

















VOLUME 23 Jeweled Armor ofTillandsia 49

Fig. 4D11.NPhotomicrographs of trichome layers on abaxial leaf blade surfaces digitally enhanced to increase apparent depth of |
4. Tillandsia albidaN5. Vriesea barclayan&l6. T. andrieuxiiN7. T. caput-medusal8. T. concolorN9. T. cryptanthaN10. T. cy-
aneaN11. T. mitlaensis.
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Fig. 12.—Photomicrograph of an isolated multifaceted trichome
of Tillandsia albida, digitally enhanced to increase apparent depth
of field.

pendicular to the leaf surface. This photoprotects the leaf,
but also allows leaf ventilation and the condensation of water
vapor on the underlying cuticle, and thus in its liquid form,
the water ultimately wets the trichomes (time-lapse movies
available on request). Similar trichome configurations also
allow condensation on the cuticle of 7. mitlaensis and con-
densation readily occurs on the smooth surfaces of meso-
morphic Type IV T. cyanea and T. cryptantha. (Note that
these species bear trichomes with small, immobile shields
that lay flat against the leaf surface.)

Leaves of epiphytes are cooler than the surrounding air
during the night and part of the day due to evaporative cool-
ing (S. Pierce unpubl. data). In contrast, the slender, erect
trichome wings of T. caput-medusae have a higher surface
area to mass ratio than the succulent leaves and lack cell
contents; trichome temperature will probably track air tem-
perature more rapidly than will the leaf temperature. Thus,
in nature, dew probably forms on the cooler cuticle rather
than the trichome wing, as observed here in the laboratory
(i.e., the cuticle, not the trichome wing, is the nucleus for
dew formation; Fig. 14). At its simplest, attenuation of the
trichome wing can thus be considered a tradeoff between
photoprotection and water acquisition from dew formation,
potentially of critical importance for Type V species that
have no significant water-impoundment capacity or absorp-
tive roots. Indeed, for epiphytes that may endure long, dry
seasons in exposed situations without access to soil water
(and thus cannot rely on evaporative cooling) alternative
methods of regulating leaf energy balance are of critical im-
portance. Trichome layers with a greater reflectance of in-
cident visible light also reflect infrared wavelengths (e.g.,
Pitcairnia integrifolia Ker Gawl.; Pierce et al. 2001) and
reflection of visible light will reduce the need for radiation-

Fig. 13—16.—Condensation on representative abaxial leaf blade
surfaces of Tillandsia species.—13—14. T. caput-medusae.—13.
Dry.—14. With condensation forming on the leaf cuticle.—15-16.
T. albida.—15. Dry.—16. With condensation forming on the tri-
chome wing. Arrows denote the position of example droplets of
liquid water. These images are frames from time-lapse movies pre-
sented at The Third International Conference on the Comparative
Biology of the Monocotyledons (available on request).

less energy dissipation (i.e., the conversion of excess light
to heat), thus also cooling the leaf. This is evident as leaf
temperatures increase in full sunlight when trichomes are
removed from 7. circinnata Schltdl. (Benzing 1976).

However, interpretation of attenuated trichomes as an ad-
aptation to mediate leaf energy balance may be complicated
by further trichome-mediated phenomena. A number of Type
V species with attenuated trichomes are native to cloud for-
ests and foggy deserts (e.g., T. plumosa Baker, T. tectorum
E. Morren; D. H. Benzing pers. comm.), including 7. an-
drieuxii investigated in the present study (Smith and Downs
1977). Wet trichomes hold a film of water over the stomata
and impede gas exchange (Benzing et al. 1978; Pierce et al.
2001, 2002a). However, the present study demonstrated that
inclined, attenuated trichome wings allow ventilation of the
underlying leaf surface; this could facilitate drying in moist
habitats and attenuated trichome wings potentially wick wa-
ter away from the stomata. (Note that trichomes are attenu-
ated only on the abaxial surfaces of hypostomatic 7. an-
drieuxii and a moist habitat is reflected in its use of C; pho-
tosynthesis; Table 1.) Additional selection pressures, which
shape the structure and function of trichomes for particular
species, are detailed by Benzing (2000).

In contrast to Type V bromeliads, the intermediate Type
IV-V life forms of T. albida and T. concolor possess rudi-
mentary phytotelmata formed by leaf sheaths. Indeed, diffi-
culty in inducing condensation, even with the extreme air/
leaf temperature differential generated in the laboratory, sug-
gests that in nature dew formation would not occur readily
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on the indumenta of these species. Trichomes of 7. albida
form a dense layer with trichomes flattened even when dry
(but still exhibiting limited hygroscopic movement) and with
the extensive trichome wing decorated with concave dim-
ples. These dimples produce a multifaceted surface that scat-
ters incident light, thus providing the greatest reflectivity and
photoprotection of any species investigated in the present
study. Multiple concave facets provide additional surface
area from which light is scattered, thus amplifying reflection
from each trichome. Trichome wings are thick enough that
the probability of reflection is equal for photons of all wave-
lengths (i.e., there is no iridescence; Feynman 1985) with
reflected light exhibiting the same spectral composition as
incident light. Similar trichome ornamentation was also ev-
ident for T. concolor, explaining the high reflectivity of this
species despite its relatively small trichome wings. Indeed,
the eight species investigated here exhibited diverse tri-
chome wing architecture. With over 530 species of Tilland-
sia currently described (Luther 2002) and many varied life
forms evident, it is likely that other light-reflecting structures
and photoprotective strategies are also present within the ge-
nus. For instance, trichome wings of 7. karwinskyana Schult.
f. appear to be papillose and also catch the light (Benzing
2000).

Trichome layers are typically more prominent on the un-
derside of leaf blades of the more primitive bromeliads, pos-
sibly to reduce transpiration (Benzing 2000) or, being water
repellent, to keep stomata clear of excess water and dirt
(Pierce et al. 2001). A propensity for larger trichome wings
on the underside of the leaf, providing greater photoprotec-
tion for erect, more delicate, expanding leaves, may have
favored the relatively upright and in-rolled leaf blades of
many Type V Bromeliaceae, such as T. caput-medusae and
T. mitlaensis. Thus, an erect and in-rolled morphology could
be considered part of the photoprotective strategy. Tillandsia
bulbosa Hook. has retained the in-rolled leaves typical of
this life form, but not the same trichome structure, with re-
flectance lost as an adaptation to darker cloud forest habitats
(Benzing 1980, 2000; Pierce et al. 2002a).

While trichomes of species such as 7. albida and T. caput-
medusae have adaptations to extremely high light, a contin-
uum of reflectance and photoprotection is apparent for the
tillandsioid trichome. Indeed, light-response analysis of V.
barclayana indicates that even trichomes of this species
modify instantaneous photosynthesis at moderate light inten-
sities (i.e., shade the leaf and decrease both electron trans-
port and nonphotochemical chlorophyll fluorescence
quenching; S. Pierce unpubl. data), but do not prevent pho-
todamage at high light intensities (Table 1). Trichomes, in
general, are thus detrimental in terms of light capture for
photosynthesis. However, trichomes throughout the subfam-
ily share common structural and functional features essential
to water and nutrient uptake and hence the epiphytic habit.
The smaller number of species that have additional structural
adaptations to high light therefore represent the extreme of
adaptive radiation; trichomes have an inherent reflectivity
that has become more pronounced during radiation into ex-
posed niches.

To conclude, the trichomes of gray- or white-leaved Til-
landsia exhibit adaptations in structure (wing attenuation or
facets, respectively) that reflect enough light to help protect
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the photosynthetic apparatus against full sunlight, whereas
the lesser reflectance by trichomes of mesomorphic Type IV
life forms does not and indeed is characteristic of species
endemic to shaded habitats. Trichome attenuation for Type
V species represents a trade-off between photoprotection and
leaf ventilation that allows water acquisition via dew for-
mation on the cooler underlying cuticle for species occu-
pying exposed xeric niches. For Type IV-V species that are
hydrated from phytotelmata and have smooth, white leaf
blade surfaces, high light intensity appears to have been the
overriding selection pressure acting on trichome wing ar-
chitecture; these trichome wings are multifaceted and there-
by extremely reflective.

ACKNOWLEDGMENTS

I thank Jason R. Grant for organizing and inviting me to
the Bromeliaceae sessions; Anna Taylor for training in ex-
tended depth-of-field photomicrography; Phil Swarbrick for
demonstrating the use of various pieces of equipment and
for comments on an earlier version of the manuscript; and,
particularly Steve Rolfe and Julie Scholes for the use of their
imaging equipment. I also thank David H. Benzing for his
constructive scrutiny during the review process. Attendance
at the conference was supported by a conference grant from
the Royal Society, London, UK, and an attendance schol-
arship from the Rancho Santa Ana Botanic Garden, Clare-
mont, California, USA.

LITERATURE CITED

BENzING, D. H. 1976. Bromeliad trichomes: structure, function and
ecological significance. Selbyana 1: 330-348.

. 1980. The biology of Bromeliads. Mad River Press, Eureka,

California, USA. 305 p.

. 2000. Bromeliaceae: profile of an adaptive radiation. Cam-

bridge University Press, Cambridge, UK. 690 p.

, AND A. RENFROW. 1971. The significance of photosynthetic

efficiency to habitat preference and phylogeny among tillandsioid

bromeliads. Bot. Gaz. 132: 19-30.

, J. SEEMAN, AND A. RENFROW. 1978. The foliar epidermis in
Tillandsioideae (Bromeliaceae) and its role in habitat selection.
Amer. J. Bot. 65: 359-365.

Divmit, M. A. 1985. Intraspecific variation in 7illandsia: selecting
superior forms. J. Brom. Soc. 35: 101-103, 130-132.

EHLERINGER, J. L., O BIORKMAN, AND H. A. MOONEY. 1976. Leaf
pubescence: effects on absorptance and photosynthesis in a desert
shrub. Science 192: 376-377.

FEYNMAN, R. P. 1985. QED: the strange theory of light and matter.
Princeton University Press, Princeton, New Jersey, USA. 158 p.
FOWLER, J., L. COoHEN, AND P. JARVIS. 1998. Practical statistics for

field biology. John Wiley & Sons, Chichester, UK. 249 p.

Housman, D. C., M. V. PrICE, AND R. A. REDAK. 2002. Architecture
of coastal and desert Encelia farinosa (Asteraceae): consequences
of plastic and heritable variation in leaf characters. Amer. J. Bot.
89: 1303-1310.

LutHER, H. E. 2002. An alphabetical list of bromeliad binomials,
ed. 8. Bromeliad Society International, Sarasota, Florida, USA.
82 p.

PIERCE, S., K. MAXWELL, H. GRIFFITHS, AND K. WINTER. 2001. Hy-
drophobic trichome layers and epicuticular wax powders in Bro-
meliaceae. Amer. J. Bot. 88: 1371-1389.

, K. WINTER, AND H. GRIFFITHS. 2002a. The role of CAM in

high rainfall cloud forests: an in situ comparison of photosynthetic

pathways in Bromeliaceae. Pl. Cell Environm. 25: 1181-1189.




52 Pierce ALISO

X , AND . 2002b. Carbon isotope ratio and the of chlorophyll fluorescence from intact leaves. Photosyn. Res. 72:

extent of daily CAM use by Bromeliaceae. New Phytol. 156: 75-83. 107-115.
ROLFE, S. A. 2002. DeFuzz vers. 1.0.1 extended depth of field soft- SwmiTH, L. B., AND R. J. DowNs. 1977. Tillandsioideae (Bromeli-
ware. University of Sheffield, South Yorkshire, UK. aceae). Fl. Neotrop. Monogr. 14. Hafner Press, New York, USA.

, AND J. D. ScHOLES. 2002. Extended depth-of-focus imaging 1492 p.



