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Dew Can Prolong Photosynthesis and
Water Status During Drought in Some
Epiphytic Bromeliads From a Seasonally
Dry Tropical Forest

Eduardo Chávez-Sahag�un1 , José Luis Andrade1, Gerhard Zotz2,
and Casandra Reyes-Garc�ıa1

Abstract

Dew can represent an alternate water source in epiphytic bromeliads. However, the physiological relevance of dew to

withstand the dry season, within seasonal forests, is not fully understood. To study the effect of dew deposition in the

physiological response of four Tillandsia species with contrasting morphologies, we performed an experiment in the tropical

dry deciduous forest of Dzibilchalt�un, Mexico, during the transition from the wet to the dry season. Half of the individuals

were covered every night with a plastic tarp to prevent dew deposition. Environmental variables were monitored, and

physiological variables (relative water content, leaf succulence, nocturnal tissue acidification and electron transport rate)

were measured at the beginning and end of the experiment. We found that throughout the drought, there was consistent

nighttime dew formation for >4 h. Both the time the leaves spent at a temperature below dew point of the air and the effect

on water and carbon metabolism was species -specific, as evidenced by the comparison among the exposed and covered

(dew -deprived) plants. Tillandsia elongata and Tillandsia brachycaulos had longer times of dew formation and showed higher

water content at the end of the experiment when exposed to dew, the latter species also had a significant effect of dew on

nocturnal acidity. In contrast, neither Tillandsia yucatana nor Tillandsia fasciculata seemed to be using dew as a relevant source

of water during the dry period. We discuss the species’ morphoanatomical traits that may be related to the differences in

dew formation and use.
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Introduction

Approximately half of the Bromeliaceae are epiphytes,

making it the second most important angiosperm family

in terms of the number of epiphytic species (Zotz, 2013).

In the canopy habitat, epiphytic bromeliads endure peri-

ods of drought interspersed by pulses of moisture input

(Andrade, 2003; Martin, 1994; Reyes-Garc�ıa, Mejia-

Chang, & Griffiths, 2012; Zotz & Hietz, 2001). To

cope with these conditions, these species display an

array of morphological and physiological traits aimed

at acquiring, storing, and conserving water. These

include succulent leaves, water impounding “tanks,”

and crassulacean acid metabolism (Benzing, 2000;

Crayn, Winter, & Smith, 2004; Dodd, Borland,

Haslam, Griffiths, & Maxwell, 2002; Martin, 1994).

In addition, another important feature is the presence
of foliar trichomes, which are highly hygroscopic,
scale-like, multicellular structures that absorb water
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and nutrients (Benzing, 2000; Benzing, Henderson,
Kessel, & Sulak, 1976; Givnish et al., 2014).

Epiphytic bromeliad species mainly conform to one of
two functional groups: “tank” and “atmospheric” spe-
cies (Benzing, 1990; Pittendrigh, 1948), which reflect two
distinct ecological and physiological strategies. In trop-
ical dry deciduous forests, tank species are rare because
their tolerance to drought, once tank water is exhausted,
is limited; so these plants show a more conservative use
of water (Graham & Andrade, 2004; North, Lynch,
Maharaj, Phillips, & Woodside, 2013; Pittendrigh,
1948; Reyes-Garc�ıa, Griffiths, Rinc�on, & Huante,
2008; Reyes-Garc�ıa et al., 2012; Wolf & Alejandro,
2003). Both tank and atmospheric epiphytic bromeliads
from seasonal environments can display succulent leaves
with a dense cover of well-developed trichomes
(Benzing, 2000). Yet, atmospheric species, which are
more common in these dry forests, usually show higher
leaf succulence and are better adapted to use water from
rain pulses. Also, atmospheric species are capable of
maintaining photosynthetic activity under low leaf rela-
tive water content (RWC; Benzing, 2000; Cach-Pérez
et al., 2013; Lüttge, 1989; Pierce, 2007; Reyes-Garc�ıa
et al., 2012).

Apart from rain, epiphytes may rely on dew and fog
as alternate sources of water, which influences their
abundance, vertical and altitudinal distribution, and sur-
vival (Andrade, 2003; Cavelier & Goldstein, 1989;
Guevara-Escobar et al., 2011; Rapp & Silman, 2014;
Reyes-Garc�ıa et al., 2008). Dew deposition generally
occurs during nighttime at high humidity and relatively
low temperature. When the air adjacent to the leaves
cools down to its dew point, and leaf surfaces get
colder than that surrounding air, water will condense
on those surfaces (Nobel, 2009).

Fog and dew can be the main source of water in
bromeliads from arid environments (González et al.,
2011; Pinto, Barr�ıa, & Marquet, 2006). However, the
relative importance in the total budget of dry forests
epiphytes seems to vary greatly between species, loca-
tion, and season (Andrade, 2003; Graham & Andrade,
2004; Reyes-Garc�ıa et al., 2008, 2012; Wu et al., 2018).
The few studies that have explored the importance of
dew and fog have found that the ability to access, inter-
cept, and use these water resources may depend on plant
morphology and physiology (Graham & Andrade, 2004;
Martorell & Ezcurra, 2007; Reyes-Garc�ıa et al., 2012).
Yet, the magnitude of the effect of dew deposition on the
physiology of epiphytic species in situ remains to be
quantified, as the question to its actual relevance in
plant survival remains unanswered.

This study evaluated the importance of dew deposi-
tion in the physiological response of four epiphytic
Tillandsia species with contrasting life forms (from
tank to atmospheric) in the tropical dry deciduous

forest of Dzibilchalt�un, Mexico. A field experiment
was setup during the transition from the early dry
season, locally known as “nortes” characterized by
daily low temperatures, wind events, sparse rainfall,
and dew deposition (Andrade, 2003; Orellana, 1999),
to the dry season. To do so, we monitored the physiol-
ogy of the species during this transition, either under
natural conditions or under semicontrolled conditions
where plants were covered with a plastic tarp during
the night to prevent dew formation.

We expected that because of this seasonal transition,
the tank species would show a more marked decrease in
photosynthetic activity, with more pronounced changes
in RWC and leaf succulence than atmospheric species.
We also expected that dew-deprived plants would show
significantly lower photosynthetic activity and water
status values in comparison to the plants exposed to
dew deposition.

Materials and Methods

Study Site and Plant Species

This study was conducted at the Dzibilchalt�un National
Park (21� 050N, 89� 350W, 8 m a.s.l.), Yucatan, Mexico,
which is characterized as a tropical dry deciduous forest
with a mean annual rainfall of 700mm and mean tem-
perature of 25.8�C (Thien, Bradburn, & Welden, 1982).
A marked dry season (March–May) is separated from
the wet season (June–October) by an early dry season
known locally as “nortes” (November–February). The
latter is characterized by scattered rainfall, low noctur-
nal temperatures (<20�C), and dew formation (Herrera-
Silveira, 1995; Orellana, 1999).

Four epiphytic bromeliad species of the genus
Tillandsia were selected: the shallow tank Tillandsia elon-
gataKunth; Tillandsia fasciculata Sw., which is variously
described as an atmospheric, a tank or an intermediate
species (Bader, Menke, & Zotz, 2009; Cach-Pérez,
Andrade, Cetzal-Ix, & Reyes-Garc�ıa, 2016; Cach-Pérez,
Andrade, & Reyes-Garc�ıa, 2018; Pittendrigh, 1948; Zotz
& Thomas, 1999); Tillandsia brachycaulos Schltdl., an
atmospheric generalist with a limited water impounding
capacity; and Tillandsia yucatana Baker, an atmospheric
with very succulent leaves and no water impoundment.
All species are obligate epiphytes with crassulacean acid
metabolism and are native to the study site (Cach-Pérez
et al., 2013; Ramirez-Morillo, Carnevali, & Chi May,
2004). Species differ strongly in morphology, ecological
type, and distribution range along the Yucatan
Peninsula (Figure 1 and Table 1). Most of the species
are rare at the study site (Cach-Pérez et al., 2013; Chilpa-
Galván, Tamayo-Chim, Andrade, & Reyes-Garc�ıa,
2013), a protected area. Thus, apart from T. brachycau-
los, which was collected at Dzibilchalt�un, plants were
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collected elsewhere: T. elongata was collected at Hom�un;
T. fasciculata at Hopelchén; and T. yucatana at

Komchén, all three sites within the Yucatan Peninsula.

Plants, which were adult size, were kept in a shade house

at the Centro de Investigaci�on Cient�ıfica de Yucatán

(located <10 km from Dzibilchalt�un) for a week before

the experiment.
The experiment was established at a site with abun-

dant epiphytes in December 2015. A group of 12 to 16

individuals per species were mounted on a wire mesh

1.2m above the ground. The plants were placed evenly

spaced in two rows, with the smaller atmospheric species

above the larger tank species to prevent shading effects.

The plants had been receiving natural rain at the site or

nearby shade house and were watered to reduce stress

from manipulation when mounted. After 36 days of

acclimation (during which no rain was registered at the

site), half the plants of each species were covered daily

with a plastic tarp during nighttime (18:00 to 06:00 h) to

prevent dew deposition on the leaves; the rest of the

plants were left uncovered (Supplementary Material).

The covered treatment isolated the air to prevent con-

densation, but encompassed all the plants in the treat-

ment together, thus ensuring a large amount of air

Figure 1. The epiphytic Tillandsia species with contrasting morphologies and life forms selected for this study. The white bars are 10 cm.
Adapted from Tillandsia yucatana by C. Espadas-Manrique, others by E. Chávez-Sahag�un.

Table 1. Life form, water impounding capacity, Leaf Size (Length�Width), Specific Leaf Area (SLA, cm2 g�1) and Habitat on the Yucatán
Peninsula for the Species Used in This Experiment.

Species Life form Water impounding capacity Leaf size (cm � cm) SLA (cm2 g�1) Habitat2

T. elongata Tank Yes 31� 39� 2.5 – 5 99.5� 7a DF, SD

T. fasciculata Atmospheric Yes 34� 58� 2 – 3 48.4� 1b DF, SD, SE

T. brachycaulos Atmospheric Reduced 25� 0.5� 1.9 106.3� 7b DF, SD, SE

T. yucatana Atmospheric No 5–15� 3� 7 36.2� 2c CD, SM, DF

Note. CD¼ coastal sand dune; DF¼ deciduous forest; SD¼ semideciduous forest; SE¼ semievergreen forest; SM¼ scrub mangrove. Different letters

indicate significant differences in SLA, p< .05.
1Ramirez-Morillo et al. (2004).
2Cach-Pérez et al. (2013).
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within the enclosure so that nighttime gas exchange was
not impaired. The experimental treatment lasted 8weeks

from late January to mid-March 2016.
To isolate the effect of dew, leaf wetting from rainfall

was minimized. During this period there was only one
important rainfall event on March 13 (12.7mm); to pre-

vent plants from getting wet, all plants, irrespective of
treatment, were covered with two plastic tarps before the

event started. Minor rainfall events (1–3mm), occurred
during January (five events) and February (one event;
data from a CONAGUA meteorological station); how-

ever, no measures were taken in such instances.

Microenvironment Measurements

Air temperature and relative humidity were recorded

hourly using iButtons (Maxim iButton, Silicon Valley,
USA), which were placed at the same height as each

group of plants. Vapor pressure deficits were calculated
after Jones (1992). Leaf temperature was measured with

thermocouples attached to the underside of leaves with
microporous tape; temperature was measured every
minute and averages recorded every 10min using a data-

logger (CR21X, Campbell Scientific, North Logan,
USA). To measure the duration of dew events, two

leaf wetness sensors (Model 237 Leaf Wetness Sensor,
Campbell Scientific, North Logan, USA) were affixed to
the wire mesh along the plants in each treatment, aver-

ages recorded every 10min with the same datalogger.
The dew point of the air (td) was calculated after

Lawrence (2005):

td ¼
B1 ln RH

100

� �þ A1t
B1þt

h i

A1 � ln RH
100

� �� A1t
B1þt

where RH is the relative humidity, t is the air tempera-
ture, and A1¼ 17.625, and B1¼ 243.04�C. The theoreti-
cal duration of dew deposition was calculated as the time

when leaf temperature was � air dew point.

Physiological Data

The effect of dew deposition on plant physiology was

assessed by determining nocturnal acidification, RWC,
leaf succulence, and electron transport rate (ETR) in late

January just before beginning the nightly covered treat-
ment (referred to as early dry season), and in mid-March
after the plants had been under the treatment for 8weeks

(referred to as dry season). All physiological measure-
ments were carried out on 5 to 8 young, but fully

expanded healthy leaves per species per treatment. To
characterize RWC, leaf samples were collected before

dawn and placed in a sealed bag with moist tissue
paper and transported in a cooler with ice to the

laboratory to obtain fresh weight, and then placed in
distilled water for 48 h to obtain saturated weight.
Leaves were then scanned, and leaf area was estimated
using ImageJ software. After drying at 65�C for 48 h, dry
weight was determined. RWC was calculated as follows:
(fresh weight� dry weight)/(saturated weight�dry
weight)� 100; leaf succulence was calculated as ([fresh
weight� dry weight]� 1,000)/leaf area. To further char-
acterize relevant traits that may differentiate the species,
we measured specific leaf area (SLA) as follows: (leaf
area [cm2])/(dry weight [g]), at the beginning of
the experiment.

To estimate nocturnal acidification (DHþ), samples
from every plant of each species were collected at
sunset and before dawn the next day and frozen in
liquid N2 on site. In the laboratory, samples were first
weighed and then macerated in a porcelain mortar and
boiled in distilled water for 5min. After cooling to room
temperature, samples were titrated with sodium hydrox-
ide (0.01 N NaOH) using an automatic titrator (702 SM
Tritino, Metrohm, Switzerland). Acidity at dawn minus
acidity at sunset is reported as DHþ and expressed in
mmol Hþ g�1 fresh weight.

Chlorophyll fluorescence was measured in the field
with a pulse amplitude-modulated fluorometer (Mini-
PAM, Walz Effeltrich, Germany). Light response
curves were performed in dark-adapted leaves to assess
maximum ETR (ETRmax) values. ETR was calculated
after Maxwell & Johnson (2000):

ETR ¼ UpsII � PFDa� 0:5ð Þ

where UpsII is the quantum yield of photosystem II,
PFDa is absorbed photon flux density, and 0.5 accounts
for the partitioning of energy between PSII and PSI.
Values of leaf light absorption or absorptance were
obtained from the mid-leaf section of recently excised
leaves from plants used in this experiment (n¼ 5)
using a ultraviolet/visible/near infrared Lambda 900
spectrometer coupled with a PELA9026 integrating
sphere (Perkin-Elmer, MA, USA). Absorptance
values (a) used were as follows: T. elongata¼ 0.72,
T. fasciculata¼ 0.65, T. brachycaulos¼ 0.67, and
T. yucatana¼ 0.78.

Statistical Analyses

Linear regressions were performed to assess the relation-
ship between average nocturnal relative humidity, air
temperature, or vapor pressure deficit, and the days
passed from the beginning of the experiment. Repeated
measures analyses of variance (ANOVAs) were used to
analyze the effect of the season, species, and treatments
on the duration of dew deposition, RWC, leaf succu-
lence, nocturnal acidification, and ETRmax. Tukey’s
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post hoc tests were performed. Differences in SLA

between species were analyzed with a nonparametric

Kruskal–Wallis test followed by paired comparisons

since this particular dataset did not fulfil the assump-

tions of the ANOVA (Kruskal & Wallis, 1952).

Repeated measures ANOVA were performed using

STATISTICA v.10 (Statsoft Inc., Tulsa, OK, USA);

regressions and Kruskal–Wallis were run using the pro-

gram SPSS 22 (Chicago, IL, USA). A value of p< .05

was used as the cut-off for significant differences.

Results

Environmental Conditions

During the transition from the early dry to the dry season,

nocturnal relative humidity progressively decreased

(R2¼ .13, p¼ .02 Figure 2(a)), while both nocturnal tem-

perature (R2 ¼ .53, p< .001; Figure 2(b)) and vapor pres-

sure deficit (R2¼ .30, p< .01; Figure 2(c)) increased.

Dew Deposition

Leaf temperature measurements indicate that the aver-

age dew deposition lasted 04:24 to 05:26 h every night in

uncovered plants (Figure 3(a)), with a significant species

effect, F(3, 672)¼ 5.806, p< .001. Dew duration was sig-

nificantly longer in T. elongata compared with T. yuca-

tana (Tukey’s test, p< .05). The treatment effect was also

significant, F(1, 672)¼ 1047.1, p< .001, as the covered

plants had much shorter periods of dew deposition.

Among covered plants, dew formation lasted only

00:20 to 01:02 h (Figure 3(a)) and species differences

were not significant. The leaf wetness sensors gave sim-

ilar results with an average of dew deposition duration

of 08:01 h in the exposed, and 01:09 h for the covered

treatments (Figure 3(b)). Leaf temperature showed a

sharp decrease between 18:00 and 06:00 h, while dew

point of the air showed a more gradual decrease in

both treatments (Figure 4). Dew point of the air was

lower within the plastic tarp of the covered treatment

(Figure 4), which caused plants in this treatment to

reach the dew point for much shorter periods.

Specific Leaf Area

Pairwise comparisons found species differences among

in SLA (H [3, N¼ 58]¼ 47.18; p< .001; Table 1). T.

elongata and T. brachycaulos had the highest values

(99.5 and 106.3 cm2 g�1, respectively), followed by T.

fasciculata and T. yucatana that showed the lowest

SLA values (48.4 and 36.2 cm�2 g�1, respectively).

Water Relations

Progression of the dry season and the exposure to dew

treatments affected the water relations of the four species

differently (Figure 5). T. yucatana showed the largest

drop in RWC between the early dry and dry season

(mean decrease of 30% from its original values, Tukey

p< .05; Figure 5(a) and (b)), but this species was not

affected by the nightly covered treatment. T. fasciculata

had the smallest reduction in RWC in both treatments

(mean reduction of 8.5%; Figure 5(a) and (b)), and dif-

ferences were non-significant; this species was not affect-

ed by treatment either. In the case of T. elongata and

T. brachycaulos, reduction of RWC between early dry

(a)

(b)

(c)

Figure 2. Change in average nocturnal (18:00 – 06:00) environ-
mental conditions during the experiment. (a) Relative humidity,
(b) air temperature, and (c) vapor pressure deficit (VPD). Solid
lines represent significant linear regressions.

Chávez-Sahag�un et al. 5



(a) (b)

Figure 3. Duration of deposition as calculated for the leaves of exposed and covered plants (a), or registered by exposed and covered
leaf wetness sensors adjacent to the plants (b). Data are means� SE (n¼ 6–8). Different letters indicate significant differences.

Figure 4. Time course of dew point of the air in the cover treatment and exposed control (dashed lines), and leaf temperature of
T. elongata, T. fasciculata, T. brachycaulos and T. yucatana (solid lines), in the period from 07/02 to 19/03/2016. Data are means, shaded areas
indicate� SE.
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and dry season was only significant in covered plants

(Tukey, p< .05), with a 26% and 30% decrease, respec-

tively (Figure 5(b)), compared to the plants exposed

to dew (5% and 11% decrease, respectively; p> .05,

Figure 5(a)).
Overall, there were species differences in succulence,

with T. elongata having the least succulent leaves (mean

value of 43.8mg H2O cm�2 at the beginning of the

experiment) and T. yucatana having the most succulent

leaves (initially 191.8mg H2O cm�2, p< .001). However,

only T. yucatana showed significant changes in succu-

lence, with a reduction of approximately 50% during

of the dry season (Tukey p< .0001); in the overall

ANOVA, there was a significant Species�Time interac-

tion; F(3, 50)¼ 47.15, p< .0001. The other three species

showed a nonsignificant tendency to lower succulence as

the drought progressed. Covering did not affect succu-

lence in any of the species significantly.

Carbon Metabolism

Overall, the species had differences in nocturnal acidifi-

cation, with T. fasciculata and T. brachycaulos reaching

higher values than T. yucatana (Tukey, species effect

p< .05). With the onset of the dry season, there was a

tendency toward reduced nocturnal carbon uptake (mea-

sured as tissue acidification) (Figure 6(a) and (b)),

with different species responses to the nightly covered

treatment, Time�Species�Treatment interaction,

F(3, 46)¼ 3.74, p< .05. Nocturnal acidification in dew-
deprived T. brachycaulos plants was reduced by >50%

with the progressing dry season (Tukey p< .05). In com-

parison, exposed plants had a nonsignificant reduction

of �27%. T. elongata did not show significant changes

but had the same tendency as T. brachycaulos with a

larger decrease in acidification in covered than exposed
plants. T. fasciculata showed the opposite trend with a

significant reduction in tissue acidification (�47%,

Tukey p< .05) only found in exposed plants, with no

significant change in covered plants. T. yucatana

showed no significant change related to season or treat-
ment, although there was a large nonsignificant reduc-

tion in acidity (�50%) with the onset of the dry season.
Contrary to our expectations, there was a tendency to

increase ETRmax values from the early dry to dry season

(Figure 6(b) and (c)). However, this increase was signif-
icant only for T. yucatana, which also had the highest

values at the end of the experiment, �60% increase,

Tukey p< .01, overall ANOVA significant Species�
Time interaction; F(3, 30)¼ 6.32 p< .0001. The covered

(a)

(c) (d)

(b)

Figure 5. Water relations at the beginning (early dry season: All plants exposed to rain and dew) and at the end (dry season: half of the
plants dew deprived) of the 8-week long experiment, for leaves of T. elongata, T. fasciculata, T. brachycaulos, and T. yucatana in the exposed
(open bars) and covered treatments (shaded bars), (a) RWC for exposed plants, (b) RWC for covered plants, (c) leaf succulence for
exposed plants, and (d) leaf succulence for covered plants. Data are means� SE (n¼ 6–8). Asterisks indicate significant differences
between seasons for each species and treatment. RWC¼ relative water content.
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treatment did not have a significant effect on any of
the species.

Discussion

As expected, during the transition from early dry to dry
season, the canopy microenvironment showed a progres-
sive nighttime increase in air temperature and decrease
in air humidity (Figure 2). Despite the lack of rainfall,
nighttime dew formation was consistently recorded for
several hours both on the leaves of the epiphytic
Bromeliaceae and on the leaf wetness sensors (Figures
3 and 4). There were, however, differences among bro-
meliad species in both the amount of dew condensed in
its leaves and the influence of that water source on plant
water status and carbon metabolism.

Our data evidence a gradient of dew formation
among the species, with the leaves of T. elongata staying
under the dew point of the air during a longer period
every night, in comparison to the species with the short-
est period, T. yucatana (Figures 3 and 4). In several
ways, these two species represent contrasting morpho-
logical strategies, which may influence their capacity for
dew condensation. The less succulent leaves of

T. elongata lose more heat to the environment and
thus get cooler (Andrade, 2003), promoting leaf temper-
ature to drop below the dew point faster during the
night. In contrast, T. yucatana had the most succulent
leaves, which represent important water reserves for this
species that is abundant at sites with very low annual
rainfall (Cach-Pérez et al., 2013). The high thermal
capacity of water means that the succulent leaves will
take longer to cool during the night (Griffiths &
Males, 2017), reducing dew deposition. Flat surfaces
found in the wide leaves with horizontal angles of the
tank species, T. elongata, also promote dew condensa-
tion (Kidron, 2005); while the tubular, twisted leaves of
the atmospheric T. yucatana lack these surfaces. Leaf
morphology also evidences that T. elongata has higher
leaf surface per unit weight than T. yucatana (SLA;
Table 1), again increasing the surface exposed for dew
formation and absorption in the former species. Finally,
the water absorbing leaf trichomes may obstruct dew
formation, since water droplets form on the exposed
cooler leaf cuticle (Pierce, 2007). Trichome size and den-
sity are variable among the Tillandsia species studied,
with T. elongata having the lowest density and smaller
trichome size and T. yucatana having higher density and

Figure 6. Nocturnal acidification (DHþ) and maximum electron transport rate (ETRmax) at the beginning (early dry season: All plants
exposed to rain and dew) and at the end (dry season: half of the plants dew deprived) of the 8-week long experiment, for leaves of T.
elongata, T. fasciculata, T. brachycaulos, and T. yucatana in the exposed (open bars) and covered treatments (shaded bars). (a) DHþ for
exposed plants, (b) DHþ for covered plants, (c) ETRmax for exposed plants, and (d) ETRmax for covered plants. Data are means� SE
(n¼ 6–8 for DHþ, and n¼ 5 for ETRmax). Asterisks indicate significant differences between seasons for each species and treatment.
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larger trichomes (Cach-Pérez et al., 2016). Together, leaf
succulence, shape, angle, and trichome cover contribute
to longer dew condensation time in T. elongata and a
shorter time in T. yucatana. the The other two Tillandsia
species have intermediate values of these morphological
variables and show intermediate duration of
dew formation.

Experimental data have shown that fog (or dew)
might not be enough to support growth or recover
high RWC in epiphytic bromeliads from a tropical dry
deciduous forest after a drought treatment (Reyes-
Garc�ıa et al., 2012). However, we hypothesized that it
could contribute to delay the effects of the dry season by
maintaining favourable water status and allowing some
carbon uptake. Our results support this hypothesis for
those species with leaves showing longer hours below
dew point. T. elongata and T. brachycaulos did not
suffer significant water loss from the early dry to the
dry season when exposed to dew but lowered their
RWC 26% to 30% under the dew deprived treatment
(Figure 5). The effect of the conserved water status was
evident on carbon metabolism in T. brachycaulos, show-
ing a consistent pattern of maintained nocturnal acidity
values under dew–exposure, but reduced acidity when
dew deprived (Figure 6). The same nonsignificant pat-
tern was observed in T. elongata.

Overall, T. fasciculata seemed unaffected by the sea-
sonal drought or the dew deprivation treatment; this
species did not show changes in any of the water
(Figure 5) or carbon use (Figure 6) parameters mea-
sured. T. fasciculata was the largest sized of the species
used in this study (Table 1), and this confers more area
to store water and in general a higher capacity to with-
stand stress (Zotz, Hietz, & Schmidt, 2001). Its thick
leaves (SLA; Table 1) provide a lower ratio of plant
leaf area to plant water content, allowing the species to
maintain stomata open during the drought, but with a
relatively low loss in internal water content (Zotz &
Andrade, 1998). The high nocturnal acidification
observed (Figure 6) could also be related to high water
use efficiency in this species. Thus, a more intense or
longer drought would be needed to evaluate whether
dew is being used by T. fasciculata.

The unexpected increase in ETRmax during the exper-
iment in all species (Figure 6) partly reflects an increase
in incident light as the trees begin to lose their leaves in
response to drought, increasing approximately 30%
(from 14 to 21mol m�2 d�1, data not shown). Yet, the
increase in ETR was unaccompanied by a similar
increase in carbon uptake measured as nocturnal acid
accumulation; this phenomenon, observed in bro-
meliads, has been assumed to reflect photorespiration
and to be important for photoprotection (Maxwell,
2002; Rosado-Calder�on et al., 2018). This excess (pre-
sumably photorespiratory) ETR has been shown to be

higher in phenotypes previously adapted to drier condi-

tions than those grown under milder environments

(Rosado-Calder�on et al., 2018). The high ETR shown

in T. yucatana may relate to its success in the driest

sites of the peninsula, such as mangroves and coastal

scrubs (Cach-Pérez et al., 2013), where the need to dis-

sipate excess energy may be large.
In summary, while nocturnal dew can be an impor-

tant source of water for epiphytic bromeliads in the

deciduous forest of Dzibilchalt�un during the transition

from the early dry to the dry season, its importance

varies among species, and the access to this secondary

water source may depend on morphology.

Implications for Conservation

Epiphytes are highly sensitive to changes in the environ-

ment, this makes them particularly vulnerable to climate

change (Cach-Pérez, Andrade, & Reyes-Garc�ıa, 2014;

Wagner & Zotz, 2018), which also makes them possible

early indicators of the effects of climate change on for-

ests (Cach-Pérez et al., 2014, 2018). Since the formation

of dew is closely related to the minimum daily tempera-

ture, increasing temperatures as a consequence of cli-

mate change may negatively affect its availability in

the future. In the case of the Yucatán Peninsula, more

intense dry seasons and higher temperatures are

expected to be more frequent with climate change

(Orellana, Espadas, Conde, & Gay, 2009). Changes in

the dew deposition regime could be followed by moni-

toring yearly changes in the RWC during the early dry

season, especially in species like T. brachycaulos and

T. elongata. Here, we show that while dew may not be

a source of water as important as rain, it is still a valu-

able one and its scarcity may have a negative effect on

the survival of sensitive species.
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Eduardo Chávez-Sahag�un https://orcid.org/0000-0002-

9496-2897

Casandra Reyes-Garc�ıa https://orcid.org/0000-0001-

9847-9053

References

Andrade, J. L. (2003). Dew deposition on epiphytic bromeliad

leaves: An important event in a Mexican tropical dry decid-

uous forest. Journal of Tropical Ecology, 19(5), 479–488.
Bader, M. Y., Menke, G., & Zotz, G. (2009). Pronounced

drought tolerance characterizes the early life stages of the

epiphytic bromeliad Tillandsia flexuosa. Functional Ecology,

23, 472–479.
Benzing, D. H. (1990). Vascular epiphytes. General biology and

related biota (1st ed.). Cambridge, England: Cambridge

University Press.
Benzing, D. H. (2000). Bromeliaceae: Profile of an adaptative

radiation. Cambridge, England: Cambridge

University Press.

Benzing, D. H., Henderson, K., Kessel, B., & Sulak, J. (1976).

The absorptive capacities of bromeliad trichomes. American

Journal of Botany, 63(7), 1009–1014.
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