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Abstract

The ecophysiological effects of leaf trichomes on surface
spectral chamacteristics and boundary layer thickness were
investigated for a number of Sonoran Desert plants. Denge
trichome layers substantially inecrease leaf reflectance for
all wavelengthe of solar radiation between 400-3000 nm. Leaf
absorptance to total incident solar radiation may be deereased
by a factor of three when compared to the leaf absomptance of
glabrous leaves. Thege changes in leaf absorptance have an
effect on leaf temperature, photosynthetic rate, and transpin
ation rate. Leaf boundamy layers are only slightly inereased
by dense tomentum in the desert species studied. These
ecophysiological effects of trichomes on leaf activity are .
discussed with respect to life form and to adaptation to arid
land habitats.
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1. INTRODUCTION

During the past century a correlation has been established
between the presence of leaf trichomes and aridity in higher
plants. Haberlandt (1884), Schimper (1903) and Warming (1909)
have all pointed out that leaf pubescence is a common feature
of plants from Mediterranean climates and steppe, desert, and
alpine habitats. These early investigators also reported that,
when an individual species extended over a broad environmental
gradient, in mesic habitats the species had glabrous or glabrate
leaves whereas in xeric habitats the leaves were pubescent.
Moreover, in many habitats the leaves of some specles were
glabrate during the moist period of the year and pubescent
during dry periods. Johnson (1968) has studied leaf pubescence
in four communities (sandy beach, old field, oak forest, and red
maple swamp) which represent an increasing moisture gradient
in eastern North America. He found that although the incidence
of pubescence was similar in each community (70-80% of the
species), the pubescence was much more dense in the drier
environments.

The adaptive value of leaf hairs is generally thought to
be related to water economy of the plant either through (1) an
increased reflection of solar radiationm which reduces leaf
temperature and thus transpiration rate, or (2) by increasing
the thickness of the boundary layer (layer of still air over
leaf through which water must diffuse) thereby reducing trams-—
piration rate (Haberlandt 18843 Shull 1929; Wooley 1964;
Wuenscher 1970; Ehleringer and Mooney 1978). Leaf pubescence
does increase leaf reflectance in many species (Shull 1929;
Billings and Morris 1951; Pearman 1966; Sinclair and Thomas
1970; Ehleringer et al. 1976; Ehleringer and Bjorkman 1978;
Ehleringer 198la), but exceptions occur (Shull 1929; Gausman
and Cardenas 1969, 1973; Wuenscher 1970). The effects of
pubescence on reflectance most likely depend on the density and
thickness of the indumentum. The data relating to the leaf
boundary layer effect are in conflict (Haberlandt 1884; Wiegand
1910; Sayre 1920; Wooley 1964; Wuenscher 1970; Parkhurst 1976),
even when only studies of the same species are considered
(Sayre 1920; Wuenscher 1970; Parkhurst 1976).

Recent studies suggest that leaf pubescence may play a
role in reducing herbivory by serving as a physical barrier to
animal penetration or by emitting toxic or repellent compounds
(Levin 1973; Johnson 1975). Leaf hairs could serve both anti-
herbivore and water economy functions, but no data are available
to resolve this point.

Increases in leaf pubescence are common along aridity
gradients in the southwestern United States and northwestern
Mexico (Shreve and Wiggins 1964; Ehleringer 1980). The
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pubescence is of various types (single cell, mult
icellular

branched, stellate, etc.) and occurs in almést all of the ﬁigher
plant families along these aridity gradients. Such ecological
gradients are ideal for studying the effects and ecological
significance of leaf pubescence. Since the variations in leaf
pubescence are strongly correlated with aridity, and apparently
noﬁ with major distributional differences in animal taxa, the
pubescence gradient is more likely a respo
not biotic components. 4 ot g ke

In this paper, I would like to briefl

y review the

physiological and ecological significance of leaf pubescence to
plants in arid environments.

2., DISCUSSION
2.1 Pubescence and Aridity Gradients

The increase in leaf pubescence along an i
gradient is not restricted to a few specigs, bu:c;:a:iZEB::i:;ty
among many different genera and families. No one species occurs
along an entire aridity gradient in southwestern North America
More typically a species distribution will span a portion of tﬂe
aridity transect. On the wetter and drier sites along such a
transect, a species will often be replaced by other species within
the same genus. Table 1 lists some of the more common genera
whose species increase in leaf pubescence with aridity. 1In some
cases there are only two species along the gradient and the genus
::52::; :ve: only : E;rtion of the aridity tramsect, but in

nstances different

the entire aridity gtadient.speCies R T T

As the degree of leaf pubescence in these spe
the percentage of light reflected by the leaf (lgaﬁli:fizgizzzzj’
also increases. This results in a decreased leaf absorptance.
To i{lustrate this point, let us consider several species of
Salvia. Along an increasing aridity gradient in southern
California, S. mellifera occurs on the wettest sites, and is
first replaced by S. leucophylla, and then by S. apiéﬂa on
progressively drier sites (Munz, 1959). Figure 1 shows the leaf
absorptance spectrum for these three Salvia species between 400
and 800 nm. Salvia mellifera with a glabrate, green leaf has an
absorptance spectrum typical of most green leaves. On drier
sites, it is replaced by the moderately pubescent, gray-leafed S.
leucophylla. While the absorptance spectrum for S. Leucohpylla
is lower than S. mellifera over the visible (photosynthetically
useful) wavelengths, the basic absorptance spectrum remains the
same. In the heavily pubescent, white-leaved S. apiana, the
percentage of light absorptance is much reduced below tﬁat of
either S. mellifema or S. leucophylla.
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Table 1. Genera which exhibit a variation in leaf pubescence
along an aridity gradient in the Mohave and Sonoran Deserts,

genus family
Arctostaphylos Ericaceae
Artemisia Asteraceae
Brickellia Asteraceae
Ceanothus Rhamnaceae
Condalia Rhamnaceae
Encelia Asteraceae
Enceliopsis Asteraceae
Eriogonum Polygonaceae
Franseria Asteraceae
Kochia Chenopodiaceae
Salvia Lamiaceae
Sphaeraleea Malvaceae
Tetradymia Asteraceae
Viguier Asteraceae

Table 2. An elevational transect thr
to demonstrate the replacement serie

related genera in the Asteraceae,

ough Death Valley, California
8 in a group of closely

life form elevation absorptance
(m) (%)
Geraea canescens annual 0-500 78
Encelia farinosa shrub 300-800 29-81
Enceliopeis argophylla herb 1000-1200 66
Encelia virginensis shrub 900-1500 76
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The trichomes responsible for a decreased leaf absorptance
in Salvia are linear branched hairs. These hairs form a dense
layer on the surface of the leaf, but because of the convoluted
nature of the Salvia leaf the hairs appear as tufts.

The correlation between absorptance spectra and aridity in
Salvia are typical of aridity gradients. Ehleringer (1980) has
presented similar data for Encelia along a similar but more
extensive aridity gradient in gouthern California. At the
community level, Billings and Morris (1951) compared the spectral
characteristics of species from several communities in the Great
Basin Desert differing in aridity and they found that the average
reflectance increased (absorptance decreased) as habitat aridity
increased.

The pubescence which results in an increased reflectance or
decreased absorptance 1s apparently a blanket reflector over the
visible wavelengths (Ehleringer and Bjorkman, 1978). That is,
the pubescence reflects all wavelengths between 400 and 700 nm
equally well. This can be demonstrated in species of Encelia
occurring along an aridity gradient in southern California.
Encelia farinoea occurs in dry habitats and has pubescent leaves
with a low leaf absorptance (Fig. 2). Fnecelia ealifomica
occurs at the moist end of the aridity gradient along the coast
of southern California and has glabrate leaves with a spectrum
typical of green leaves. When the hairs of E. farinosa leaves
are removed and the absorptance spectrum of the now glabrous E.
farinosa is remeasured, the spectrum is nearly identical to that
of E. califomica (Fig. 2). This suggests that in species
replacements along aridicy gradients (see Table 1), all species
have leaves with the same basic absorptance pattern, but are
covered with variable amounts of a blanket reflector.

Often, members of closely related genera occur parapatric—
ally along aridity gradients. For example, Encelia, Enceliopsis,
and Geraea are closely related genera occurring together in Death
Valley. The lightly pubescent annual Gemaea canescens is found
at the lowest elevations (0-500 m) on the driest sites (Table 2).
The leaves are green—gray with a leaf absorptance of 78% and it
survives during the dry months as a seed. The heavily pubescent
shrub, Encelia farinoea, occurs at higher elevations (300-800 m).
The leaf absorptance of this species varies from 29 to 81%
depending on aridity (a function of both elevation and season).
Enceliopsig argophylla, a silver leaved perennial herb occurs on
more moist sites above E. farinosa between 1000-1200 m. Leaf
absorptance in this species 1s still higher at 66%. The shrub,
Encelia virginensis, with lightly pubescent green leaves, has an
absorptance of 76% and occurs at the highest, wettest elevations.
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2.2 Leaf Absorptance and Life Form

The size, shape, and density of leaf hairs varies among arid
land species. Both glandular and nonglandular leaf hairs occur
in these species. Most of the nonglandular hairs found are simple
and linear; however, the glandular hairs often range from simple
to complex.

In annual species of arid lands, the hairs are most often
simple and linear (Figs. 3-6). These hairs are of both glandular
and nonglandular types and are always present in low densities
relative to that found in other life forms. The hairs are large,
often exceeding the thickness of the photosynthetic tissues by a
factor of three to five times (Figs. 7-10).

Herbaceous perennial species may have leaf hairs similar to
annuals or may have much more dense pubescence layers (Figs. 11—
14). The dense hair layers are typically linear and nonglandular.
Light microscope observations suggest that in leaves with thick
indumentum, the hairs are dead and air filled. As the pubes—
cence layer becomes thicker in these perennials, the epidermal
surface becomes obscured (Figs. 12, 14). 1In thick pubescent
leaves, the incoming light penetrates to the photosynthetic
tissues only after multiple reflection.

Leaf pubescence in shrubs follows a pattern similar to that
found in herbaceous perennials. However, there are probably more
variations in leaf hair types in shrubs. For instance the linear
hairs may be unbranched or branched as in Salvia (Figs. 15, 16)
which also has less conspicuous glandular trichomes (Fig. 15).

Different hair types may vary in frequency as in Encelia
which has two glandular and one nonglandular hair type (Figs.
17-20). 1In Encelia species with high leaf reflectances (e.g., F-.
actonii, E. farinosa, E. palmeri), most of the hairs are of the
linear type. These linear hairs are greatly increased in length.
In contrast, leaves of E. frutescens and E. virginensis have
higher frequencies of glandular hairs, lower frequencies of
linear hairs which remain relatively short, and low leaf reflec—
tances. It is not possible to measure spectral characteristics
of individual hairs, but the nonglandular hairs are probably
responsible for the increased leaf reflectance.

The range of leaf absorptances for many specles of Mohave
and Sonoran Desert plants have been measured (Ehleringer, 1981a).
When these data are arranged according to life form, only shrubs
and herbs exhibit a wide range of leaf absorptances, even though
all life forms may have pubescent leaves (Fig. 21). Tree and
annual species all have high leaf absorptances. Small variations
in these absorptances are attributable to changes in leaf thick-
ness and thus to small changes in leaf transmittance. The wide
range of leaf absorptances occurring in cacti results not from
hairs, but rather from surface waxes and spines.

Additional types of trichomes other than hairs can also
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Figul:es 3-6. Leaf
breviflora (180X);
calthafolia (240%);

trlchomes'on desert annual. 3 - Mohavea
4 - Abronia villosa (740X); 5 - Phacelia
6 — Malvastrmm rotundifolium (200X).
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Leaf cross sections and surface views of desert

. alses 7 = Figures 11-14, .

Riguced 7-10: o oruss fec don ol 183‘:950':‘?1222&?;&;‘)1?“9 - Phacelia perennial herbs. 11 - Enceliopsis argophylla (104X); 12 - E.

Mohavea breviflora (68X); 8 — Abronia vi argophylla (60X); 13 - Psathyrotes ramosissima (92X); 14 - P.
ramostssima (64X).

ealthafolia (76X); 10 — Malvastrum rotundifolium (60X).
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Leaf surface view and enlarged view of leaf

Figures 15-16.
trichomes in Salvia leucophylla. Figure 15 is 200X and

Figure 16 is 2600X.
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Figures 17-20. TLeaf su
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reduce leaf absorptance. Mooney et ail. (1977) have shown that

epidermal salt bladders in Atriplex may reduce leaf absorptance
to about 40%.

cycle in mesgic periods before the onset of extended drought.
2.3 Influence of Pubescence on Leaf Boundary Layer

Increases in the height of the
the boundary layer thickness, because the pubescence layer

heat, water vapor, and €Oy should decrease because they must
diffuse across this layer,

Boundary layers are commonly quantified as resistances and
not in terms of thickness. Resistance is a3 functional measure
which indicates the impedance to the movement
across the layer, A typical leaf boundary layer resistance for
water vapor ig approximately 0,02 g mm 1 (Gates 1965). The total
boundary layer resistance of a pubescent leaf will be

Ty =g + ry (1

where ry, rp, and g are the total boundary layer resistance

of a glabrous leaf, and additional boundary layer resistance due
to the presence of hairs. Since heat and gases must diffuse
across both componentsg of the total boundary layer resistance,

the impedances are in series and the total resistance is the sum
of the components,

ry = L/DA (2)

where L is the height of the pubescence layer, A is the frac-
tional area of the surface not occupied by hairs and available
for diffusion, and D is the diffusion coefficient,

ntum on leaves of varying pubeg-
cence has been measured in Encelia farinosq (Fig. 22). Leaf
absorptance decreased asymptotically as the hair layer increased
in thickness, Moderately Pubescent leaves have hair layer
thicknesses in the range of 100-200 ym. 1In extremely pubescent
leaves with very low leaf absorptances, the pubescence may
approach 400 um, Assuming that A from equation 2 has a value in
the neighborhood of one, the maximum increase in leaf boundary
layer resistance for water vapor due to hairs will be approxi-
mately 0.017 s wm™~!, This represents almost a doubling of the
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boundary layer resistance. However, functionally the effect on
transpiration will be swmall.

The rate of water loss from a leaf will depend on the
movement of water across both the boundary layer and stomatal
pore resistances. A typical stomatal resistance for a pubescent
E. farinosa leaf will be 0.5 s mm~! (Ehleringer, 1977?. This
makes a total resistance to water loss of 0.52 s mm™! if we
neglect any additional resistances due to presence of the hairs.
If the effects of hairs on boundary layer resistance are included,
the total resistance becomes 0.537 s mm~!; a change of only 3%.

land plant species.

2.4 Effects of Pubescence on Ecophysiology

A thick pubescence layer therefore has a significant effect
on leaf spectral characteristics, but not on the total leaf layer
resistances to water loss. Ehleringer and Mooney (1978) have
addressed the question on how changes in leaf absorptance will
affect leaf physiology.

With respect to transpiration and photosynthesis, both direct
and indirect effects may occur. A decrease in solar radiation
absorption will directly affect photosynthesis by reflecting
quanta that might otherwise be used in carbon fixation. Leaf
temperature is affected by decreasing the heat load on the leaf.
Indirectly, a change in leaf temperature will affect both trans-
piration and photosynthesis. Transpiration will be modified
since the saturation water vapor pressure at leaf temperature ig
a determining factor in the driving force for transpiration
(Gates 1965). Photosynthesis will be modified as it is tempera—
ture dependent at both low and high light levels (Bjorkman 1973;
Ehleringer and Bjsrkman 1977, 1978).

In Encelia farinosa the effects of increased light
reflectance by pubescence on photosynthesis are dramatic. Im an
analysis of photosynthesis light response curves with individual
leaves of differing pubescence, Ehleringer and Mooney (1978)
found that (1) E. farinosa leaves were not light saturated by
noon irradiances and that (2) increased pubescence levels reduced
photosynthetic rate at all light intensities (Fig. 23). The
differences in rates of photosynthesis among the differentially
pPubescent leaves appeared to result solely from differences in
leaf absorptance properties. When the rates of photosynthesis
were expressed on an absorbed quantum flux basis rather than as
incident quantum flux, the differences among the curves
disappeared (Ehleringer and Mooney, 1978).

The effects of changes in leaf absorptance on leaf
temperature and transpiration rate can be calculated using energy
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« To
budget calculations (Gates, 1965; Ehleringer and ?oz:iﬁ;iizg)af T
illustrate this, let us consider Ehe hypothetica B s
“sreen" and "white" leaved E. farinosa (Eable 3. gsz P
lgaf absorptances for “green” and "white” leaves arz ¢ (400-3000,
respectively. The total solar energy leaf absorg;i cin N aiay.
nm)pfor these leaves would then bi SOZsigd ig%c(airezemier;ture’

ar =

gg;ereT;ggiz :::?git;??dizioszriznﬁ leaf temperature is calcuiited
to bz 41.8°C and the "white" leaf 28.?°E; gAg :gcg:iengnciérsu:

% 0 a .
tfaﬂSPifaEéOH_Ea;zroih;hﬁwh§EZﬁﬂlea§. This 24% difference in i
i glcm 1§ likely to be of adaptive value to plants growing in
:iizrhagiiats and may be one means of extending physiological

activity into drought periods.

3. CONCLUSION

Leaf pubescence is abundant in desert planﬁ ipeizizéda:iid-
often increases in thickness in conjunction wit ncf i
it A thick leaf hair layer results in reduced leaf a Degerts
(1§éraased leaf reflectance). In the Mohave and S:;or::ong herb;
these decreased leaf absorptangiz 2§et£2:2d p;i::;ceice o
and shrubs, but not among annu istance.to e
littlﬁ effzc;i;:tggzazzt::fiz:fo;eieaf temperature, photosynthesis,
:ﬁzswaizi loss through increased light reflectance.
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