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PHYSIOLOGICAL AND ANATOMICAL RESPONSES TO WATER DEFICITS IN THE CAM EPIPHYTE

TILLANDSIA IONANTHA (BROMELIACEAE)

EDWARD J. NOWAK AND CRAIG E. MARTIN!'

Department of Botany, University of Kansas, Lawrence, Kansas 66045-2106

Although physiological responses to drought have been examined in several species of epiphytic bromeliads, few
have included a comprehensive methodological approach to the study of the carbon and water relations of a single
species undergoing drought stress. Thus, physiological and anatomical responses to an imposed drought treatment were
examined in the atmospheric Crassulacean acid metabolism (CAM) epiphyte Tillandsia ionantha. From 0O through 20
d without water, nocturnal malic acid accumulation and CO, uptake rates did not change despite a 17% reduction in
relative water content. In addition, water potentials averaged —0.40 MPa and, unlike leaf water content, did not decline.
The avoidance of further declines in leaf water content was attributed to the restriction of stomatal opening to the night
(a characteristic feature of CAM), to low stomatal densities and small stomatal pores, and to a thick boundary layer
resulting from a dense foliar trichome cover. The maintenance of high physiological activity during the first 20 d of
the drought treatment was most likely a result of the high water potentials in the chlorenchyma, which were attributed,
in part, to water movement from the water-storage parenchyma (= “hydrenchyma’) to the chlorenchyma. Nocturnal
malic acid accumulation and the rate of net CO, exchange declined in a linear fashion from 30 to 60 d without water,
as did leaf water potential and osmotic potential. During this time, CO, recycling increased from ca. 20% to nearly
75%. Though declining throughout this later stage of the drought treatment, metabolic activity remained relatively

high, possibly as a result of the observed osmotic adjustment as well as a potentially high cell wall elasticity.

Introduction

Epiphytes play a prominent role in the diversity of
the world’s flora, accounting for as much as 10% of
all vascular species (Kress 1989). Some of the most
well-known and best-studied epiphytes are in the Bro-
meliaceae, especially in the genus Tillandsia (Benzing
1986). Epiphytic bromeliads can be divided into
“tank” or ‘‘atmospheric”’ types, depending on their
ability to impound water (Benzing 1980, 1986). Tank
epiphytes collect water via water-retaining bases of
overlapping leaves arranged in a rosette and subse-
quently absorb it through epidermal trichomes on the
adaxial side of the leaf bases (Benzing 1986; Nyman
et al. 1987). Atmospheric epiphytes lack the structures
to trap external water; instead, they rely on a dense
cover of large epidermal trichomes that absorb water
(and nutrients) when the leaf surfaces are wet.

Because of their inability to access a consistent wa-
ter supply (due to their lack of absorptive roots or the
tank morphology), atmospheric epiphytes are poten-
tially more susceptible to drought stress (Adams and
Martin 1986; Benzing 1986). Tree canopies may be-
come relatively arid habitats between rainfall events
(Richards 1952; Gessner 1956). This exposure to po-
tentially frequent drought stress in otherwise moist
regions, e.g., tropical and subtropical portions of the
Americas, has stimulated interest in the ecophysiology
and drought resistance of atmospheric bromeliads (see
Martin 1994).

Past research on the water relations and photosyn-
thetic responses to drought in atmospheric species of
Tillandsia has resulted in four major findings. First,
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most or all atmospheric epiphytes, at least in the genus
Tillandsia, are Crassulacean acid metabolism (CAM)
plants (Martin 1994). Second, these plants are able to
withstand relatively large diel and seasonal changes in
tissue water content (Penfound and Deiler 1947; Biebl
1964; Benzing and Dahle 1971; Martin et al. 1981;
Martin and Schmitt 1989). Third, despite prolonged
periods of drought stress, water and osmotic potentials
of these species are seldom lower than —1.0 MPa
(Harris 1918; Biebl 1964; Smith et al. 1985; Smith et
al. 1986a; Griffiths et al. 1989; see Martin 1994).
Fourth, rates of nocturnal CO, exchange remain un-
affected well into a drought and remain positive even
at considerable water deficits (Benzing and Dahle
1971; Martin and Adams 1987; Griffiths et al. 1989;
Martin and Schmitt 1989).

Problems in generalizing the results of past research
on the carbon and water relations of epiphytic bro-
meliads during desiccation treatments reflect the lim-
ited number of comprehensive studies. For example,
the four major findings discussed above were culled
from various studies of different species; few individ-
ual studies have included a comprehensive method-
ological approach to the study of the carbon and water
relations of one or more epiphytes.

The main objective of this research was to deter-
mine the degree to which several anatomical and water
relations parameters changed relative to changes in
metabolic activity in response to drought stress in Til-
landsia ionantha, an atmospheric epiphyte with CAM,
in order to better understand how atmospheric epi-
phytes tolerate periods of drought. Leaf water potential
and osmotic potential, leaf relative water content, diel
net CO, exchange, nocturnal malic acid accumulation,
and amount of leaf water-storage parenchyma (= ‘‘hy-
drenchyma’’) and of leaf chlorenchyma were measured
throughout a 60-d drought treatment.
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Material and methods

PLANTS

Individuals of Tillandsia ionantha Planchon (Bromeli-
aceae) were obtained from the Marie Selby Botanical Gar-
dens (Sarasota, Fla.) in 1988 and were subsequently main-
tained in a greenhouse at the University of Kansas.
Environmental conditions in the greenhouse were ca. 500—
1000 pmol m~? s~' maximum photosynthetic photon flux
density (PPFD), 27°/20°C average day/night air tempera-
tures, and 50%/80% average day/night relative humidities.
Plants were watered daily with a dilute fertilizer solution
(20% N, 18% P,Os, 18% K,O, including micronutrients).

Prior to the experiments, plants were soaked in deionized
water for 1 h, then allowed to surface dry. Water (¥) and
osmotic (W) potentials, chlorenchyma and hydrenchyma tis-
sue areas, and relative water content (RWC) were subse-
quently determined. Plants were returned to the greenhouse,
where water was withheld for specific periods of time up to
60 d. Four different plants were used for each drought treat-
ment. Eight plants were kept well-watered and served as
controls; four of these were measured before the drought
treatment was imposed, and four were measured at the end
of the drought treatment. All data from the two sets of con-
trol plants were not significantly different; therefore, data
from all control plants were pooled.

CHLORENCHYMA AND HYDRENCHYMA AREA
DETERMINATION

Following hydration, one leaf was harvested from each
plant. Concurrently, another morphologically identical leaf
was marked with ink to be excised after the drought treat-
ment. Once excised, a thin (<1 mm) cross section was taken
from the middle of the leaf and placed in 0il on a microscope
slide. The image of the section was then projected onto paper
for tracing. Both chlorenchyma and hydrenchyma segments
were traced. These regions are quite well-defined in T. io-
nantha (see Loeschen et al. 1993 for a representative pho-
tomicrograph of a leaf cross section). Subsequently, the areas
of the tracings were determined with a LI-COR (Lincoln,
Nebr.) LI-3000 Portable Area Meter.

CO, EXCHANGE

Rates of net CO, exchange of two plants were monitored
simultaneously for 48 h. Details of the open-flow gas ex-
change system, cuvettes, and infrared gas analyzer have been
reported previously (Gravatt and Martin 1992). Cuvette en-
vironmental conditions were maintained at 1000 pmol m™2
s~! PPFD (cuvette interior), 12-h photoperiod, 30°/20°C day/
night air temperatures, and 50%/80% day/night relative hu-
midities. To allow time for acclimation, only data from the
second 24-h period were used in the gas exchange calcula-
tions (using equations of Sestdk et al. [1971] and Farquhar
and Sharkey [1982]). Prior to the end of the second light
period, plants were removed from the cuvettes and weighed
for calculation of RWC (see below), and two leaves were
removed from each plant for determinations of chlorenchy-
ma and hydrenchyma tissue areas, water and osmotic poten-
tials, and malic acid concentrations. Plants were then re-
placed in the gas exchange cuvettes (sampling typically
required 10 min). The following morning, plants were once
again sampled for malic acid analysis and subsequently
placed into an oven at 65°C. Plant dry mass was determined
when no further loss in weight could be detected.

MALIC ACID ANALYSIS

Leaf samples (for malic acid and osmotic potential deter-
minations) were weighed and immediately frozen at —65°C
for at least 2 d. Leaf sap of the thawed and sliced tissue was
extracted by centrifugation (see Smith and Liittge 1985) and
analyzed for malic acid concentration using the enzymatic/
spectrophotometric method of Gutmann and Wahlefeld
(1974). Tissue malic acid concentrations were calculated us-
ing standard curves based on known malic acid concentra-
tions.

DETERMINATION OF RELATIVE WATER CONTENT,
WATER POTENTIAL, AND OSMOTIC POTENTIAL

Relative water content ([fresh mass;,, — dry mass,,]/
[fresh mass,,, — dry mass;,] X 100) was determined by
weighing individual plants on an analytical balance through-
out the drought treatment (‘‘initial”’ mass determined for
plants after soaking in water; “‘final’’ mass determined for
different plants at each stage of the drought treatment). The
water potentials of leaves of all individuals (before and after
drought treatments) were determined using the Shardakov
method (Slavik 1974) with solutions of polyethylene glycol
8000 (PEG). Water potentials of the PEG solutions were
determined with a Wescor (Logan, Utah) HR-33T Dew Point
Microvoltmeter and C-52 Sample Chamber (thermocouple
psychrometer) using the dew point method. Standards (NaCl
solutions) of known water potentials were used to calibrate
the instrument. Approximately 0.02 g of tissue collected im-
mediately before “lights-out’” (see above) was immersed in
2 mL of each of the PEG solutions for 6 h overnight (Slavik
1974). The high ratio of tissue volume (and exchange sur-
face) to solution volume maximized the resolution of the
Shardakov technique (Slavik 1974). Determinations of leaf
water potential were then made the next morning. Osmotic
potentials of the cell sap extracted for the morning malic
acid analyses (see above) were determined by thermocouple
psychrometry as described above.

STATISTICAL ANALYSIS

Because sample sizes were small and the data were often
not normally distributed or homoscedastic, all data were
rank-transformed before the application of parametric statis-
tics (see Conover and Iman 1981; Potvin and Roff 1993).
Differences among means were tested for significance using
an analysis of variance, followed by the GT2-method mul-
tiple comparison of means test. All statistical tests were per-
formed according to Sokal and Rohlf (1981); significance
was inferred when P = 0.05.

Results
WATER RELATIONS DURING THE DROUGHT TREATMENT

The relative water content of Tillandsia ionantha
decreased almost linearly with increasing drought
stress (fig. 1). After 60 d of the drought treatment,
individuals lost half of their maximum water content.
In contrast, leaf water potentials and osmotic potentials
did not differ significantly in the first half of the
drought period (figs. 2, 3). Throughout this time, water
and osmotic potentials averaged —0.40 and —0.47
MPa, respectively. Water potentials began to decrease
gradually from —0.42 MPa after 30 d without water
to —0.64 MPa after 60 d of drought treatment (fig. 2),
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Fig. | Effects of a 60-d drought treatment on the relative water

content of leaves of Tillandsia ionantha that were desiccated in a
greenhouse. Values are means (* standard deviations) of four plants,
except eight plants were used at 0 d without water. Absence of an
error bar indicates that the standard deviation was smaller than the
symbol. Relative water content means are significantly different (P
= 0.05) if they do not share the same letter in the superscripts for
their corresponding values of ‘“‘days without water’”: 0, 5b 10,
15¢, 20<, 30%, 40:, 50, 60'.

a change of ca. 50%. Osmotic potentials decreased
rapidly during the same period, from —0.47 to —0.74
MPa, nearly a 60% change (fig. 3). Calculations of
pressure potentials during the drought treatment re-
vealed considerable variability, with values ranging
from 0.1 to 1.0 MPa.

LEAF ANATOMY DURING THE DROUGHT TREATMENT

Based on cross sections taken at the middle of the
leaf of well-hydrated plants, ca. two-thirds of the leaf
is composed of chlorenchyma, whereas the remaining
one-third is made up of hydrenchyma tissue. No other
tissues contribute substantially to the leaf volume. The
volume of the hydrenchyma tissue, expressed as a per-
centage of the initial cross-sectional area of the hy-
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Fig. 2 Effects of a 60-d drought treatment on the water potential
of leaves of Tillandsia ionantha that were desiccated in a green-
house. Values are means (= standard deviations) of four plants, ex-
cept eight plants were used at 0 d without water. Water potential
means are significantly different (P = 0.05) if they do not share the
same letter in the superscripts for their corresponding values of
“days without water™: 0%, 5¢, 10%, 15%, 20, 30, 40%, 50, 60¢.
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Fig. 3 Effects of a 60-d drought treatment on the osmotic potential
of leaves of Tillandsia ionantha that were desiccated in a green-
house. Values are means (* standard deviations) of four plants, ex-
cept eight plants were used at 0 d without water. Osmotic potential
means are significantly different (P < 0.05) if they do not share the
same letter in the superscripts for their corresponding values of
“days without water”: 04, 5, 10%, 154 20, 30, 40, 50, 60"

drenchyma (not of the whole leaf area), decreased rap-
idly from 100% at 0 d without water to 0% after 50 d
of the drought treatment (fig. 4). The relative cross-
sectional area of the chlorenchyma, in contrast, de-
creased relatively slowly during this same period. Wa-
ter from the hydrenchyma was completely exhausted
when the relative water content and water potential of
these plants averaged ca. 63% and —0.52 MPa, re-
spectively (cf. fig. 4 with figs. 1, 2). At this time, the
cross-sectional area of the chlorenchyma had declined
by only 12%.
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Fig. 4 Effects of a 60-d drought treatment on the relative amounts
of leaf chlorenchyma and hydrenchyma, expressed as percentage of
the initial volume of that particular tissue type (the chlorenchyma
and hydrenchyma of well-watered plants made up ca. two-thirds and
one-third of the leaf cross-sectional area, respectively), of midsec-
tions of leaves of Tillandsia ionantha that were desiccated in a
greenhouse. Values are means (* standard deviations) of four plants,
except eight plants were used at O d without water. Absence of an
error bar indicates that the standard deviation was smaller than the
symbol. Chlorenchyma and hydrenchyma means are significantly
different (P = 0.05) if they do not share the same letter in the
superscripts for their corresponding values of “‘days without water”:
chlorenchyma: 0¢, 5%, 10%, 15%, 20%, 30, 40%, 50%, 60¢; hydren-
chyma: 02, 5®, 10, 15%, 20, 30, 409, 50¢, 60¢.
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Fig. 5 Effects of a 60-d drought treatment on diel net CO, ex-
change rates of plants of Tillandsia ionantha that were desiccated
in a greenhouse. Numbers next to each gas exchange curve represent
the number of days without water. Curves for 30, 40, 50, and 60 d
without water are mean curves of four plants. Because mean inte-
grated nocturnal CO, uptake values at 0 d (n = 8 plants) and at 5,
10, 15, and 20 d (all n = 4) without water were not significantly
different, only data for 0 d without water are shown (labeled 0-20).
Integrated nocturnal CO, uptake data for these plants are given in
fig. 6.

NET CO, EXCHANGE AND MALIC ACID ACCUMULATION
DURING THE DROUGHT TREATMENT

Individuals of T. ionantha maintained high positive
rates of net CO, exchange at night for 20 d without
water (fig. 5). These plants also exhibited late after-
noon CO, uptake (Phase 4; see Osmond 1978). After
30 and 40 d without water, maximum net CO, uptake
rates declined by ca. one-third. With increasing water
loss, late afternoon CO, uptake was absent. After 50
d without water, maximum rates of CO, uptake de-
creased by nearly 50% relative to well-watered plants.
By the end of the drought treatment, maximum CO,
uptake rates were low but still positive (18% of those
of well-watered plants). Rates of net CO, exchange
were near zero during the initial portion of the dark
period. Changes in the amounts of CO, absorbed by
the plants throughout the night reflected the changes
in instantaneous rates of net CO, exchange. Values of
integrated nocturnal CO, uptake from 0 through 20 d
without water (from 98% to 81% relative water con-
tent) were not significantly different (fig. 6). At 50 d
without water (63% relative water content), however,
integrated CO, uptake declined to ca. 40%, relative to
well-watered plants. At the 60-d treatment (50% rel-
ative water content), integrated CO, uptake decreased
to 9% of values for well-watered plants.

Throughout the drought treatment, the relative
changes in rates of CO, uptake and in leaf water po-
tentials were similar, while changes in plant relative
water content were less so (cf. fig. 6 with figs. 1, 2).
For example, a decrease in water potential of ca. 0.10
MPa was accompanied by a decrease in nocturnal CO,
uptake of ca. one-third, whereas leaf relative water
content did not change during this time. Upon further
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Fig. 6 Effects of a 60-d drought treatment on integrated nocturnal
CO, uptake of plants of Tillandsia ionantha that were desiccated in
a greenhouse. Values are means (* standard deviations) of four
plants, except eight plants were used at O d without water. Integrated
CO, uptake means are significantly different (P = 0.05) if they do
not share the same letter in the superscripts for their corresponding
values of ‘“‘days without water”: 04, 5% 10¢, 15%, 20, 30, 404,
50«, 60¢. Diel net CO, exchange curves are given in fig. 5.

loss of water, a decrease of only 0.27 MPa in water
potential resulted in a near elimination of CO, uptake.

The relative cross-sectional area of the chlorenchy-
ma decreased slowly during the drought treatment,
while changes in the relative cross-sectional area of
the hydrenchyma were much larger. Integrated CO,
uptake did not decline until the cross-sectional area of
the hydrenchyma decreased by 54% (cf. fig. 6 with
fig. 4). In addition, positive integrated CO, uptake was
still observed when the area of the hydrenchyma was
not measurable. In contrast, integrated CO, uptake de-
clined significantly when the cross-sectional area of
the chlorenchyma decreased by only 6%. A 15% de-
cline in chlorenchyma area corresponded to a 91% re-
duction in the total amount of CO, assimilated at night.

Nighttime malic acid accumulations remained high
throughout the drought treatment until 50 d without
water, when values decreased by ca. one-third (fig. 7).
Malic acid accumulation declined by 75% after 60 d
without water. The degree of CO, recycling increased
with increasing length of the drought treatment (fig.
8). From 0O through 20 d without water, the degree of
CO, recycling averaged 22%. From 30 to 50 d of the
drought treatment, ca. half of the malic acid synthe-
sized at night was attributable to recycling of respira-
tory CO,. This value increased to 73% by the end of
the drought treatment.

Discussion
GENERAL EFFECTS OF THE DROUGHT TREATMENT

Because sample sizes were small (usually four
plants) and variability among the individuals was rel-
atively high, some means were not significantly dif-
ferent in spite of large apparent differences. This was
particularly true for the water and osmotic potential
data, as well as for the malic acid data. The high vari-
ability in the water and osmotic potential data was ex-
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Fig. 7 Effects of a 60-d drought treatment on the nocturnal ac-
cumulation of malic acid in leaves of Tillandsia ionantha that were
desiccated in a greenhouse. Values are means (* standard devia-
tions) of four plants, except eight plants were used at O d without
water. Malic acid accumulation means are significantly different (P
= 0.05) if they do not share the same letter in the superscripts for
their corresponding values of “‘days without water”: 04, 5%, 10%,
15%®, 20, 30, 40¢ 50, 60¢.

acerbated by the small range of values measured in
these water relations parameters. As has been found in
many studies of epiphytic bromeliads, tissue water and
osmotic potentials seldom vary more than several
tenths of a megapascal during droughts (Martin 1994).
Because of this, calculations of pressure potentials
from these data were considered general estimates
only. For this reason, only the range of pressure po-
tential values during the drought treatment is presented
in the text, and the data were not statistically analyzed.
In spite of the high variability of the data, the discus-
sions below, which focus on the overall trends in the
data, are always based on some statistically significant
differences among the mean responses to the drought
treatment.

COMPARISONS OF RESULTS WITH PREVIOUS STUDIES

The large changes in leaf water content reported for
Tillandsia ionantha in this study are similar to those
observed in the same species by Benzing and Dahle
(1971) as well as those reported for Tillandsia usneo-
ides (Martin and Schmitt 1989) and Tillandsia schie-
deana (Martin and Adams 1987). Likewise, the water
and osmotic potentials measured in 7. ionantha
throughout the imposed drought treatment are com-
parable to those reported for this species as well as for
other epiphytic bromeliads in other studies (Harris
1918; Biebl 1964; Smith et al. 1985; Griffiths et al.
1986; Liittge et al. 1986; Smith et al. 1986b). Simi-
larly, turgor pressures in these plants are typically
relatively low, as reported here. Measures of CAM
(overnight increases in malic acid content and noctur-
nal rates of CO, exchange) for well-watered T. io-
nantha in this study are similar to those observed pre-
viously in this species (Loeschen et al. 1993) and are
substantially higher than values reported for other epi-
phytic bromeliads (Martin and Adams 1987; Loeschen
et al. 1993; Martin 1994).
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Fig. 8 Effects of a 60-d drought treatment on the amount of CO,
recycled at night in leaves of Tillandsia ionantha that were desic-
cated in a greenhouse. Values are means (* standard deviations) of
four plants, except eight plants were used at O d without water.
Recycling was calculated by subtracting the amount of atmospheric
CO, absorbed at night from the amount of malic acid accumulated
that night and dividing the result by the nocturnal accumulation of
malic acid and expressing the result as a percentage. Thus, a recy-
cling value of 100% indicates that an accumulation of malic acid
was measured but no CO, was taken up that night. CO, recycling
means are significantly different (P = 0.05) if they do not share the
same letter in the superscripts for their corresponding values of
“days without water™: Quce, Subeef 1Qc, ]5bec 20, 30, 40, 50,
609,

The effects of drought stress on CAM in 7. ionantha
in the current study contrast with those reported by
Benzing and Dahle (1971). In the latter study, a 50%
loss in the initial water content of the plants resulted
in a 25%-35% reduction in photosynthesis, measured
as daytime O, evolution. In the current study, an equiv-
alent loss in water resulted in a 92% reduction in CO,
exchange. Experimental conditions in the study by
Benzing and Dahle (1971) were substantially different,
however, from those commonly found in the field,
while in the current study an attempt was made to
maintain environmental conditions as close to natural
as possible; therefore, the results presented here are
perhaps more applicable to 7. ionantha individuals in
the field. If so, this atmospheric epiphyte is apparently
not quite as resistant. to drought as was previously
thought (Benzing and Dahle 1971).

Despite quantitative differences in the results, the
overall patterns of metabolic responses to drought
stress observed in this study are remarkably similar to
those reported for T. ionantha by Benzing and Dahle
(1971), as well as for other species of Tillandsia (Mar-
tin and Adams 1987; Martin and Schmitt 1989). Spe-
cifically, nocturnal CO, uptake rates were unaffected
during the initial stages of drought stress (over a wide
range of water contents), then decreased significantly
after 20 d of the drought treatment. Nocturnal CO,
uptake rates were also not substantially affected until
water was withheld from individuals of 7. schiedeana
for 23 d (Martin and Adams 1987). In contrast, noc-
turnal integrated CO, uptake in 7. usneoides decreased
considerably after only 4 d without water (Martin and
Schmitt 1989). Water content during this time period,
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however, declined 19%, which is also comparable to
the change in relative water content that accompanied
a reduction in CO, exchange in 7. ionantha. Different
environmental conditions during the drought treat-
ments may help to explain this difference in results.

In the current study, nocturnal malic acid accumu-
lations remained high throughout the drought treat-
ment, apparently because of the recycling of respira-
tory CO, via CAM. Even in well-watered plants, ca.
22% of the malic acid accumulated was derived from
internal CO,. Although little or no CO, recycling was
reported in well-watered 7. ionantha in a previous
study (Loeschen et al. 1993), high levels of CO, re-
cycling have been reported for well-watered individ-
uals of Tillandsia elongata and Tillandsia utriculata
(Griffiths et al. 1986), Tillandsia flexuosa (Griffiths et
al. 1989), and T. schiedeana (Martin and Adams 1987,
Loeschen et al. 1993).

This study indicated that contributions to nocturnal
malic acid accumulation from respired CO, increased
with increasing days of desiccation. This increase in
CO, recycling explains the observation that malic acid
accumulations remained high even after 50 d without
water, despite the fact that integrated CO, uptake de-
clined dramatically. Increases in CO, recycling with
increasing levels of stress have been reported previ-
ously for other bromeliads and nonbromeliads as well
(Martin and Adams 1987; Griffiths 1988; Griffiths et
al. 1989; Fetene and Liittge 1991).

CHANGES IN WATER RELATIONS AND CAM DURING THE
DROUGHT TREATMENT

Decreasing nocturnal CO, uptake, increasing levels
of CO, recycling, and decreasing osmotic potentials
(possibly reflecting osmotic adjustment) observed in
T. ionantha after 30 d are characteristic responses of
many CAM plants to drought stress (Griffiths et al.
1986; Liittge 1987; Smith 1989; Martin 1994). Both
leaf water potentials and relative water contents de-
clined during the drought treatment, as did nighttime
CO, uptake. During the initial stages of the drought
treatment (0-30 d without water), water potentials did
not change, while relative water content declined in a
linear fashion. In contrast, both water potential and
relative water content declined significantly from 40
through 60 d without water. Both integrated CO, up-
take and nocturnal increases in tissue malic acid con-
centrations remained constant until midway through
the drought treatment, then declined significantly
thereafter. These findings do not support recent sug-
gestions that relative water content may be a better
indicator of the physiological state of a plant than tis-
sue water potential (Sinclair and Ludlow 1985; Pas-
sioura 1988).

POTENTIAL MECHANISMS MINIMIZING WATER LOSS
DURING THE DROUGHT TREATMENT

Plants of T. ionantha appear to be highly resistant
to desiccation. For example, leaf relative water content
declined by only 20% after 20 d without water in this

study. This value can be compared with declines in
relative water content of ca. 70% for leaves of the C,
fern Pyrrosia angustata and declines of ca. 30% for
leaves of the CAM orchid Eria velutina during a 20-d
drought treatment in the field in southeastern Australia
(Sinclair 1983).

Potential mechanisms underlying the maintenance
of relatively high tissue water content in T. ionantha
include the following. First, like many succulents in
arid habitats, 7. ionantha is a CAM plant that is un-
doubtedly responsible, at least in part, for its high wa-
ter-use efficiency (C. E. Martin, unpublished data), as
is the case with many atmospheric bromeliads (Liittge
et al. 1986; Smith et al. 1986b; Griffiths et al. 1989).
Second, the morphology of leaves of T. ionantha may
impart restrictions on water loss. Stomatal densities of
leaf epidermi are 6 mm~™2, and stomatal length and
width are 37 and 41 pm, respectively (Martin 1994).
All of these values are much smaller than those of
terrestrial nonbromeliads, as well as many other bro-
meliad taxa (Martin 1994). Third, leaves of T. ionan-
tha are covered by a dense layer of epidermal tri-
chomes that may restrict water loss by increasing the
thickness of the boundary layer (Benzing 1980, 1986).

POTENTIAL MECHANISMS MAINTAINING PHYSIOLOGICAL
ACTIVITY DURING MILD DROUGHT STRESS

Although leaf relative water content declined lin-
early throughout the drought treatment, leaf water po-
tential remained high for up to 20-30 d without water.
As indicated above, changes in net CO, exchange of
the plants mirrored these changes in water potential,
not those of relative water content. These findings may
help to explain the previously reported puzzling result
that physiological activity in these epiphytes is unaf-
fected by substantial amounts of tissue water loss (see
above and Martin 1994), presumably because cell tur-
gor in the leaves is maintained at relatively high levels.
A potential explanation for the maintenance of high
leaf water potentials (and, hence, turgor) while water
content declines involves the specialized leaf anatomy
of T. ionantha. The water content of the chlorenchy-
ma, the actively metabolizing region of the leaf, re-
mained high throughout most of the drought treatment,
thus preserving physiological activity. In 7. ionantha,
which has well-developed hydrenchyma tissue, the hy-
dration of the chlorenchyma is apparently maintained
at the expense of the hydrenchyma. Throughout the
drought treatment, amounts of water loss were appar-
ently substantially greater for the hydrenchyma tissue
than for the chlorenchyma. Similar results have been
reported previously for several terrestrial succulents
(Barcikowski and Nobel 1984; Schmidt and Kaiser
1987; Goldstein et al. 1991b). As a result of these
anatomical changes, the water potential of the chlo-
renchyma becomes increasingly more representative of
that of the whole leaf as the hydrenchyma tissue
shrinks.

The preferential loss of water from the hydrenchy-
ma to the chlorenchyma may be attributable to a com-
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bination of two factors: differences in osmotic poten-
tial and differences in cell wall elasticity between the
two tissues (Zimmermann 1978; Barcikowski and No-
bel 1984; Meinzer et al. 1986; Schmidt and Kaiser
1987; Schulte and Nobel 1989; Goldstein et al.
1991a).

POTENTIAL MECHANISMS MAINTAINING PHYSIOLOGICAL
ACTIVITY DURING SEVERE DROUGHT STRESS

After 60 d without water, the water potential of
leaves of T. ionantha had declined only to —0.64 MPa.
Such a relatively high value after a 2-mo drought treat-
ment agrees well with several other previous investi-
gations of the water relations of atmospheric epiphytes
(see Martin 1994). These findings are not unique to
epiphytic bromeliads; they also characterize the re-
sponse of many terrestrial succulents to drought (Sza-
rek and Ting 1974; Nobel 1988; Goldstein et al.
1991b).

Relative declines in photosynthetic activity during
the drought treatment appeared to reflect changes in
the amount of chlorenchyma more than in the amount
of hydrenchyma. Not surprisingly, declining water
content in regions of actively photosynthesizing tissue
has been shown in numerous studies to inhibit pho-
tosynthetic capacity (Hanson and Hitz 1982; Kaiser
1982; Santakumari and Berkowitz 1991).

Once drought stress was severe enough to affect
physiological activity in 7. ionantha, osmotic adjust-
ment occurred. A decrease in osmotic potential of 0.27
MPa (57% change) was observed from 40 through 60
d without water. Because substantial changes in os-
motic potential did not occur until day 40 of the
drought treatment, this osmotic adjustment did not
play a significant role in maintaining high photosyn-
thetic rates during the first 30 d of the drought treat-
ment. The maintenance of a constant osmotic potential
as the leaf tissue lost water (cf. figs. 1, 3) indicates
that the changing osmotic potential later in the drought
treatment reflected, at least in part, true osmotic ad-
justment and not a simple concentration of solutes due
to tissue desiccation. The level of osmotic adjustment
observed in the current study may have played an im-
portant role in maintaining relatively high cell turgor,
and hence possibly photosynthetic activity, during the
latter stages of the drought treatment (Turner and Jones
1980)

High cell wall elasticities in the leaf may also con-
tribute to the maintenance of high water potentials dur-
ing droughts; however, such values for leaves of epi-
phytic bromeliads are rare. Stiles and Martin (1996)
measured a very high cell wall elasticity (low bulk
elastic modulus) for leaves of the atmospheric epiphyte

T. utriculata. Such high values may also be character-
istic of the congener 7. ionantha.

POSSIBLE BENEFIT OF CO, RECYCLING VIA CAM

Although various hypotheses have been presented
to account for potential benefits of CO, recycling dur-
ing CAM, it seems likely that this phenomenon prob-
ably acts as a precursor to CAM-idling (Ting and Ray-
der 1982; Ting 1985; Martin 1996). The latter process
is characteristic of severely stressed CAM plants and
presumably benefits a plant by minimizing photoinhi-
bition and by maintaining the plant in a metabolically
active state during severe droughts (Ting 1985; Martin
1994). Thus, this process may constitute an adaptation
contributing to the apparent drought resistance of T.
ionantha during periods of extreme desiccation.

Condusion

In summary, the effects of drought on Tillandsia
ionantha can be separated into two phases. An early
phase (0—20 d in this experimental drought treatment)
was observed during which osmotic potential, water
potential, malic acid accumulation, and CO, exchange
remained relatively constant in spite of some tissue
water loss. Minimization of water loss during this pe-
riod most likely resulted from daytime stomatal clo-
sure and leaf morphological features. Maintenance of
high water potentials, and, hence, physiological activ-
ity (high nocturnal CO, uptake rates and accumula-
tions of malic acid) in this early phase was attributed
to hydration of the chlorenchyma as a result of water
movement from the hydrenchyma. In the later phase
(30-60 d) of the drought treatment, the water content
of the chlorenchyma apparently declined enough to
impair photosynthesis. Maintenance of some photo-
synthetic activity under drought stress was attributed
to osmotic adjustment and a potentially high cell wall
elasticity.

The results of this study have provided added in-
sight into some of the possible mechanisms of drought
tolerance in the atmospheric bromeliad 7. ionantha.
Clearly, the diverse nature of physiological and ana-
tomical adaptations that apparently minimize the se-
verity of drought stress in this species is indicative of
the importance of drought in the evolution of these
epiphytic taxa.
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