but more closely resembled the glaucous type. Glaucous
foliage had a higher percentage of light reflectance at all wavelengths of light from 350 to 800 nm. The largest difference of
reflectance between glaucous and nonglaucous foliage was in the
350 nm region with a general decline in the difference to the 800
nm region (Fig. 5). The greatest difference of reflectance of
glaucous and nonglaucous foliage was in the UV and blue region
of the light spectrum where energy per photon is maximum for
the wavelengths of light measured. The ability of glaucous foliage
to reflect more energy than nonglaucous foliage may be a selective
advantage in environments where solar radiation is intense or of
long duration. An increase in reflectance should reduce the
amount of energy that enters the leaves, and, consequently, the
amount of energy that must be dissipated by the leaves.
Removal of the epicuticular waxes, and hence the glaucous
characteristic of foliage, by a chloroform rinse (Figs. I and 4)
greatly reduced the reflectance of the leaf surface and eliminated
significant differences in reflectance between glaucous and nonglaucous foliage (Table I). This indicates that a large portion of
the observed foliage reflectance was due to the structural waxes.
There was a change of foliage reflectance of chloroform-washed
foliage with light quality indicating other components of foliage
reflectance (Table I). The change of reflectance with light quality
is not associated with degrees of glaucousness (Table I) and may
be due to the differential absorption of various wavelengths of
light by leaf pigments (5).
One-year-old foliage had significantly lower reflectance than
current-year foliage but the general pattern of foliage reflectance
was similar (Tables I and II). The glaucous appearance of I-year-

to 4. Electronmicrographs of blue spruce (Picea pungens) needle.s.
Fic,. 1. Glaucous needle with dense epicuticular wax-covering (X 200; I cm = 68.7 ,um).
FiG. 2. Semiglaucous needle with scattered epicuticular wax deposits. 1I Note the structured nature of the wax deposits (x 5,000; 1 cm = 2.75 Jim).
Fic. 3. Nonglaucous needle with epicuticular wax deposits only in the stomatal areas (x 500; 1 cm = 27.5 j,m).
Fic;. 4. Glaucous needle similar to Figure I that has been washed in chhloroform to remove the epicuticular waxes (x 200; 1 cm = 68.7 jim).
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FIG. 5. Reflectance curve of glaucous (G) and nonglaucous (NG) and the difference between these types (G-NG) for current-year needles of blue
Values for semiglaucous determinations are also plotted (A). Glaucous and nonglaucous foliage reflectance is significantly different (1% level)
at all wavelengths of light. Points not joined by a vertical line indicate significant differences (5% level) of reflectance between the semiglaucous foliage
and the other degrees of foliage glaucousness.

spruce.

Table I.

Percent reflectance for glaucous (G) and non-glaucous
(NG) needles for current-year, one-year-old, seedling,
and chloroform-washed foliage at different wavelengths
of light.

Current-yr
foliage-

One-year-?d
foliage-

Seedlin / Foliage washed
foliage- in chloroform
Percent reflectance
G
G
NG
NG
G
NG
G
NG
350
25., ** 10.1 15.4 *a 6.3 14.4 * 8.5 2.5
2.8
400
2.9
3.2
450
24.0 ** 10.3 15.6 *a 7.4 14.5 * 10.2 6.0
5.6
500
8.4
7.9
540
29.6 ** 19.8 21.7 ** 14.8 21.6 21.3
550
29.1 ** 19.7 21.7 ** 14.9 21.4 22.0 14.0
14.0
600
22.4 aa 13.5 17.1 *a 10.8 15.3 15.2 13.9
12.0
650
9.4
8.4
670
15.9 *a 7.9 11.9 aa 6.5 9.7 * 7.7
680
8.3
7.1
aa
700
27.8 a* 21.0 23.2
17.5 21.9
24.0
800
70.2 ** 65.5 59.3 aa 56.4 66.1 65.7
Significant differences in absolute reflectance values of
glaucous and non-glaucous foliage determined by Tukey's test:
2/ * ' significant at 5% level, ** - significant at 1% level.
- Indicates no measurement made.
Wavelength
in nm

Table II.

Mean percent reflectance for blue spruce needles
by wavelength and foliage type. Means followed by
the same letter are not significantly different.

Percent reflectance
Wavelength Current-year One-year- Seedling Foliage rinsed
in m
foliage old foliage foliage in chloroform
350

18.1, Aa-

400
450

17.6

A

a

500

-

540

24.8

550

24.6

A

11.4
b

A

3.0

A

11.5
b

A

12.4
b

A

5.8

B

-

8.1

B,C

B

-

-

-

18.2

B

18.3

B

A

b
14.0
b

18.1

C

a

650

670

-

12.0
-

700

24.4

800

68.3

B

14.0

D

C

13.0

D

8.9

C

B,C

-

-

-

-

9.2
a,b

E

8.7
b

E

-

B

D

a

2/ Wavelength differences

3/

21.4
a,b
21.7
a,b
15.3
a,b

-

a

-

-

C

a

680

B

b

a

600

-

B

a

2.3/A

10.8
b

-

-

20.4
b
57.8
b

-

B

D

-

23.0
a,b
65.4

-

7.7

B

-

D

-

c

at the 5% level.
at the 5% level.

Foliage type differences
Indicates no measurement

made.

old blue spruce foliage normally is reduced suggesting that an
alteration of light-reflecting properties of leaves may have occurred. Reicosky and Hanover (9) found that changes in structural
waxes due to weathering and degradation from a highly structured
type in current-year foliage to an amorphous layer in 1-year-old
foliage were strongly correlated with the reduction of leaf glaucousness and as shown here light reflectance. Current-year and 1year-old foliage rinsed in chloroform were not significantly different in foliage reflectance indicating that leaf pigmentation had no
effect on foliage reflectance in material of different age. Cameron
(1) attributed the reduction of light reflectance of adult leaves of
Eucalyptus bicostata to a change in density and clustering of the
wax rods on the leaf surface. Our results indicate that the change
in light reflectance from current-year and I-year-old foliage is due
to the reduction of the highly structured surface waxes to an
amorphous type.
Observation of nursery and field plantings indicated an intensification of foliage glaucousness with seedling age. This observation was substantiated by the lower reflectance of current-year
needles of seedlings when compared to current-year needles of
older trees (Table II). Cameron (1) also found differences in
foliage reflectance between juvenile, intermediate, and mature
leaves in eucalyptus species. Differences in reflectance of glaucous
and nonglaucous foliage of blue spruce seedlings are significant
only at 350 nm, 450 nm, and 670 nm (Table II). Lack of significant
differences in reflectance at other wavelengths indicates that glaucousness is probably not developed enough at the seedling state to
allow complete detection of differences between glaucous and
nonglaucous foliage. These results suggest an apparent developmental change which acts to intensify the expression of the
glaucous character as the seedling matures. Furthermore, the
glaucous character can be expressed only if the genes for wax
development are present in the genome.
The glaucous characteristic of blue spruce needles increases
light reflectance from the needle surface. Leaf pubescence has
been shown to reduce the absorption of photosynthetically active
radiation and the net photosynthetic rate of Encelia species (4).
Clark and Lister (2) have shown that the waxy bloom of blue
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spruce needles selectively reflects blue light and therefore the these factors could have a large and significant additive effect on
needles are less efficient in photosynthesis. Alteration of the survival of the individual. Experimental evidence is needed, howsurface waxes of E. biocostata increased the rate of photosynthesis ever, to test the above hypotheses.
at low light intensities but decreased the rate of photosynthesis at
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