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MORPHOLOGICAL AND PHYSIOLOGICAL RESPONSES TO IRRADIANCE IN THE CAM 

EPIPHYTE TILLANDSIA USNEOIDES L. (BROMELIACEAE) 1 
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Spanish moss (Tillandsia usneoides L.) was collected in situ in South Carolina from sunny and shady 
locations and grown in a greenhouse under high and low irradiance. Morphological characteristics, including 
leaf size, internode length, trichome size and density, and stomatal size and density, were similar among 
plants at the different irradiance levels. Chlorophyll (Chi) a/b ratios did not change with irradiance, but 
total Chi concentrations were higher in plants exposed to lower irradiances. In spite of these changes in 
pigment composition, similar levels of nocturnal acidification were found in field, but not greenhouse, plants 
at all irradiance levels. Thus, Spanish moss can respond physiologically, but not morphologically, to changes 
in environmental irradiance levels. This ability should prove beneficial to an epiphyte growing in microsites 
of widely varying irradiance. 

Introduction 
Morphological differences between plants grow­

ing in fall sunlight or dense shade include: (1) larger, 
thinner leaves on shade plants, (2) less dense sto-
mata on shade leaves, (3) less reflective leaves on 
shade plants, and (4) less deeply lobed leaves on 
shade plants (TALBERT and HOLCH 1957; BOARD-
MAN 1977; DENGLER 1980; WILD and WOLF 1980; 
BJORKMAN 1981). Often accompanying these 
structural features are physiological differences be­
tween sun and shade leaves: (1) greater concentra­
tion of total Chi in shade leaves; (2) lower Chi a / 
b ratios in shade plants, reportedly reflecting a larger 
light-harvesting Chi a/b-protein complex contain­
ing all of the Chi b , but not all of the Chi a, in the 
chloroplast; (3) greater proportion of maximum 
photosynthetic rates in shade leaves at LI; (4) greater 
rates of photosynthesis in sun leaves at HI; and (5) 
larger molar ratios of Chi to electron transfer com­
ponents in chloroplasts of shade plants (BOARD-
MAN 1977; BJORKMAN 1981). All the above dif­
ferences between sun and shade leaves act directly 
or indirectly to enhance rates of photosynthesis in 
the habitat of each plant. 

Because of the temporal separation of photosyn­
thetic events in CAM plants, it is difficult to study 
photosynthetic responses to changing irradiance. 
Increasing daytime irradiance results in greater 
nocturnal acid accumulations, at least in two spe­
cies of Kalanchoe (ZABKA and EDELMAN 1962; 

1 Abbreviations: CAM, Crassulacean acid metabolism; Chi, 
chlorophyll; DW, dry weight; FAA, formalin-acetic acid-al­
cohol; GHI, greenhouse high irradiance; GLI, greenhouse low 
irradiance; HI, high irradiance; LI, low irradiance; MI, me­
dium irradiance; PAR, photosynthetically active radiation. 
Manuscript received November 1984; revised manuscript re­
ceived May 1985. 
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KAPLAN et al. 1976a, 1976&), Ananas comosus 
(NOSE et al. 1977; SALE and NEALES 1980), and in 
several desert succulents (WOODHOUSE et al. 1980; 
NOBEL and HARTSOCK 1978, 1983; NOBEL 1982a, 
19826, 1983). Light saturation of nocturnal acid 
accumulation and of C 0 2 uptake in desert succu­
lents occurs at integrated daytime irradiance levels 
of 20-24 mol m " 2 day" 1 , which is approximately 
equal to the average total solar irradiance (no clouds) 
on a vertical surface, or ca. 30% of that on a hor­
izontal surface in the temperate zone. Since the 
majority of these succulents intercept PAR in this 
range during the summer, there is essentially no 
light saturation of nocturnal acidification and of C 0 2 

uptake capacity in these CAM plants under field 
conditions. 

Several studies indicate that rates of nocturnal 
C 0 2 uptake in the CAM epiphyte Spanish moss 
{Tillandsia usneoides L.) saturate at irradiances 
lower than that received by a vertical surface on a 
cloudless day. According to KLUGE et al. (1973), 
total nighttime C 0 2 uptake increased slightly from 
10 mol m~ 2 day" 1 to 20 mol m " 2 day" 1 and did 
not change at 40 mol m" 2 day" 1 (daytime PAR lev­
els estimated from lux data presented). Likewise, 
MARTIN and SIEDOW (1981) found that nighttime 
C 0 2 uptake rates in Spanish moss were saturated 
at ca. 16 mol m " 2 day" 1 . BENZING and RENFROW 
(1971), using detached, slit leaves of Spanish moss, 
found photosynthetic saturation at 24 klx, or ca. 
13 mol m " 2 day" 1 . It should be emphasized that 
these irradiance levels were presumably those in­
tercepted by the plants and are substantially below 
full sunlight. Since Spanish moss and other epi­
phytes grow in a wide variety of microsites, in­
cluding full sunlight such as outer tree canopies and 
on power lines as well as in deep shade such as 
the interior of tree canopies, this low-light satu­
ration of nocturnal C 0 2 uptake may not be unex­
pected. Photosynthesis could be maximized 
throughout a range of irradiance levels by one or 
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both of two mechanisms: (1) Spanish moss shares 
physiological characteristics with typical sun or 
shade plants, yet can grow at all levels of PAR by 
making morphological adjustments (perhaps by al­
tering the density of its reflective trichomes; BENZ-
ING and RENFROW [1971]); or (2) the species ex­
hibits a high flexibility in the physiological traits 
important in light absorption and use. 

Given the paucity of information on adaptations 
of CAM plants, especially epiphytes, to different 
irradiance levels, the objectives of this study are to 
characterize the morphology, pigments, and noc­
turnal acid accumulations of Spanish moss grown 
under different light regimes in situ and in the 
greenhouse. 

Material and methods 

FIELD STUDIES 

The study area was located near the Steel Creek 
delta, Savannah River Plant, South Carolina. 
Spanish moss was collected from Quercus lauri-
folia Michx. trees at three sites: (1) HI—alongside 
an unpaved road running east and west; (2) MI— 
ca. 2 m into the forest (often the canopy of the 
same tree, but the portion farthest from the road); 
and (3) LI—ca. 5 m into the forest. PAR was mea­
sured with a LI-COR LI-190SB sensor and LI-185B 
meter at 1100 hours (no clouds) on July 2, 1983. 
The sensor was held at the outer edge of each clump 
of Spanish moss and pointed directly at the sun and 
at the same angle in each of the four cardinal di­
rections. 

The living, distal portion of four to five strands 
of Spanish moss constituted one sample for acidity 
determinations; Chi measurements were made on 
single strands. Each site provided 20-25 samples 
for the acidity and Chi analyses. To determine 
diurnal acid fluctuations, samples were collected at 
dusk (2000 hours) on June 27, 1983, after a mostly 
clear day, and at dawn (0600 hours) the following 
morning. Samples were immediately frozen on dry 
ice and stored in the laboratory at - 2 5 C until ana­
lyzed. Plants for Chi determinations were collected 
on June 27, 1983, frozen at - 2 5 C, and analyzed. 
At each site, 25 strands were detached and placed 
in FAA (5:1:25:20). 

GREENHOUSE STUDIES 

Clumps of Spanish moss were collected in Oc­
tober 1983 ca. 20 km south of Melbourne Beach, 
Florida, and returned to the University of Kansas 
greenhouse. After 1 mo under greenhouse condi­
tions (ca. 500 |xmol m~~2 s - 1 PAR, 16-h photoperi-
od including artificial lighting; ca. 30/20 C day/ 
night and 40%/80% day/night relative humidity), 
the clumps were separated into two groups. One 

group was hung vertically in a plastic window screen 
enclosure and received maximum irradiance of 100-
200 (xmol m" 2 s" 1 PAR at midday (GLI), whereas 
the other group was hung in full sunlight (1 ,500-
1,600 [imol m" 2 s" 1 PAR; GHI). Irradiance levels, 
measured with the sensor parallel to the long axis 
of the plants, were not constant throughout the study 
because of frequent cloud cover and shading from 
nearby campus buildings. Before being exposed to 
these light levels, numerous strands were marked 
with black ink at the base of the youngest leaves 
so that new growth could be identified for mor­
phological measurements. 

Collections for morphological, pigment, and acid­
ity analyses were made after 2 mo at GLI and 
GHI. Only new growth was placed in FAA and 
used for morphological measurements. Samples for 
pigment and acidity analyses included old and new 
growth. To determine diurnal acid fluctuations, 10 
strands from each group were collected at dawn 
(0630 hours) and dusk (1730 hours) on January 26, 
1984. Previously sampled strands were not used. 
Plants were immediately frozen on dry ice and stored 
at - 7 0 C in the laboratory. Ten strands from each 
light level were collected on January 19, 1984, and 
analyzed for Chi content. 

MORPHOLOGICAL MEASUREMENTS 

Leaf and internode lengths were measured. Leaf 
width and thickness; trichome density, length, and 
width; and stomatal density, length, and width were 
determined with a light microscope and an ocular 
micrometer scale. Trichomes were removed from 
preserved material with adhesive tape to facilitate 
measuring trichome dimensions and to visualize the 
stomata, which are normally obscured by the tri­
chome wings. All trichome and stomatal measure­
ments were made at the center of each leaf. Sto­
matal length was measured parallel with the closed 
pore. 

PIGMENT ANALYSES 

Material was kept on ice in dim light. After dead 
parts were removed, plants were ground with a 
mortar and pestle in 80% aqueous acetone con­
taining M g C 0 3 to prevent pheophytinization. Field 
samples were vacuum-filtered; greenhouse samples 
were centrifuged at 12,000 g for 3 min. In both 
cases, the residue was recovered, dried at 60 C for 
2 days (field) or 85 C for at least 3 days (green­
house), cooled in a desiccator, and weighed. The 
DWs of field samples were corrected for weight 
loss from the filter paper. The acetone extract was 
analyzed spectrophotometrically at 645, 663, and 
720 nm. Absorbance at 720 nm was subtracted from 
the other two values to minimize the influence of 
impurities (SESTAK 1971). Concentrations of Chi a 
and b were calculated (ARNON 1949). 


